
ABSTRACT 

Garcia, Nicholas Christian, Piezoelectric and Laser Ultrasound Methods for Noninvasive 

Structural Sensing at High Temperatures, under the direction of Prof. Xiaoning Jiang. 

 

 

In the field of nondestructive testing (NDT), advanced sensors play a critical role in the 

monitoring and safe operation of energy producing power plants. It takes a unique technology to 

function reliably in extreme conditions that would cause degradation and failure of traditional 

monitoring equipment. Generation IV nuclear reactors, and solar power plants, have both received 

growing attention and development in recent years. They will require monitoring equipment to 

operate stably in high heat in order for reactor operators to make informed decisions. In the 

following investigations, advanced transducers are used to produce ultrasound for NDT, identify 

surface damage, monitor vibrations, and maintain stable performance up to many hundreds of 

degrees Celsius. 

Bismuth silicon oxide (BSO) is investigated as a high temperature resistant piezoelectric 

acoustic emitter. Characterization of the bulk ceramic was performed up to 600 °C and key 

material properties were measured. In addition the performance of the transducer as an acoustic 

emitter and surface damage detector were also explored. The transducer performed up to a 

maximum temperature of 650 °C. Experiments in this work have shown it to be a strong alternative 

for nondestructive testing in extreme heat, and surface damage detection in one dimension with 

≤10% error. 

It was discovered in this work that combining a liquid metal with a thin layer of carbon 

nanofibers significantly increases the photoacoustic output. The carbon nanofibers provide higher 

light absorption and thermal diffusivity, and act as a protective barrier against laser fluence for the 

liquid metal layer. Fields metal and gallium are both explored at different temperatures up to 300 



°C and at different fluences up to 12 mJ/cm2. Fields metal was demonstrated to be the stronger 

option and the modified transducer showed increased robustness over previous prototypes. 

Polymers are useful alternatives for piezoelectric and photoacoustic ultrasound generation. 

Although they do not, in general, provide the best high temperature resistance as some 

piezoelectric ceramics and liquid metals, polymers are usually cheaper and simpler to produce and 

implement. A high temperature polyimide was developed and characterized up to 300 °C and 

showed strong output performance. It also showed little to no signs of degradation, outperforming 

many commonly used research polymers. The polyimide produced strong output up to a maximum 

fluence of 40 mJ/cm2, and afterward experienced significant degradation of both its acoustic output 

and the surface impacted by the laser spot. 

Aluminum nitride (AlN) is a relatively weak piezoelectric ceramic but extremely resistant 

to high temperature degradation. It has been shown previously in idealized cases to be a good bulk 

wave transmitter and vibration sensor. In this work, aluminum nitride was demonstrated to perform 

on a more realistic industrial mockup structure at high temperature up to 200 °C. The sensor was 

able to measure data while attached to a heated, vibrating stainless steel vessel and measured 

accelerometer data at various low frequencies. 

Each of these works impacts a different facet of the critical field of high temperature power 

plant monitoring. The results gathered herein further the development of advanced sensing and 

instrumentation. Power production and public safety must go together in modern society. High 

temperature testing of unique materials like BSO, Fields metal, polyimide, and AlN are crucial to 

understanding their potential before relying on them in power plant applications. 
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CHAPTER 1: Introduction 

1.1 Nuclear Power Plant Monitoring 

Nuclear power is a vital part of the world energy economy. Reactors serve as critical 

infrastructure to produce power for applications both civil and military. Nuclear power plants are 

highly technical structures and imbued with many safeguards. Operators are specially trained and 

reactor servicing teams conduct extensive planning and training to perform maintenance and 

refueling evolutions safely. Certain nuclear power plant (NPP) parameters require constant 

monitoring and are constantly observed by reactor plant operators, such as coolant level, plant 

pressure, core power, and core temperature[1], [2], [3], [4]. As the next generation of reactors is 

developed, it will become necessary to monitor more parameters of the plant, such as structural 

integrity. Maintaining plant integrity and addressing issues quickly is a significant concern to 

public safety and clean energy production in the United States. Hashemian has discussed the 

general lifetime of conventional in-plant sensors, and the life cycle can be quite long. Some plant 

sensors can function as long +20 years [5], [6], [7], but this is usually if the it does not fail early in 

its life cycle due to some sort of factory or mechanical defect. 

 

Figure 1-1: Typical NPP pressure sensor and transmitter [4]. 
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Figure 1-2: Sensor data collection process flowchart [8]. 

The aging fleet of NPP’s have extensive networks of invasive sensors that are effective but 

subject to extreme conditions and add structural penetrations [8]. Extreme heat causes degradation 

and eventual failure of sensors over time[6]. As the next generation of reactors are completed, 

producing more power and operating at potentially higher temperatures, advanced sensors will be 

required to accommodate their needs.  

Rana[9], [10] reported using the refractive index of silica optical fibers to measure 

parameters such as radiation flux and temperature, while Pearlman[11] reported the use of infrared 

thermography to discern surface cracking on materials that mimic nuclear core fuels. Additionally, 

Marcum[12] employed interferometry to measure vibrations due to coolant flow in a mockup of a 

Sodium-cooled Fast Reactor fuel assembly. Coolant piping and pressurized vessels are just some 

of the critical reactor components that could benefit from structural integrity monitoring. However, 

there are numerous challenges associated with structural sensing. Invasive sensing methods are  

effective because they make direct contact with the fluid or structure. They do however have a 

significant drawback in that they create structural weaknesses and thus carry inherent risk. The 

goal of researchers is to develop heat resistant sensors that perform well in high temperatures, and 

can monitor the reactor noninvasively, either from the exterior surface or even remotely. 
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In addition to structural weaknesses, invasive sensing means constant contact with a high 

temperature (or highly contaminated) medium. Extreme heat causes thermal expansion which can 

lead to cracking and breaking of sensors, melting of electrical components, and de-poling in 

ferroelectric-based piezoelectric sensors. Heat can also cause debonding or ignition of adhesives 

or bonding agents. Such environments pose risk to maintenance crews and make it more difficult 

to replace or fix broken sensors, especially for reactors during operation. Not until the reactor is 

shut down and allowed to cool does the environment become somewhat safer for maintenance 

crews, but high radiation areas still pose significant risk. Reactor shutdowns are a necessary part 

of any plant operation, but are not trivial and shouldn’t occur simply to replace a few sensors. 

The goal of advanced sensors are to provide better survivability in high heat and radiation 

environments, and to identify potential problems/defects ahead of reactor shutdowns so that 

servicing teams can better plan their maintenance procedures. Therefore, potential long-term 

benefits of advanced sensor monitoring may include shorter reactor shutdown times, faster 

maintenance evolutions, and most importantly, reduced radiation exposure times for reactor 

servicing teams. 

On Generation IV reactors, an advanced network of sensors may make it possible to 

monitor structural integrity in key locations. To alert reactor servicing personnel of the presence 

of cracks or corrosion on critical components may allow reactor servicing personnel to better plan 

and execute maintenance evolutions. Advanced sensors could help provide more data on the actual 

reactor infrastructure, but there are significant challenges because of the extreme conditions in the 

reactor environment. Heat, corrosion, and radiation all present significant threats to sensitive 

equipment or wiring[13]. Thus, there has been a growing need for advanced sensing methods in 

extreme environments, especially at high temperatures[14]. 
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1.2 Extreme Environment Sensing 

Currently there is considerable interest in expanding clean sources of energy and increasing 

energy production efficiency. Two major topics of discussion are solar and nuclear power 

generation[15], [16]. Generation IV NPP’s are currently in development[17] and expected to play 

a key role in American (and global) clean energy production in the coming decades. Their 

complexity requires adept risk management and technical direction to operate safely. Conditions 

inside the plants pose critical health risks not only to personnel but to electrical monitoring 

equipment. During normal operation, nuclear and solar power plants generate extreme heat into 

the hundreds of degrees Celsius. A few examples of advanced NPP’s currently in development 

include Very High Temperature Reactors and Molten Salt Reactors, which may operate as high as 

750—850 °C and 550—750 °C respectively[2].  

Heat can produce significant thermal expansion in a sensor or transducer, leading to 

multiple failure modes: debonding from the structure[18], electrode degradation, destruction of 

wiring, phase transition in the crystal (for piezoelectric sensors), and melting. NPP’s also present 

challenges with high radiation flux and corrosive elements in the environment. It’s critically 

important for transducers to survive as installed due to the high cost and risk to personnel to 

perform maintenance or corrections. Typically, the sensor locations are inaccessible due to a harsh 

environment during normal plant operation as seen in Figure 1-3. 
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Figure 1-3: Invasive NPP temperature sensor schematic [6]. 

1.3 Nondestructive Testing 

Nondestructive testing (NDT) is a field with many different methods to verify a structure 

or a component is operating normally and has no defects[19], [20]. Among the well-known 

methods of performing NDT include dye penetrant[21], magneto-optical imaging[22], ultrasound 

immersion testing[23], magnetic resonance[24], [25], capacitance based methods[26], induction 

infrared thermography (IIRT)[27], [28], and phased ultrasound array[29]. Dye penetrant is for 

surface-accessible defects only, because the dye must sink into tiny voids, and then the dye 

resurfaces after the topical dye layer is wiped off. MRI is useful for high resolution imaging 

especially in the brain or elsewhere deep within the body[30], [31], [32]. It is extremely costly and 

time consuming. Ultrasound methods are advantageous in that they work on or below the surface 

of a structure at relatively low cost, especially compared to MRI. Ultrasound works very well in 

liquid and solid media, and has common applications in medical science. Fetus imaging and 

sonothrombolysis are well studied applications[33], [34], [35], [36]. It is also a common way to 

accomplish advanced sensing, and to see deeply into the structure. 
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Figure 1- 4: Various NDT methods utilizing a) dye-penetrant [21], b) magneto-optical imaging [22], c) infrared 

induction [28], and d) ultrasound array [29]. 

  



   

7 

 

 
Table 1-1: Summary of select common NDT methods used in practice and research. 

Method 
Working 

principle 
Applications Cost References 

Dye penetrant Chemical/Visual 
Small object and 

surface defects 
Low [21] 

MRI 
Magnetic 

resonance 

Medical scans 

(brain, tumors, 

skeletal) 

High [24], [25] 

IIRT Induction heating 
Deep NDT for 

voids, corrosion 
Low—Medium [11], [28], [37] 

Capacitance based 
Defects increase 

capacitance 
NDT of voids, holes Low [26] 

Piezo Ultrasound 
Piezoelectric 

Effect 

NDT, SHM, 

medical imaging, 

US therapy, 

ablation of clots and 

tumors 

Low—Medium 
[34], [38], [39], 

[40], [41] 

Laser Ultrasound 
Photoacoustic 

Effect 

NDT, imaging, 

ablation of clots and 

tumors 

Low—Medium 
[42], [43], [44], 

[45], [46] 

 

Ultrasound nondestructive testing 

Acoustic waves are among the best mechanisms for sensing both in scientific research and 

in nature. From echolocation used by bats, sonar in submarines, and ultrasound for sonograms of 

babies, acoustic waves are the mechanism by which these applications work. Soundwaves are an 

effective way to image something biological or mechanical. Acoustic waves will be discussed in 

detail in a later section, but the general principle involves an acoustic source and acoustic receiver. 

The source works by sending out an acoustic pulse that propagates through the medium, and the 

receiver picks up the acoustic echoes when they return to the source. Often the source and receiver 

are one and the same (the bat, the submarine, etc.), but often the two can be separated, as will be 

discussed later. Echoes then propagate back to the ultrasound source. The source then, using the 

strength and speed at which the echoes return, deduces important information including: 1) where 
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the cave walls are around a bat, 2) where the sea floor (or enemy submarine) is, or 3) the health, 

size, and sex of a baby. However, NDT doesn’t need to produce a sonogram image in order to find 

a mechanical defect, but can instead use techniques similar to echolocation. Small acoustic echoes 

to find things such as voids, cracks, breakages, or delamination. This is commonly done through 

the use of ultrasound. 

Ultrasound carries acoustic energy which interacts with defects, and other imperfections in 

a structure, and are radiated from the defect thus creating acoustic echoes which then travel to the 

acoustic receiver. Echoes can be detected by sensors acting as receivers and can be used to identify 

defects. This allows for imperfections to be found without costly disassembly or destruction of a 

component or system. The electrical stimulation of one or more piezoelectric transducers is a 

common and accepted method of ultrasound generation[47], [48], [49], [50], [51], [52]. More 

recent advances allow piezoelectric ultrasound to be applied to more complex structures such as 

additive manufacturing components[38] and composites[53]. Piezoelectric transducers often act 

as good emitters and receivers and can be used for defect identification through echolocation. 

A related field to NDT is structural health monitoring (SHM), which employs 

instrumentation and controls on a structure to observe its operation and integrity. Classical SHM 

on nuclear power plants is often done using sensors or mechanisms in situ that penetrate the 

structure[4], [54], [55], [56]. This can cause degradation of the sensors and create weak points in 

the plant. Therefore, noncontact methods can avoid these drawbacks. A common method of 

analyzing integrity in structures is through the use of ultrasound in the form of Lamb waves[45], 

[57], [58], [59] for thin structures, and bulk waves[60] for thick structures. Lamb waves will be 

discussed in greater detail in Chapter 2. 
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Recently, there has been a strong focus on laser generated ultrasound as a noncontact 

method. The capability of laser ultrasound has grown to find defects in solder joints[61], 

microcracks[62], and composites [63]. It has also been used as an alternative to piezoelectric 

probes and arrays for generating multidimensional ultrasound images[64], [65]. Laser ultrasound 

is also being improved with the integration of machine learning[66] to give more accurate details 

and analysis. Traditionally, pulsed lasers are used to induce photoacoustic ultrasound, but 

continuous wave (CW) lasers are also being explored for this purpose[67] using transistor-

transistor-logic. 

The literature has many more examples of ultrasonic waves being produced by 

piezoelectric materials and lasers. Jiang, Zhang, and Kim have done extensive work with 

piezoelectric transducer fabrication, characterization, and application [68], [69], [70], [71], [72], 

[73], [74]. Lee and Satyarnarayan focused on nuclear applications in steel structures and pipes 

[75], [76]. Jen, Thompson, Hsieh, and Kim made contributions, sometimes using laser ultrasound 

augmented with carbon nanoparticles for enhanced effect [77], [78], [79], [80]. However, there are 

disadvantages as mentioned previously such as debonding and heat-related degradation or 

corrosion[81], [82], [83], [84], and frequent maintenance puts personnel at risk. 

 

Figure 1-5: Corrosive effects of a SAW after 120 h at 800 °C [84]. 
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Piezoelectric thin films are a good choice for high heat applications due to their 

survivability, and they can also operate at high frequencies in the MHz range. Aluminum Nitride 

(AlN)[85], [86] and Langasite (LGS)[87], [88], [89] and others[90], [91], [92] provide good 

temperature stability and can act as surface acoustic wave (SAW) emitters. This is accomplished 

through precise fabrication and piezoelectric layers on the order of hundreds of nanometers or <10 

µm[93]. High frequency ultrasound is extremely useful, especially for temperature, gas, and defect 

monitoring. One of their main drawbacks is that high frequency waves are quickly attenuated by 

the medium. Lower frequency is more ideal for larger defects (on the mm scale) and larger 

distances, and therefore such applications are often better suited to bulk materials instead of thin 

films.  

Bulk materials have their own drawbacks and often involve trading piezoelectric properties 

for high temperature durability. While certain thin films like AlN, Gallium Nitride (GaN)[93], 

[94], [95], and LGS are powerful but fragile, certain bulk sensors like AlN and Gallium 

Orthophosphate[96] have good high temperature durability and stability but are typically lacking 

in transducer strength because of low piezoelectric or electromechanical coupling coefficients. 

Since NPP pumps and generators tend to operate well below the MHz range, vibration 

sensors for plants are typically lower frequency. Due to the unique configuration of some vibration 

sensors, which can be modeled as cantilever beams with mass dampers, thin AlN films are again 

a good option [97], [98]. Vibration sensors will be discussed in more detail in Chapter 4. In the 

following chapters, the primary applications that will be discussed are damage detection and 

vibration sensing. 
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1.4 Piezoelectric sensing 

Among the most common piezoelectric materials currently used include PMN-PT[71], 

[99], [100] and PZT variations[101], [102], [103], [104], [105]. These materials are often used due 

to their relatively large electromechanical coupling factors (k), >0.9 for PMN-PT and >0.75 for 

PZT-5H[71], which allows them to generate stronger stresses and therefore larger acoustic waves. 

Such transducers thus have an advantage in that their dual function as emitters and/or receivers 

allows them to pair well with other ultrasound generation methods, such as laser ultrasound[43], 

[79], [106], [107], [108], [109], [110]. Piezoelectric transducers are compact and versatile. They 

are easily bonded to the surface of a structure, and their small size does not prevent them from 

being installed on complex or irregular surfaces[111]. 

Even with such strong capabilities under normal conditions, extreme temperatures pose a 

significant threat to most piezoelectric transducers. Heat can diminish the transducer output by 

reducing its adhesion to the substrate or degrading its structure rapidly. Eventually the element in 

ferroelectric transducers is de-poled entirely once the environment exceeds its curie 

temperature[96], [112], [113], [114], [115], but there is work focused on improving the 

performance of ferroelectrics at high temperature [116], [117]. However some ferroelectrics, such 

as Lithium Niobate, are highly resilient and have been tested up to 800 °C[118], [119]. There are 

non-ferroelectric piezoelectric materials[120], [121], [122], [123]. While exhibiting relatively 

lower piezoelectric properties, they have strong heat resistance and because they are non-

ferroelectric and therefore have no curie temperature. One of these well-known non-ferroelectrics 

include AlN, which has been demonstrated to perform in temperatures over 1000 °C [74], [124]. 

Zinc Oxide (ZnO) is another common non-ferroelectric material[40], [121], [125], [126]. Yttrium 

calcium oxyborate (YCa4O(BO3)3; YCOB) has also been studied as an alternative sensor material 
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up to 1000 °C[39], [73], [127]. Melilite crystal materials are also considered good options for high 

temperature applications [128], [129]. Bismuth Silicon Oxide (BSO) is gaining more attention as 

a robust high temperature resistant piezoelectric material[130], [131].  

Piezoelectric transducers are designed to transmit specific modes of ultrasound waves. 

Shear horizontal waves in the fundamental mode (SH0) are useful due to their nondispersive nature, 

but transducers are often limited to only two directions (maximum) for transmitting shear 

waves[132]. They have also been applied in NDT, such as to detect delamination in prepreg 

composites[133] and detecting artificial defects in CRES 304[134] plates. Miao et al recently 

developed an omnidirectional SH piezoelectric transducer array[135] capable of transmitting in 

multiple directions, while Chen and Wang have utilized SH transducers in high temperature 

environments of 100 ºC and 600 ºC respectively[134], [136]. 

The Direct Piezoelectric Effect is a material property such that: when a stress is applied to 

the material element it produces a voltage difference between the element electrodes. In the 

following discussion on piezoelectric materials, the relationships are assumed to be in the linear 

regime. We may relate the stress and strain of a material with Hooke’s law, σ = Eε, which is 

expressed and arranged differently in Eq. 1-1 with the stress σ = T, the reciprocal of Young’s 

Modulus ί (known as the material elastic compliance), and the strain S = ε. Equations 1-1 

through 1-8 are all based on Leo’s description of the piezoelectric relationships [137]. 

Eq. 1-1  Ὓ ίὝ 

Eq. 1-2  Ὀ ὨὝ 

The Direct Piezoelectric Effect is summarized in Eq. 1-2, and relates the stress (T) 

applied to a sample and piezoelectric material strain coefficient (d) to the electric displacement 

(D) of the sample. Naturally, the Direct Piezoelectric Effect implies the Converse Piezoelectric 
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Effect (Eq. 1-4) which states that an electric field applied to the piezoelectric sample induces 

mechanical stress, as shown in Eq. 1-3. 

Eq. 1-3  Ὓ ὨὉ 

Eq. 1-4  Ὀ  ‐Ὁ 

Another important factor is the dielectric permittivity (ε), which relates the electric 

displacement to electric field. The interconnected relationships may be arranged in matrix form. 

Eq. 1-5  
Ὓ
Ὀ

ί Ὠ
Ὠ ‐

Ὕ
Ὁ

 

In Figure 1-6, the direct piezoelectric relationship is depicted visually on the left, where a 

specimen undergoes tensile stress and produces an electric displacement, and graphically on the 

right. The studies in this work will consider all piezoelectric relationships in the linear regime only. 

 

Figure 1-6: Direct piezoelectric effect diagram [137]. 
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Figure 1-7: Direction notation for a 3D piezoelectric sample [137]. 

Using Eq. 1-5, we can distill the piezoelectric relationships further from four down to two 

major equations. When we consider the possible directions of the stresses, electrical displacements, 

etc. on a 3D piezoelectric sample we are confronted with multiple quantities expressed via 

matrices. Ultimately, we find Si, and Tj are each [6 × 1], sE
ij a [6 × 6], dik a [6 × 3], dmj a [3 × 6], 

εT
mk a [3 × 3], and Dm, Ek, and En each a [3 × 1]. Where i and j are positive integers 1—6 and make 

six independent strain (or stress) terms. 

Eq. 1-6  Ὓ ίὝ Ὠ Ὁ 

Eq. 1-7  Ὀ Ὠ Ὕ ‐ Ὁ  

And to solve for the stress directly, we rearrange Eq. 1-6 to find: 

Eq. 1-8  Ὕ ὧὛ ὧὨ Ὁ 

Where cE is the mechanical stiffness of the piezoelectric material. It is the reciprocal of the 

compliance sE. By harnessing the piezoelectric effect, such materials can be fabricated into 

transducers that transmit and/or receive acoustic waves. Any particular transducer has a center 

frequency, the frequency which waves are most clearly and readily received due to resonance and 

antiresonance peaks in the transducer frequency spectrum. The resonant and anti-resonant 

frequencies of a piezoelectric transducer are dependent on the transducer dimensions, as given by 

Eq. 1-9 and Eq. 1-10 respectively[96]: 
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Eq. 1-9  Ὢ  

Eq. 1-10  Ὢ   

Where fr is the resonant frequency, fa is the anti-resonant frequency, l is the length/width 

of the transducer face, t is the sample thickness, cD and sE are the stiffness and compliance 

respectively, and ρ is the effective density of the piezoelectric. The electromechanical coupling 

coefficient is a function of the compliance, permittivity, and the piezoelectric strain coefficient 

[137]. 

Eq. 1-11  Ὧ  

The electromechanical coupling coefficient of the material may also be expressed as a 

function of the two resonant frequencies as seen in Eq. 1-12 [96]: This is helpful for shear mode 

(k14) transducers such as the BSO transducer which will be discussed in Chapter 2. 

Eq. 1-12  Ὧ ρ  

1.5 Photoacoustic emission 

Piezoelectric transducers display a great amount of versatility, but they still have 

limitations. In many situations the photoacoustic transducer may overcome such limitations. 

Piezoelectric transducers use wiring, electrodes, and an excitation voltage to generate pulsed 

ultrasound into a structure. Surfaces that twist are difficult for transducers to adhere to, and extreme 

heat or confined areas make wiring and maintenance difficult. Photoacoustic transducers use 

pulsed light to project ultrasound from a laser at a remote location, allowing them to overcome 

potential issues with wiring and irregular surfaces. They operate using the working principle of 

the Photoacoustic Effect. The Photoacoustic Effect[138], [139] is a well-documented phenomenon 

that allows waves to be generated with the precise pulsing of a laser[140], [141], [142], [143], 
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[144], [145], [146]. Laser energy, rapidly pulsed over a small area, is converted to heat energy 

upon absorption into the medium. The conversion from light to heat creates thermal expansion of 

the particles within the acoustic medium. Rapid thermal expansion and contraction due to the heat 

flux, in turn, produces a perturbation in the medium. The perturbation then propagates through the 

medium as an acoustic wave. When the laser energy is pulsed rapidly, acoustic waves may be 

generated as ultrasound at different frequencies, often in the kHz and MHz range[147], [148], 

[149]. The laser fluence must be strong enough (often between 10—100 mJ/cm2) in order to 

generate waves of sufficient amplitude so that a receiver can detect them. 

Indeed, lasers have a distinct advantage in extreme conditions because of the noncontact 

method of generating ultrasound. They have been considered extensively for NDT[65], [67], [76], 

[150] and biomedical imaging[151], [152], [153]. This makes them an attractive potential 

alternative when considering applications for NPP’s. Using a laser to generate ultrasound on a 

target allows for several advantages including: less wiring, the ability to manipulate laser power, 

and the noncontact generation of ultrasound[72], [110]. 

The strength of laser ultrasound is affected by several factors, including but not limited to 

optical absorption of the medium surface, the laser fluence (mJ/cm2) being delivered, and pulse 

duration.  

The optical absorption of the surface plays a key role in the overall strength of the 

ultrasound being produced. Other factors like structural material and surface cleanliness are also 

significant. If a weak laser is used on a dirty, metallic material then the result will likely be very 

weak ultrasound picked up by a sensor. In order to compensate, the laser power could be increased 

to higher fluences to strengthen the ultrasound, but this presents a potential drawback in that the 

structure surface could be highly reflective and even damaged by the increased light intensity[154], 
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[155]. The challenge, therefore, is to generate viable laser ultrasound at a relatively low laser 

fluence. 

Researchers sometimes use Eq. 1-13 to express the relationship between the influential 

factors and the acoustic output[110], [156], [157], [158]. Minute pressures are often measured 

experimentally with a hydrophone. However, this work does not observe the acoustic pressure of 

photoacoustic waves because the medium being used was steel, not water. Instead, the peak-to-

peak voltage, measured directly from the pulser-receiver and read on an oscilloscope, is used. 

Eq. 1-13  ὖ   

In the numerator, β is the volumetric coefficient of thermal expansion for the photoacoustic 

medium (ppm/°C), c is the wave speed in the medium (m/s), µth is the optical absorption of the 

photoacoustic medium (unitless), F is the laser fluence (mJ/cm2). In the denominator, cp is the 

specific heat capacity of the photoacoustic medium (J/kg·K), and τl is the incoming laser pulse 

duration (ns). P0 is the acoustic pressure generated by the photoacoustic medium. The studies in 

Chapter 3 and Chapter 5 describe photoacoustic mechanisms in different mediums. 

The factors previously mentioned may be manipulated experimentally. Researchers have 

approached laser ultrasound with much creativity to optimize acoustic emission and for many 

different applications. The photoacoustic surface is just as important as the laser being used, and 

while ultrasound may be generated on a bare surface, it is usually much more efficient to use a 

photoacoustic transducer. Such transducers utilize many different materials to optimize acoustic 

emission, and two of the most important material properties are optical absorbance and thermal 

expansion. 

Among the most useful materials for enhancing optical absorbance is carbon, commonly 

used in the form of candle soot nanoparticles (CSNP’s). These microscopic particles have been 
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used in blends or as coatings to enhance the photoacoustic effect [78], [107], [108], [155], [159], 

[160], [161]. Also used are fine gold nanoparticles or nanorods [162], [163], [164]. CSNP’s are 

especially useful because they are inexpensive, plentiful, and easy to synthesize in a lab. The 

average size of the particles may be roughly ~40 nm [154], and their small size allows them to mix 

well with other, more sturdy medium materials like polydimethylsiloxane (PDMS). 

 

Figure 1-8: Synthesis of CSNP/PDMS and SEM photographs [154]. 

Carbon nanoparticles or nanofibers paired with an acoustic medium can be a potent 

combination. The carbon provides enhanced laser light absorption and high thermal diffusivity 

which allows for much more of the absorbed light to be converted into heat. Laser ultrasound 

without a photoacoustic transducer can result in numerous difficulties. The surface of the substrate 

may reflect most of the laser light, especially if it’s metallic, and also the laser may eventually 

damage the substrate. 

In the subsequent sections, there will be discussion on multiple photoacoustic transducers 

that use some form of carbon particles. Each section will utilize piezoelectric sensing and even 

acoustic emission. The overarching goal of this research is to develop, characterize, and verify 
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high temperature resistant materials that may be used in nondestructive testing with possible 

applications to NPP monitoring. There is a need for advanced materials that may endure higher 

temperatures ≥300 °C, above which many ferroelectric sensors become de-poled, and steadily 

perform acoustic emission for accurate monitoring. These studies will examine advanced 

transducers that may operate up to 600 °C, and have applications in such areas as acoustic 

emission, damage detection, vibration sensing, and photoacoustic transmission. 
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CHAPTER 2: Bismuth Silicon Oxide as a high temperature transducer 

Based on “Characterization of bismuth silicon oxide for high temperature ultrasound sensing”, 

N. Garcia, H. Wu, Q. Fonner, H. Kim, F. Yu, S. Zhang, and X. Jiang, Ultrasonics, Volume 153, 

2025, 107671, ISSN 0041-624X. doi.org/10.1016/j.ultras.2025.107671. 

2.1 Introduction 

2.1.1 Background of Bismuth Silicon Oxide 

Bismuth Silicon Oxide is a 2-3 cubic sillenite crystal [165] and it has been studied for a 

number of years, with some applications related to photovoltaic solar cells [166], [167] and 

vibration sensing [168]. Electromechanical[169] and photochromic[170] properties have been 

researched, and the growth of the crystals have been studied extensively [171], [172], [173], [174] 

often using the Czochralski method. Haussül et al observed the stability of BSO, BGO, and 

bismuth titanium oxide (BTO). The materials were observed up to 27 GPa, 1100 K, and elastic 

and stiffness properties were recorded [130], [175], [176]. The researchers observed stable bulk 

and shear moduli with respect to pressure. Given BSO’s stability under high temperature and 

pressure conditions, it suggests that BSO would exhibit good survivability as a piezoelectric 

transducer. Therefore the next steps would naturally include further characterization of BSO and 

observing its acoustic emission and receiving abilities. 

In previous work by Shen, BSO crystals were studied that operated in the surface-shear 

(d14) mode, and the sample showed relatively high electrical resistivity (approx. 7×105 Ω·cm) at 

temperatures as high as 500 °C [177]. 
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Figure 2-1: Tetrahedron unit cell. A) dextrorotatory B) levorotatory. [111] polarization [177]. 

Yu and Zhang used self-grown BSO samples to study acoustic waves in the surface-shear 

mode[96], [112], [117], [131], [134], [177]. Key properties of samples grown by them are 

summarized below: 

Table 2-1: Design parameters and key material properties of BSO. 

 fc [kHz] A [mm2] t [mm] d14 [pC/N] k14 [%] 

BSO 213 26.0 1.0 48.2 [177] 36.3 [177] 

 

Ferroelectric materials like PMN-PT or PZT-5H would be ineffective in such an extreme 

environment, since their curie temperatures are 95-117 °C[71] and ≤350 °C[96] respectively. 

While they are usually stronger in terms of piezoelectric coefficient and electromechanical 

coupling, they would become nonfunctional after exceeding those temperatures. BSO is non-

ferroelectric and cannot become electrically de-poled under high temperature, because it has no 

Curie temperature. It also has desirable properties when compared with other non-ferroelectric 

materials. The piezoelectric coefficients (d14) of AlN, Berlinite (AlPO4), and gallium 

orthophosphate (GaPO4) are reported as 9.7, 1.6, and 1.9 pC/N respectively [96] at room 

temperature, while BSO’s is much higher at 48 pC/N. Likewise, the electromechanical coupling 
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coefficients keff (effective) of Berlinite and gallium orthophosphate are 0.11 and 0.16, respectively, 

which are lower than that of BSO (0.36). 

2.1.2 Research Goal 

The three main goals of this study were as follows: 1) Characterize the surface shear, 

sometimes called face shear (FS), BSO single crystal transducer samples up to 600 °C while 

recording impedance, phase, capacitance, and dielectric loss; 2) Observe the robustness of BSO as 

an acoustic receiver up to 650 °C; and 3) Verify that BSO can be used to detect artificial damage 

in thin steel structures using FS waves in high temperature conditions, up to 600 °C. 

2.2 Materials & Methods 

2.2.1 Guided waves 

We may consider a wave to be a perturbation that propagates in a medium, specifically for 

this study a vibration in a bar. The description for a wave begins with Newton’s 2nd Law: 

Eq. 2-1  ВὊ Ὢὼ Ὢὼ Ὠὼ  άὥ 

The sum of forces is represented as differential force, which may be simplified to mass m 

and acceleration a. Further the differential force may be expressed alternatively as in Eq. 2-2, a 

partial differential with respect to distance x, and then it may be entered back into Eq. 2-1. 

Eq. 2-2  Ὢὼ Ὢὼ Ὠὼ Ὠὼ 

Eq. 2-3  Ὠὼ άὥ ά  

Hooke’s Law is the primary relation used to relate force to stress and strain (Eq. 2-4). 

Eq. 2-4  „ Ὁ‐  

Where σ is the stress, ε is the strain, and E is the Young’s Modulus for the material. Eq. 

2-4 may be rearranged to solve force f, and then may be factored back into Eq. 2-3. 

Eq. 2-5  Ὢ  Ὁὃ  
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Eq. 2-6  Ὁὃ Ὠὼ ά  

In this case, A·dx = V, and ” . The propagation can be described in 1D space using the 

wave equation (Eq. 2-7). 

Eq. 2-7   π 

In this case,  is the space (displacement) component of the wave,  is the time 

component, and c0 is the wave speed where ὧ . 

Due to the nature of the face-shear BSO transducers being used, it is also understood that 

they transmit waves in two (maximum) directions. Therefore the acoustic emission is in 1D, and 

the defect detection likewise is in 1D. When the geometry is relatively thin, such as a plate, bar, 

or hollow cylinder, there are three types of guided waves that may be used: 1) symmetric, 2) 

antisymmetric, or 3) shear horizontal. They are named according to how they relate to the cross 

section (symmetric about cross section, etc.). They also have a potentially infinite number of 

propagation modes (S0, S1, S2, S3, and so on). By contrast, bulk waves are considered to propagate 

and disperse into a thick or semi-infinite media [178], [179]. 
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Figure 2-2:  a) Symmetric and b) antisymmetric wave modes in a plate [180]. 

 

Figure 2-3: a) Longitudinal, b) Transverse horizontal (shear), and c) Transverse vertical wave modes [180]. 

In this study, we assume a thin plate geometry ( l, w >> t), with no stress or shear in the 

thickness directions (σz = τxz = 0 N/m2). To avoid the overlap of waves and confusion during data 

processing, it is generally better to work with the fundamental modes of the waves (S0, A0, and 

SH0). We must know how the waves disperse and how modes are activated in the medium 
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according to the frequency of the wave and the thickness of the plate. According to Rose, the 

dispersion of ultrasonic waves in a thin plate occurs according to the following equations [178]: 

Eq. 2-8  
 

 
  

Eq. 2-9  
 

 
  

Where the factors p and q are defined by: 

Eq. 2-10  ὴ  Ὧ 

Eq. 2-11  ή  Ὧ 

In Eq. 2-10 and Eq. 2-11, the factor ω is angular frequency, cL is the longitudinal wave 

speed, cT is the transverse wave speed, and k is the wavenumber. Using specialized software, the 

fundamental dispersion wave speeds were calculated and are discussed in the next section[178], 

[181]. 

2.2.2 Surface-Shear waves 

Surface-shear (face-shear, FS) is a transducer mode of operation which is used to generate 

shear horizontal waves in a waveguide as seen in Figure 2-4. Such shear waves act along the 

surface of a plate, bar, or cylinder and propagate without dispersion through the medium. “Without 

dispersion” meaning that the wave speed remains constant, but the medium causes attenuation (or 

weakening) of the wave’s amplitude, and decrease of the wave speed. When a bar is both thin and 

narrow, as is the case in this study of BSO, the waves being generated are not considered pure 

shear waves. Due to the narrow geometry of the bar (20 mm wide) the FS waves have a tendency 

to bounce off the edges of the bar, and reflect back inwards. These reflecting waves interfere with 

the shear waves propagating along the length of the bar, and cause them to become “quasi-shear” 

waves [182], [183]. 
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Figure 2-4: Shear wave propagation in an isotropic plate [178]. 

There are three kinds of transducers used to generate shear waves. This study utilizes face 

shear, which may use d14 (this study) or d24 poling directions, and the other types include in-plane 

d15 poling and thickness-direction poling [184]. Shear transducers are common and used in various 

forms for ultrasound emission. They have been used in array [185] and patch form [186]. 

The software used to model the quasi-shear waves was Graphical User Interface for Guided 

Ultrasound Waves (GUIGUW) [181]. It is a free-to-use software that is used by many to calculate 

various wave properties for different modes and mediums. It may be used to find the phase 

velocities, wave numbers, group velocities, and other wave properties. The material density is 

manually input and the medium has several options including bulk media, thin plates, or cylindrical 

vessels. The software allows for the thickness of the plate/vessel to be changed, and for the 

attenuation coefficient of the material to be input. In this case, the density of steel used was ρ = 

7850 kg/m3 . The thickness of the plate was 3 mm. The acoustic attenuation was set to 0.74 Np/m 

[187]. 
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Figure 2-5: Dispersion curves for steel using GUIGUW [181]. 

2.2.3 Sensor Design & Fabrication 

After piezoelectric crystals are grown, they are cut, and this produces a small, flat circular 

or rectangular transducer. The direction in which the crystal is cut affects how the sensor activates 

different modes of acoustic waves. How a crystal should be cut depends on design factors such as 

the poling direction and the transducer application (bulk wave generation, surface wave 

generation). There are a number of standard cuts in the X-Y-Z directions, and Figure 2-6 shows a 

standard Z-cut [180]. The colors correspond to the different wave modes being activated: red 

corresponds to longitudinal waves, yellow to transverse horizontal (shear horizontal), and blue to 

transverse shear (vertical shear). 

 

Figure 2-6: A standard Z-cut crystal in the xyz-plane [180]. 
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The exact cut for the BSO sensors used in this work was a combination ZX cut: 

ZXtl45°/54°. The crystals belong to the cubic symmetry family with a point group of 2-3. 

Therefore, it only has one independent piezoelectric coefficient d14, which is a shear mode. The 

d33 mode can be designed into the BSO sample by taking advantage of the anisotropy of the 

piezoelectric crystal. When testing the piezoelectric activity along the crystallographic [111] 

direction, the longitudinal vibration mode relevant to the d33 is measured. 

 

Figure 2-7: Crystal cut of the BSO piezoelectric and orientation [177]. 

Heat resistant platinum electrodes were DC sputtered onto the top and bottom faces of 

multiple BSO samples (qty 5). Each had a face size of 5.1 × 5.1 mm2. A single platinum electrode 

thickness was 200 nm, with a 50 nm titanium adhesion layer between the sample surface and 

platinum electrode. Conductive ceramic paste (Ted Pelco Inc, CA) was used to fix 100 µm 

diameter platinum wires to the transducer itself, and the paste was also used to connect the thin 

platinum wire to a thicker 250 µm diameter wire which, in turn, was connected to the impedance 

analyzer. 

2.2.4 Sensor Characterization 

The properties being measured included impedance and phase vs frequency, and also the 

capacitance (in pF) and dielectric loss (%) at 100 kHz. Readings were taken in increments of 50 

°C starting from room temperature. The experiment utilized an Agilent 4294A impedance analyzer 
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and a Carbolite GSL1100X furnace. In order to bridge the gap between the transducer in the 

furnace and the impedance analyzer placed nearby, platinum wires were used and bonded to the 

sensor with high temperature resistant paste. 

We calculated the resonant frequency to be 160 kHz using the following values: l = 0.0051 

m, sE = s44 = 40.4 ·10-12 m2/N [96], and ρ = 9200 kg/m3 [96]. This was similar to the beam frequency 

of ~213 kHz expected from the face-shear transducers.  

 

Figure 2-8: BSO high temperature acoustic characterization test schematic. 

The Carbolite furnace had a malfunctioning temperature controller, and so an external 

method of temperature verification was implemented. A K-Type thermocouple with a probe meter 

was used to read the temperature in degrees Celsius. The thermocouple was placed inside the 

furnace with the tip a few centimeters above the transducer. Figure 2-9 below shows the 

experimental setup. 
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Figure 2-9: BSO impedance and phase characterization test schematic. 

For the acoustic test, the impedance analyzer was exchanged for an Olympus 5077PR 

Square Wave Pulser-Receiver. The transducer outside the furnace was the transmitter, and the 

transducer inside was the receiver. Our study focused on BSO capability of performing acoustic 

emission sensing, and therefore it was required that the receiver was placed inside the furnace in a 

high temperature environment. In each case, a BSO transducer also functioned as an acoustic 

emitter, but it was placed outside the furnace where it would be less affected by heat degradation. 

The primary goal was to use the receiver to pick up acoustic emission data over a wide temperature 

range. Acoustic emission data was taken directly from the emitting transducer and from artificial 

damage to perform damage localization. Figure 2-10 below shows a schematic of the experimental 

setup. 
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Figure 2-10: BSO acoustic characterization test schematic. 

The damage test was conducted with data taken in 100 °C increments, beginning from 100 

°C up to 600 °C. Up to 10—12 minutes of heating were allowed to elapse before taking each 

measurement. This gave time for temperature inside the furnace to reach steady state. 

The experiment used a thin steel substrate, approx. 20.0 mm (0.79 inch) wide, 915 mm (36 

inch) long, and 3 mm (0.118 inch) thick.  

 

Figure 2-11: Damage detection test schematic with dimensions. 
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2.3 Results & Discussion 

2.3.1 Characterization 

To observe the material properties and high temperature behavior of BSO, a sample was 

subjected to heating and cooling tests inside a furnace. Figure 2-12 shows the results of a 

preliminary heating test from 200 °C to 600 °C. The test began at 200 °C because it followed a 

prior heating test, and the property changes between 100-200 °C were considered negligible (and 

they would also be captured in the cooldown test later, as given in Figure 2-13). Heating of the 

sample began at 200 °C. The impedance peak dropped initially, but the heat resistance of the BSO 

allowed the peak to remain relatively constant between 300—500 ºC. Thermal stresses and 

expansion caused a ~6.7% reduction in center frequency. The relatively small reduction in 

transmitting frequency also seems to support evidence of good heat resistance of the BSO 

transducer. 

 

Figure 2-12: BSO heating impedance and phase data starting from 200 °C. 

The evolution of phase behaved similarly to that of the impedance. There was a gradual 

shift leftward, but eventually the peak narrowed to a point as the temperature approached 600 °C. 

The temperature was raised up to 650 °C (not shown), at which point the impedance peak nearly 

disappeared. Therefore 650 °C was set as the max temperature for data collection. 
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Figure 2-13: BSO cooldown impedance and phase data starting from 600 °C. 

In addition to the impedance and phase data, the capacitance and dielectric loss of the 

transducer were collected. This data was collected later in the testing sequence, using a setup 

similar to that described in Figure 2-10. The BSO receiver was not freestanding, but remained 

fixed to a steel beam as it had been for acoustic and damage testing. The initial collection was done 

at the normal clamping frequency of 1 kHz, but the data showed strong variance and exponential 

increases in capacitance and loss with every 100 °C increase in temperature. Overall, the 1 kHz 

property data did not provide any clear or conclusive trends. With such a high temperature ceiling 

it was determined that a different measurement frequency was needed for better data stability. 

Therefore, 100 kHz was used which allowed for better data collection at such high temperatures. 

At 100 kHz, the characterization data was stable and showed consistent values.  

At 100 kHz, the characterization data was stable and showed consistent values. The 

overview of capacitance and dielectric loss vs temperature can be seen below in Figure 2-14. The 

properties are compared from 100—600 °C, and shown during the heating and cooling of the BSO 

sample. From 100—500 °C, the capacitance is stable around 11.3—11.9 pF. Similarly, the 

dielectric loss remains relatively constant from <10% up to 400 °C, and then rises to ~ 20% at 500 

°C. At 600 °C, the dielectric loss and capacitance experience a major spike, indicating the extreme 
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heat caused rapid disruption of the piezoelectric function of the transducer. This agrees well with 

a previous study[177] where the dielectric loss was measured to be ~20% at 500 °C. Above 400 

°C, the ionic conduction of the BSO crystal structure begins to increase, and the capacitance and 

dielectric loss rise exponentially, going up by approximately one order of magnitude every 100 

°C. 

 

Figure 2-14: Capacitance and dielectric loss data from cooldown test. 

The d14 coefficient was measured by Dr. Shujun Zhang, and the effective d33 was measured 

by Dr. Fapeng Yu. Zhang studied BTO and BSO in which the d14 and dielectric loss data was 

collected up to 500 °C. Yu measured the effective d33 data up to 600 °C. The piezoelectric 

coefficient of face-shear (d14) BSO was determined to be ~46.5 pC/N with very little variance from 

100—500 °C, and similar results were recorded for the electromechanical coupling coefficient 

(k14), which decreased from 36% to 33% during heating from 100—500 °C[177]. Since BSO 

material is most stable up to 500 °C, results and comparison of the piezoelectric coefficient, 

dielectric loss, and capacitance to the range of 100—500 °C are given in Table 2-2 below. There 

was negligible change from room temperature to 100 °C, and RT was omitted. 
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Table 2-2: BSO properties at high temperatures. 

 d14 [52] (pC/N) k14 [52] (%) Cs (pF) D (%) 

100 °C ~46.5 ~36 11.3 0.8 

500 °C ~46.0 ~33 11.9 19.7 

 

The effective value (d33) along the [111] direction was measured to be on the order of ~28 

pC/N. In addition, the variation of effective d33 as a function of temperature up to 600 °C was 

studied, as illustrated in the following Figure 2-15. Consistent with the previous data, the material 

is stable up to 500 °C and then begins to experience significant degradation. 

 

Figure 2-15: BSO piezoelectric coefficient temperature dependance data. 

The next step was to perform an acoustic test of the transducers. It was expected that the 

BSO would begin to lose its effectiveness by 600 °C. 

2.3.2 Acoustic Emission 

The material characterization results suggested that the BSO would perform reasonably 

well up to 500 °C, but anything above that threshold would begin to cause serious degradation of 

transducer performance. A subsequent high temperature acoustic test was conducted to verify this 

expectation. At room temperature, the baseline wave packet had an amplitude of ~163.2 mVpp. 

Increasing the temperature to 100 °C decreased the amplitude to ~150.3 mVpp. From 200—350 
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°C, the change was gradual, 134.6 mVpp, 136.3 mVpp, and 134.5 mVpp respectively. Then the 

signals started to experience greater losses. The amplitude dropped to 115.5 mVpp at 400 °C and 

99.9 mVpp at 450 °C. Figure 2-16 shows the received ultrasound waves up to 450 °C. A bandpass 

filter of 195 – 225 kHz was implemented to filter out the noise and unwanted frequencies. This 

bandpass range was selected due to the expected center frequency of the transducer from the 

impedance information in 2.3.1 Characterization. 

 

Figure 2-16: BSO acoustic sensing data (RT up to 450 °C). 

For results 500 °C and above, the results were processed with a slight change in the 

bandpass filter, 185 – 215 kHz, in order to compensate for the shift in the center frequency of the 

emitter during heating. At 500 °C, the signal again experienced a moderate decrease in amplitude 

to 80.2 mVpp. Afterward the amplitudes for 550 °C and 600 °C were comparable, at 78.9 mVpp 

and 67.3 mVpp respectively. Finally, at 650 °C the amplitude plummeted to its lowest point, 22.8 

mVpp. The time domain signals’ behavior in Figure 2-17 are reasonable given the rise in 

capacitance and dielectric loss both at and above 500 °C of the characterization test. The FFT also 

shows a center frequency shift towards the 195—200 kHz range, as expected. 
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Figure 2-17: BSO acoustic sensing data (500 to 650 °C). 

The estimated time of flight calculated for a shear wave in structural steel was 73.8 µs 

(earliest arrival at room temperature). It also appears the wave speed may have been less than the 

nominal 3250 m/s, and it’s likely there was some attenuation and thermal expansion due to the 

temperature and the transducer being fixed to the bar with ceramic paste. The wave packets began 

to arrive between 70—80 µs, but as the temperature increased, the wave packet was observed to 

arrive slightly later. Using the wave arrival time of approximately 80.4 µs, the shear wave velocity 

is calculated to be 3159 m/s at ~100 °C. At 650 °C, the BSO receiver was still able to detect the 

wave packet from the transmitter and it did not lose total functionality as expected. The receiver 

was also able to be reused in subsequent heat tests. 

2.3.3 Damage Localization 

Given that the BSO was able to perform up to 650 °C, the next task was to explore the 

ability of the transducer to use low frequency ultrasound to detect large surface defects in extreme 

heat. This was done through identification of specific waveforms, up to a maximum temperature 

of 600 °C. Two damage tests were conducted and are discussed in detail in the following sections. 

The BSO receiver acts as a one dimensional transducer, unable to distinguish from which direction 

the damage induced echoes are coming from. Figure 2-18 explains: 
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Figure 2-18: Schematic of BSO damage detection mechanism. 

The analysis required taking BSO readings when the bar was undamaged and when it was 

damaged. The echo from the artificial damage rose above the baseline (undamaged) reading. This 

was due to the damage echo traveling a shorter distance than the boundary echo, and therefore 

rising above the baseline reading at the same time step. There were two key signals to observe: 1) 

the damage echo(es), and 2) the reflections from the boundary. The direct wave (which travels 

uninhibited from transmitter to receiver) was assumed to be constant in both the pristine and 

damaged conditions, and was therefore ignored once the signals were subtracted from one another. 

2.3.3.1 Damage test A 

For the first damage test, the BSO transducers were set 120 mm apart (Figure 2-11; Y = 

120 mm), and the BSO transmitter was 60 mm from the artificial damage (Figure 2-11; X = 60 

mm). Figure 2-19 below shows the progression of measurements in increments of 100 °C with 

comparisons between the signals received both with, and without, damage. The amplitudes of the 

raw signals are smaller than that of the signals in the previous acoustic test partly due to the 

repeated heat degradation of the bar and increased acoustic attenuation from steel hardening. 
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Figure 2-19: Damage Test A signal comparison 200—600 °C (y-axis scales vary). 

The pristine-bar signals were subtracted from the damaged-bar signals to highlight the 

difference between the two. The task was to identify echoes incoming from the artificial damage. 

After the raw wave data were subtracted from one another, the resultants were processed in 

MATLAB and bandpass filters were applied to give a clearer view of the wave behavior. Figure 

2-20 shows the resultant waveforms. 
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Figure 2-20: Damage echoes at 240 mm 200—600 °C (y-axis scales vary). 

It is assumed that the defect location is unknown. What was known was that the transmitter 

was placed 120 mm from the left end of the bar, and 120 mm away from the receiver. Given a 

maximum shear wave speed of 3250 m/s, this means that any damage to the left (or right) of the 

receiver must arrive in a 0 – 110.8 µs window, because it would travel less than the maximum 

distance of 360 mm from the boundary. There was a constant signal from the transmitter to the 

receiver, which traveled 120 mm and was expected to arrive around 37 µs. This signal was constant 
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in a damaged or undamaged condition, and therefore should disappear entirely once the two signals 

are subtracted. 

In each case a large amplitude wave packet arrived prior to the 110.8 µs cutoff point. The 

max peak signal was expected to be the echo from the surface damage, and the following echo a 

reflection from the boundary of the steel bar. For a shear wave traveling at 3250 m/s (max), the 

earliest expected time of arrival is 73.8 µs. The higher temperature scenarios were clearer. For the 

200-400 °C cases, a large amplitude wave packet arrived around 70-80 µs, closer to 80 µs, possibly 

due to overlapping of wave packets or a slower wave speed than 3250 m/s. The damage echo was 

clear in the 400 °C case, and could still be seen in the 500 °C and 600 °C cases. Once the 

temperature increased further there was still some interference, but the highest amplitude wave (to 

the left of the 110.8 µs cutoff) arrived at a time consistent with the previous cases. 

By the time the bar reached 600 °C, there was a (maximum) expected change in length of 

around 7.2 mm, adding a maximum of 2.2 µs onto the total shear wave time of flight of 73.8 µs to 

give 76.0 µs (earliest arrival at max temperature). Overall, there seems to be relatively little shift 

in the expected arrival time and negligible effect when operating at lower frequencies such as 

200—220 kHz. It should be noted that Damage Test A was a single continuous test. 

2.3.3.2 Damage test B 

A second damage test was conducted with increased space between the transducers and 

boundary of the bar, (Figure 2-11; X=120 mm, Y=360 mm). The spacing was increased to allow 

separation of the wave modes for clearer identification. Table 2-3 shows the time-of-flight 

estimations based on the calculated phase velocities (Figure 2-5) and the distances (Figure 2-11). 
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Table 2-3: Calculated time-of-flight times for Lamb and shear waves. 

 d [mm] tS0 [µs] tSH0 [µs] tA0 [µs] 

Direct transmission 360 61.0 110.7 172.2 

Damage 480 81.3 147.6 229.7 

Boundary 600 101.7 184.6 287.1 

 

Direct transmission describes the waves that travel directly from the BSO acoustic emitter 

to the receiver. Due to the increased spacing of the transducers and artificial damage, the wave 

packets were allowed to separate and experienced less overlap than in the first test. Figure 2-21 

below shows the readings taken from the steel bar at 200—600 °C. 

The boundary echo from the shear waves is marked in Figure 2-21a for reference, but in this 

case the cutoff time used was 287.1 µs, which was the arrival time of the A0 wave from the 

boundary. The location of the defect is assumed to be within 600 mm to the left or right of the 

transducer. In each case, however, the antisymmetric wave modes still arrived within the final 

boundary echo time and are most clearly observed. For a low frequency BSO receiver, these results 

suggest that it may be most useful to identify defects via shear waves near the receiver (≤240 mm) 

and to use antisymmetric waves for defects far from the receiver (>240 mm). 
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Figure 2-21: Damage echoes at 480 mm at 200—600 °C (y-axis scales vary). 

Noise and instability appear more prominently in the readings taken from below 500 °C. It 

is likely that beam warping, steel hardening, acoustic attenuation, ceramic paste curing, and 

boundary reflections all contributed to the final results. It should be noted that Damage Test B 

consisted of multiple tests (two tests and four data collections with identical conditions and the 

same BSO samples), and the data shown in Figure 2-21a—e contain the most clear representations 

of the waves captured at the respective temperatures. In the future, it may be useful for BSO 

transducers to operate at higher frequencies, potentially in the 1—5 MHz range. In the kHz range, 

the wave arrival times have an advantage in that they are relatively unaffected by the thermal 
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expansion and delay time of 2.2 µs, but it also makes them more difficult to identify as the 

temperature increases; especially if the defect location is unknown. 

In Damage Test A, analysis further showed a high amplitude echo arriving around 80 µs, 

which was later than expected (at a max shear wave speed of 3250 m/s) but prior to the expected 

arrival time of the boundary reflection. It is reasonable to conclude this echo was the result of the 

artificial damage and not from the boundary reflection or directly from the BSO transmitter. In 

Damage Test B, the transducers and artificial damage were spread out which increased the travel 

time and the amount of attenuation experienced by the waves. 

2.3.3.3 Damage localization 

The data from Damage Test A was analyzed and used to estimate the 1D position of the 

defect along the bar. Analysis of the lower temperature signals proved more difficult because of 

noise levels and overlap of wave packets. A wave speed of 3159 m/s was used as calculated using 

the direct transmission data from 2.3.2 Acoustic Emission. 

Table 2-4: Damage Test A localization calculations w/error. 

 t(arrival) [µs] d(calc.) [mm] %error 

200 ºC 83.9 265.1 10.00 

300 ºC 80.4 253.9 5.80 

400 ºC 68.9 217.7 9.30 

500 ºC 76.9 242.9 1.20 

600 ºC 78.0 246.4 2.67 

 

As the performance of the transducer dropped with higher temperatures the received signal 

amplitudes became very small. But it was easier to distinguish the arrival times of the larger shear 

wave packets. The arrival times of the later measurements, in the 500—600 ºC range, were more 

clearly seen (Figure 2-21d, e) and likely the most accurate. In the 200—300 ºC range, there was 

overlap of wave packets which also made it difficult to determine the exact arrival time. This is 
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reflected in the overall percent error. For 400 ºC, it appeared that significant noise levels detracted 

from the received shear waves during data processing, making it more difficult to discern the 

arrival time and overall shape of the waves. The true distance of the defect is roughly 240 mm, but 

this was also within a tolerance of ±5 mm, since the defect had to be removed and replaced for 

each measurement. While multiple factors including noise, overlap, attenuation, and defect 

position had an effect on the data collection, the analysis shows that BSO is still able to identify 

the defect location. 

The analysis of Damage Test B was similar, and overall had smaller percent error due to 

the separation of wave packets across all of the temperatures. The true distance of the defect was 

480 mm ±5 mm. However, multiple runs with Damage Test B conditions were required due to 

noise and variance in the wave packets received. While the accuracy is higher, it required greater 

amounts of data collection in Damage Test B than Damage Test A. 

Table 2-5: Damage Test B localization calculations w/error. 

 t(arrival) [µs] d(calc.) [mm] %error 

200 ºC 143.4 453.0 5.63 

300 ºC 154.4 487.7 1.60 

400 ºC 149.4 471.9 1.69 

500 ºC 139.4 440.4 8.25 

600 ºC 152.5 481.7 0.35 

 

2.4 Summary 

The potential of BSO as an advanced transducer was evaluated through: 1) 

characterization, 2) ultrasound generation, and 3) damage detection. It was observed that the 

material was robust at high temperatures, and the impedance peak stayed relatively constant until 

after 500 °C, before its peak flattened completely at 650 °C. From room temperature up to 650 °C, 

the center frequency experienced a small reduction of approximately 6.7%. The phase of the BSO 
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transducer remained consistent between +90° and -90° until above 500 °C. The capacitance and 

dielectric loss were measured at 100 kHz and were stable up to 500 °C. They had values of roughly 

12 pF and 1—20% dielectric loss. The d33 was ~28 pC/N up to 500 °C. 

In the acoustic sensing test, the acoustic wave amplitude diminished gradually from 163.2 

mVpp to 22.8 mVpp when the transducer was heated from room temperature to 650 °C. This agreed 

well with the characterization test. Lastly, defect detection tests were performed using artificial 

damage over a temperature range of 100—600 °C. In test A, shear waves from a single test run 

were used to localize short range damage (~240 mm away) to ≤10% error. In test B, multiple test 

runs were used to gather long range damage (~480 mm away) data to <10% error. 

In the future, it may be advantageous to use BSO transducers with a higher center 

frequency. This will be helpful to identify smaller defects and more easily track wave packet 

movement due to the shorter wavelength. Different materials or grades of steel should also be 

studied in conjunction with BSO transducers. Comparisons with other methods of ultrasound 

generation should also be made to better understand the competitiveness of BSO as an advanced 

transducer. 
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CHAPTER 3: Liquid Metal Photoacoustic Transducer 

Based on “Carbon nanofibers/liquid metal composites for high temperature laser ultrasound”, 

Nicholas Garcia, Howuk Kim, Kaushik Vinod, Abinash Sahoo, Michael Wax, Taeyang Kim, 

Tiegang Fang, Venkat Narayanaswamy, Huaiyu Wu, Xiaoning Jiang, Ultrasonics, Volume 138, 

2024, 107245, doi.org/10.1016/j.ultras.2024.107245. 

3.1 Introduction 

3.1.1 Laser ultrasound research introduction 

Lasers are a well-known and accepted method of ultrasound generation[43], [61], [79], 

[80], [111], [188], [189]. Instead of using a continuous laser, it is pulsed repeatedly with a very 

small duration in the nanosecond range. The waves propagate easily in a variety of different media, 

and are especially strong when the media surface is highly absorbent of the laser light[77], [78], 

[107], [108], [155]. The working principle is the Photoacoustic effect, which is discussed in 

Section 1.5 and in Section 3.2.1. There are a number of advantages to laser ultrasound. The ability 

to manipulate pulse duration and laser power gives the user control over the frequency and 

amplitude of the induced ultrasound. While it may be considered risky to have open space between 

the laser and the target, this may be considered a major advantage because the ultrasound is 

noncontact. In other methods of ultrasound generation, such as transducers, the transducer must 

make direct contact with the media in order to generate an ultrasound pulse. In many cases this 

would not be a concern, but for media or surfaces that are harmful to transducers (high heat, 

corrosive, high radiation, etc.) the laser can circumvent such hazards and still produce strong 

ultrasound[42], [190]. Optical fibers are also useful in directing the laser energy, improving safety, 

and help prevent any outside objects from interfering with the beam. 

There are various materials used in photoacoustic generation that include some solid 

metals, such as Aluminum and Chromium. Typically they are used in thin films with thicknesses 

of hundreds of nanometers in order to increase the photoacoustic efficiency. However, innate 
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problems remain with solid metals. They tend to be reflective and have low coefficients of thermal 

expansion. Low thermal expansion and high melting points make some solid metals ideal for use 

in construction of high temperature structures like nuclear power plants but not ultrasound 

generation. 

Sometimes metallic thin films are used with a common research polymer, 

polydimethylsiloxane (PDMS), to improve the photoacoustic ultrasound generation capabilities 

and efficiency. PDMS can be augmented with dyes or particles to increase the optical absorption, 

but PDMS puts a strict limit on high temperature applications. PDMS undergoes thermal 

degradation much sooner than solid structural metals, and can quickly become a liability in high 

temperature applications. Gutfled and Budd used solid-liquid interfaces, utilizing Molybdenum 

and liquid acetone to improve the ultrasound generation[191]. Ultrasound travels well in liquid, 

and the acetone provided a good option for improved acoustic transmission from the Molybdenum 

layer. 

Table 3-1: Materials used in photoacoustic ultrasound generation pros and cons. 

Material Reflectivity 
Thermal 

expansion 

Expected high 

heat durability 
Reference 

PDMS Variable High Low 
[77], [107], 

[108] 

Steel Med-High Low High [192], [193] 

Chromium High Low High [193], [194] 

Molybdenum Medium Low High [191], [193] 

Aluminum Low Low Medium [193], [195] 
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3.1.2 Liquid metal as an acoustic media 

In a previous work, our lab presented a liquid metal transducer that used laser power to 

generate high frequency ultrasound. Liquid metal proved to be an effective acoustic medium and 

acted as an interface between the laser energy and a steel structure. Laser ultrasound was generated 

by the Photoacoustic Effect[138], [139]. Laser energy, rapidly pulsed over a small area, created 

thermal expansion within the medium. Rapid thermal expansion and contraction due to the heat 

flux, in turn, produced acoustic waves that propagated through a structure.  

There are numerous liquid metals that are well-known and of practical use in various 

research applications. Haiyue et al reviewed liquid metal nanoparticles and their applications 

including cancer treatment and imaging[196]. They focused specifically on Gallium and its various 

alloys with other metals, specifically Indium and Tin. Gallium is well known because of its low 

melting point (~30 °C) and high boiling point (~1300 °C)[197], in addition to its low toxicity 

which makes it safe to work with, especially in medical applications. 

Ultrasound works very well in liquid and solid media. A laser can be directed towards any 

solid media and produce an acoustic wave, but the effect is more efficient when the media has 

good optical absorption and a good coefficient of volumetric thermal expansion. This may be done 

with tissue-mimicking phantoms or even tissue for biomedical applications. Plastics, like 

polydimethylsiloxane (PDMS) or polyimide (PI) can be used as photoacoustic media that absorb 

laser light and undergo thermomechanical expansion to generate acoustic waves[40], [163]. These 

plastics can be placed on metallic or industrial structures to perform NDE. The major issue with 

plastics is they easily reflect light and they quickly melt and degrade at high heat. Their optical 

absorption is often corrected easily with carbon nanoparticles or nanotubes, but their durability is 

still an issue. Gallium and Fields metal alloys are good choices because they are plentiful, have 
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low toxicity, and have low melting points and high boiling points. Liquid metals are useful as 

acoustic media because of high density, strong surface tension, and high coefficient of thermal 

expansion. Acoustic applications have even been demonstrated for Gallium alloys including 

stretchable acoustic devices, photothermal cancer treatment, and photoacoustic imaging[196], 

[198], [199], [200].  

Gallium is physically stable due to its high boiling point and the oxide layer it develops in 

normal atmosphere. This allows metallic particles to maintain high surface tension but also makes 

it difficult to fit into molds. Gallium also has a relatively low coefficient of volumetric thermal 

expansion at 124 ppm/K, which also is a contributing factor to its physical stability, especially at 

high temperatures. However, for applications that require strong thermomechanical expansion, 

such as laser ultrasound, Gallium’s low thermal expansion coefficient is a drawback. Fields metal, 

a Bismuth-Indium-Tin eutectic (Bi32.5In51.0Sn16.5), exhibits many of the same stabilities as Gallium 

alloys, but has a much higher coefficient of thermal expansion 286 ppm/K. Fields metal’s melting 

point is slightly higher than Gallium’s, at approximately 62 °C. Fields metal has been considered 

alongside Gallium in similar acoustic research and applications [198], [200], [201], [202], [203].  

 

Figure 3-1: SEM photographs of 32.5%Bi-51%In-16.5%Sn at 76.4 °C [203]. 
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3.1.3 Research goals 

The goal of this research was to further develop a high temperature resistant liquid metal 

acoustic emitter. Previously, the original liquid metal transducer design was promising but 

encountered several drawbacks, including: inability to control the thickness of the liquid metal 

layer, and relatively low photoacoustic efficiency. It was critical to address these issues. Thickness 

control allows similar prototypes to be constructed repeatedly, and to have comparable 

performance without a great degree of variance. Increased optical absorption allows the signal 

amplitude to increase. The Fields metal alone has an optical absorption of approximately 

~17%[110] for 532 nm light. Previously the transducer robustness was very low, with only 1—2 

uses before a new one had to be fabricated. This work addressed those drawbacks. The 

performance of the revised liquid metal transducer would help further explore whether or not it 

may be used as a high temperature resistant acoustic emitter. There remain some experimental 

drawbacks, especially the max temperature of the heat test. Which was relatively low at 300 °C.  

3.2 Materials & Methods 

3.2.1 Photoacoustic transduction of liquid metals 

There are many different laser types, but the focus here will primarily be on the Nd:YAG 

laser. It is a solid state class that uses an optical parameter oscillator (OPO) and crystal to produce 

light intensity gain and project a laser beam (Figure 3-2). The gain medium is a Yttrium Aluminum 

garnet crystal, which is doped with the reactive ion Neodymium (Nd:YAG). A beam of radius 2w 

is bounced back and forth between opposing mirrors (M1, M2) [204]. 
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Figure 3-2: General scheme for light intensity gain in a high power laser [205]. 

The intensity of light from a laser is given in power P per area A [W/m2] in Eq. 3-1. 

Eq. 3-1  Ὅ  

A commonly discussed term in subsequent sections will be ‘fluence’, which is a time-

independent quantity used to express laser energy E per area A [mJ/cm2], which may also be 

expressed as intensity I multiplied by a quantity of time t. 

Eq. 3-2  Ὂ ὍϽὸ 

Fluence is one of the key factors in the generation of photoacoustic waves. The fluence F 

and pulse duration τl are the two parameters directly controlled by the laser. The other factors are 

material properties, such as coefficient of thermal expansion β ,wave speed c, specific heat capacity 

cp, and optical absorption µth. These factors come together to generate an acoustic wave that exerts 

an acoustic pressure P0 [110]. 

Eq. 3-3  ὖ    

A single instance of concentrated light only produces a single wave or perturbation. When 

a laser is pulsed rapidly, with durations in the nanosecond regime, repeated photoacoustic 

conversion on a medium can excite waves at frequencies in the kHz and MHz range, producing 

ultrasound. Figure 3-3 illustrates the effect due to incident light and thermomechanical expansion 

due to localized heating on a liquid metal layer. 
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Figure 3-3: Absorbed light converts to thermomechanical expansion. 

Previous applications of liquid metal in photoacoustic applications have sometimes used 

liquid metal nanoparticles (LMNP’s) [206], [207], [208]. They have demonstrated usefulness as 

photoacoustic converters, producing ultrasound or air cavitation. However, the LMNP’s do not 

constitute a uniform layer of LM, or bulk layer, and are therefore usually blended with a polymer 

or elastomer matrix. Thin metal film configuration has also been reported by Hirsch, and a 

stretchable transducer was built using a thin film of Gallium, Gold, and PDMS backing[209]. 

 

Figure 3-4: Gallium liquid metal microparticles a) in water b) TEM of particles suspended in polyethylene 

glycol (PEG), scale bar 200 nm, c) absorbance spectrum [206]. 
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Uses for liquid metal continue to develop in the field of electronics and energy harvesting. 

Liquid metals are useful as electrodes in soft or stretchable electronics applications, and have been 

noted to act as potentially self-healing electrodes[210]. While bulk liquid metal has difficulties 

being 3D printed due to high surface tension of the metal, small particles can be printed that allow 

researchers to create small intricate patterns. Printing of the metal on a micro-nano scale is useful 

for electronics and devices like transducers[210], [211]. Gallium and Bismuth alloys have distinct 

advantages in melting temperature, toxicity, and even thermal conductivity when compared to a 

well-known liquid metal such as Mercury. Table 3-2 summarizes these key properties of various 

alloys compared to elemental Mercury. 

Table 3-2: Selected material properties of liquid metal allows of Gallium and Bismuth. 

 Melting pt [°C] 
Density 

[g/cm-3] 

Thermal cond. 

[W/m·K] 
Reference 

Gallium 29.8 5.9 30.5 [212] 

Galinstan 10.7 6.4 25.4 [212] 

Bi32.5In51Sn16.5 62.5 7.9 19.2 [210], [211] 

GaIn24.5 15.7 6.3 27.5 [211] 

Bi58Sn42 138.0 8.6 19.0 [211] 

Mercury -38.8 13.5 8.5 [213], [214] 

 

While useful and appropriate for medical applications there is a significant drawback of 

LMNP’s for high temperature NDT. The boiling points of liquid metals like Gallium and Fields 

metal are excellent and allow them to remain stable at high temperatures, but plastics cannot 

survive temperatures much greater than 250 °C without degrading completely. Once the polymer 

matrix has been destroyed, the transducer loses all functionality. Therefore the drawback of high 

temperature survivability had to be addressed before liquid metal transducers could be useful for 

extreme heat NDT. 
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3.2.2 Thermomechanical behavior of Fields metal and Gallium 

The strength of the acoustic waves is dependent on the coefficient of thermal expansion of 

the material. The original medium used was Bi-In-Sn eutectic (32.5% Bismuth, 51% Indium, and 

16.5% Tin) Fields Metal. It was chosen for its relatively large coefficient of thermal expansion, 

286 ppm/K[110]. Another liquid metal that was considered was gallium, which has a coefficient 

of slightly less than half that of Fields metal, 124 ppm/K[110]. Gallium was not originally chosen 

because it was expected that Fields metal would perform better as a photoacoustic medium. 

However, there had been no experimental demonstration of Fields metal’s superiority to gallium 

until this work. 

Preliminary results of the Fields metal transducer were promising, and yet the 

photoacoustic efficiency of the transducer remained relatively weak. Previous testing revealed that 

the Fields metal had an optical absorption of 532 nm light at roughly 17%[110], indicating that a 

large amount of photonic energy was not being utilized. Another design challenge of the original 

prototype was to repeatably control the thickness of the liquid metal layer. 

The original LM transducer was made to transmit ultrasound at an optimal frequency of 

between 4 – 6 MHz. ANSYS simulations conducted in our previous work predicted that a Fields 

metal thickness of 150 μm would allow for transmission of signals 4 – 6 MHz. It was decided that 

150 μm would be an acceptable thickness target based on previous simulations in Figure 3-5 and 

Figure 3-6. 
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Figure 3-5: Fields metal thickness comparison by Kim in time domain [110]. 

 

Figure 3-6: Fields metal thickness comparison by Kim in frequency domain [110]. 

3.2.3 Carbon Nanofibers 

To address the challenges of photoacoustic absorption and liquid metal thickness control, 

new components have been incorporated into the transducer design. Among the most effective are 

the carbon nanofibers (CNF’s) which are used to increase photoacoustic absorption. In the 
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literature CNF’s and carbon nanoparticles have been used before with other materials to increase 

thermal diffusivity and optical absorption [43], [160], [215], [216], [217], and in this work they 

are used to compensate for the low light absorption of the liquid metal. Testing has demonstrated 

that the combination of liquid metal and CNF’s produces a stronger result than either one used on 

its own. 

The CNF films were fabricated in our lab for use on a previous work[77] and used carbon 

nanotubes with diameters of approximately 133 nm ±11 nm, electro-spun into fibers and 

carbonized at an elevated heat level of 900 °C, to create a CNF film approximately 24 µm thick. 

Initial heating of the samples was done in air at 250 °C, and then carbonizing afterward in nitrogen 

atmosphere for a total of 2 hours up to 900 °C, and therefore the nanofibers are denoted CNF-900 

throughout this work. The initial heat rate was 5 °C/min (up to 250 °C). The carbonizing heat rate 

was 2 °C/min (up to 900 °C). Thin film allowed for the CNF’s to be easily cut using a knife to fit 

the liquid metal layer of the transducer. Figure 3-7 gives a SEM photographic view of the 

nanofibers. 

 

Figure 3-7: SEM images of the fabricated CNF’s carbonized at 900 °C [77]. 

3.2.4 Transducer Fabrication 

The carbon nanofibers exhibited a thickness of ~25 µm, and were manufactured in our lab 

according to the process detailed in a previous paper[77]. An X-Acto® knife was used to create 

small cutouts of the CNF-900, and they were placed over the liquid metal surface. Therefore, a 
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uniform coverage of carbon nanoparticles with consistent thickness was accomplished. This allows 

the CNF sheet to act as a photo-thermal converter and the liquid metal layer underneath to generate 

mechanical expansion to produce ultrasound. Figure 3-8 illustrates the complete fabrication 

process for the transducer, and Figure 3-9a shows a partially assembled transducer without the 

sealed glass window. Figure 3-9b shows a transducer after heat testing with ceramic paste sealing 

in the edges of the glass slide. 

 

Figure 3-8: Fabrication process for LM-CNF-900 transducer on a steel waveguide. 

 

Figure 3-9: Transducer photograph with CNF and Gallium layers (no glass). 

The initial step was to fix the 100 µm thick stainless steel washer to the waveguide. A steel 

waveguide 12.5 × 12.5 × 80 mm3 was used as the base. A thin layer of ceramic paste (Ted PELCO 

Inc©, CA USA), mixed with a small amount of water, was used to fix the washer to the 12.5 × 
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12.5 mm2 face. Using a microscope, the thickness on all four sides was measured and all were 

compared. The average thickness may consistently be fabricated to 150 µm ±10 µm. 

Once the washer was fixed into place, it was used as a basin to hold the liquid metal. Using 

a hotplate, the steel waveguide was heated from 70 – 100 °C. Using a plastic pipette, a small bead 

of heated liquid metal was deposited onto the center of the 12.5 × 12.5 mm2 face of the waveguide. 

The liquid metal used was Field’s metal for the first set of tests, and gallium for the next set. An 

X-Acto® knife was used to cut a small circular piece of CNF-900, and it was placed on top of the 

liquid metal bead. A glass slide was then used to slowly and evenly press down the CNF-900 layer 

and the liquid metal bead. A small amount of excess material escaped around the rim due to the 

added mass of the CNF-900. The CNF-900 should cover as much of the liquid metal surface as 

possible. Figure 3-9c also shows an exploded view of the liquid metal transducer (ceramic paste 

not shown). To complete the transducer prototyping, each side of the glass slide must be sealed 

with high temperature ceramic paste (Ted PELCO Inc©, CA USA) in order to fix the glass slide 

in place and retain the internal liquid metal media (Figure 3-8, step 6). 

3.2.5 Experimental Methods 

An Nd:YAG Surelite™ laser was used to stimulate the transducer with 532 nm light. The 

pulse duration was 6 ns. A hot plate was used to heat the liquid metal and waveguide. Silicon 

cotton was placed on the left, right, and above the transducer’s face to insulate the liquid metal 

layer. Figure 3-10 shows a schematic of the experimental setup (silicon cotton not shown). 
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Figure 3-10: Experimental setup for LM-CNF-900 transducer. 

Two reflecting mirrors were used to direct and filter the 1064 nm light, allowing only the 

532 nm green light to illuminate the test specimen. An Olympus 5077PR Square Wave Pulser-

Receiver (+40 dB gain) was used to receive signals from the piezoelectric sensor. Based on 

previous simulations[110], the Fields metal would transmit at 4 MHz with a thickness of ~ 150 

μm. Thus, a PZT-4 (STEMiNC, Davenport, FL) sensor was used with a diameter of 12 mm, and a 

thickness of 680 μm, corresponding to a center frequency of 3.8 MHz and a -6 dB bandwidth of 

18.2 %., which was consistent with the anticipated transmitter frequency. An Agilent DSO 7014B 

Oscilloscope (DC coupling, averaging 16) was used to record the acoustic signals in the time 

domain and transfer them to a mobile USB drive. For fluence tests, the Q-switch delay was 

changed in order to vary the laser fluence from 2 – 12 mJ/cm2, calibrated using a FieldMax-II 

Laser power meter (Coherent Inc, CA, USA). The heat tests were done at 6 mJ/cm2 as a 

precautionary measure to prevent damaging the CNF layer with the laser. Previously, transducers 

with candlesoot nanoparticles (CSNP’s) started experiencing damage to the carbon nanoparticles 

at ~10 mJ/cm2. Since the CNF layer is only 20 µm thick, the threshold of 6 mJ/cm2 was chosen as 

a reasonably safe fluence for heat testing.  

For high temperature tests, the hot plate temperature was changed and the laser fluence 

kept constant. A high temperature resistant ultrasound gel/couplant (EchoTherm™ Extreme, Echo 
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Ultrasonics, WA, USA) was used for improved impedance matching between the steel waveguide 

and the piezoelectric sensor. Figure 3-11 shows a diagram of the photoacoustic mechanism. 

 

Figure 3-11: Transducer schematic with photoacoustic effect and CNF layer. 

3.3 Results & Discussion 

3.3.1 Characterization 

3.3.1.1 Photoacoustic transduction 

The CNF was first tested on a Fields metal transducer, and compared with multiple 

reference cases for scale and performance evaluation. Each case was tested at 100 °C, and the 

results are compared in Figure 3-12. As seen from the graph, the strongest response comes from 

the LM-CNF-900 transducer. This test case used Fields metal as the mechanical expander and 

CNF as the photo-thermal converter. To provide scale, the following reference cases were also 

tested at 100 °C and compared with the LM-CNF transducer: the CNF layer without the liquid 

metal (CNF-G), a bare metal (BM) surface with no LM or CNF layers, and liquid metal without 

the carbon nanoparticles (LM-W). It is expected that the specimen with the strongest response, at 

the relatively low temperature of 100 °C, would remain the strongest performer at higher 

temperatures. Therefore, all cases are compared at a constant 100 °C. While this was a relatively 
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mild high temperature scenario, it allowed each transducer to perform with little risk of heat 

damage and for the liquid metal layer to remain melted for best functionality. 

The result in Figure 3-12 showed the LM-CNF case unequivocally had the strongest 

response. The LM-CNF-900 transducer registered an amplitude of 189.1 mVpp, more than twice 

the amplitude of the second best case. The CNF-G case registered an amplitude of 63.2 mVpp. 

Another reference case, with only the bare metal surface, was tested and registered an amplitude 

of 7.0 mVpp. Finally, the LM-W case was tested, and registered an amplitude of 13.5 mVpp. 

 

 

Figure 3-12: LM-CNF-900 vs. reference cases in (Top) time (Bottom) frequency domains. 

The frequency spectrum of all cases clearly demonstrates the LM-CNF-900 case is stronger 

in amplitude. Again, the bare metal alone was the least visible. Based on previous simulated and 

measured results[110], [157] the pulsed laser alone was expected to generate an ultrasound signal 
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in the ~6 MHz range. Yet, lower frequency ultrasound is being received. This can be explained in 

the following manner. The primary receiving mode of the transducer is the thickness mode, which 

has a center frequency of around 3.8 MHz. However, with the liquid metal and CNF layers as part 

of the acoustic media, there is an acoustic dampening effect produced at their interfaces. The CNF 

sheet restricts the movement of the LM layer and does not allow it to transmit the high frequency 

waves as in the previous prototype. Combined with the 80 mm long steel waveguide, the high 

frequency waves are attenuated before they can reach the sensor. However, the LM-CNF layer 

also transmits low frequency waves, and the PZT is still able to receive these lower frequency 

signals in the >20 kHz range through its lateral mode[218]. This is why the received signals in the 

results have a beam frequency of 200 kHz. The CNF only and liquid metal only cases were similar 

in spectrum and amplitude, confirming they are able to generate low frequency waves but not with 

the strength of combined CNF and liquid metal. 

The comparison test shows the effectiveness and synergy of the liquid metal and CNF 

layers. As shown by the LM-W case, liquid metal alone produces a low response, but slightly 

better than laser ultrasound alone on bare metal. This demonstrates the benefit of using carbon 

nanofibers with uniform thickness and full coverage of the laser point. When both the Bi-In-Sn 

liquid metal layer and the CNF are put together, there was a dramatic increase in amplitude of the 

received signal.  

Due to the relatively large size of the CNF layer, which covers the entire liquid metal 

surface, it may also act as an acoustic damper. While the carbon nanofibers provide excellent 

optical absorption, the CNF layer is adhered to the liquid metal layer and pressed against the glass 

window. Therefore, it restricts the particle movements during thermal expansion (see Figure 3-
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13). This is a possible explanation for why 200 kHz waves were detected in strong amplitudes in 

each case except for the bare metal case. 

 

Figure 3-13: Photoacoustic mechanism schematic for LM-CNF-900 transducer. 

3.3.1.2 Variable fluence  

Finally, the LM-CNF-900 transducer was tested at various levels of laser fluence. Figure 

3-14 shows the results of the laser fluence test from 2 – 12 mJ/cm2. 

 

Figure 3-14: LM-CNF-900 laser fluence test data. 

It should be noted that the fluence test took place after three previous high temperature 

tests on the LM-CNF-900 transducer. The signals ranged in strength from 12.0 mVpp (2 mJ/cm2) 

up to 91.4 mVpp (at 12 mJ/cm2). No damage was observed on the CNF layer at 12 mJ/cm2 laser 
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fluence. These results suggest that the LM-CNF-900 high temperature performance could be better 

if the laser fluence were increased further. 

The LM-CNF-900 transducer generates higher amplitude signals and does not show a 

decrease in effectiveness after reaching a threshold of 12 mJ/cm2. In fact, it shows its highest 

amplitude at the highest fluence. In this work we have experimentally demonstrated the superiority 

of CNF as a photothermal converter as part of a multilayer liquid metal ultrasonic transducer. It 

presents the following advantages: 1) the CNF layer generates higher time and frequency domain 

amplitudes, 2) it may withstand higher laser fluences up to 12 mJ/cm2, and 3) it may also fully 

cover the transducer surface with consistent thickness. The LM-CNF-900 transducer has the 

robustness to endure multiple heat and fluence tests, reaching temperatures up to 300 °C. The 

signals are strong enough at 300 °C to suggest that the effective temperature of the transducer is 

higher than what was observed during the test. In the future, this high temperature threshold may 

be explored. The abilities of the LM-CNF-900 transducer allow it to endure higher temperatures 

than conventional technology with electronic components or polymers that degrade at high 

temperatures. It also provides stronger amplitude signals than laser ultrasound alone (at the same 

fluence). The signal frequency was lower than anticipated, at 200 kHz center frequency, and has 

the potential to still be used as a high frequency probe signal for NDE applications. 

3.3.2 Fields metal / Gallium comparison 

After outperforming all reference cases at 100 °C, the LM-CNF-900 transducer was tested 

alone at higher temperatures. During the Fields metal test, the amplitude ranged from 162.7 mVpp 

(at 100 °C) down to 76.7 mVpp (at 300 °C), as seen in Figure 3-15. It was compared against the 

gallium transducer heat test, which is depicted in Figure 3-16. 
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Figure 3-15: LM-CNF-900 transducer heat test data. 

 

Figure 3-16: Ga-CNF transducer heat test data. 

The gallium transducer, while stable, did not perform as well as the Fields metal transducer. 

Similar acquisition settings were used (DC coupling, averaging 32). The amplitude ranged from 

62.3 mVpp (at 100 °C) down to 13.6 mVpp (at 300 °C). A comparison between the LM-CNF and 

Ga-CNF transducers is given in Table 3-3 below. 
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Table 3-3: Comparison of liquid metal transducer amplitudes with CNF photoacoustic layer. 

[°C] LM-CNF [mV] Ga-CNF [mV] 

100 162.7 62.3 

150 150.2 46.5 

200 124.4 40.1 

250 96.7 18.4 

300 76.7 13.6 

 

Gallium was expected to provide a weaker response owing to its smaller coefficient of 

volumetric thermal expansion, which is roughly half that of Fields metal. When Fields metal was 

combined with the thin, more uniform carbon nanofiber layer (instead of the carbon nanoparticle 

clusters), the reaction was stronger as expected. The mechanism may be explained in the following 

way: because the CNF layer is composed of carbon and is roughly 25 µm thick, it absorbs more of 

the incoming laser light than the liquid metal and converts it into heat, which is instantaneously 

transferred to the liquid metal layer because of the relatively high thermal diffusivity of carbon 

nanofibers[154]. During the heat transfer, the liquid metal expands and produces ultrasound which 

is transmitted into the metallic structure and received by the sensor. 

3.3.3 Transducer robustness 

The original transducer design had a single layer of Fields metal under a glass slide. It was 

effective, but there was a drawback in that the liquid metal layer would easily deteriorate as the 

sample was heated and lased. It was difficult, due to the very high surface tension of Fields metal, 

to spread it evenly across the entire surface of the steel substrate. Therefore each fabrication always 

left free space under the glass. During heating, the metal would soften and begin to flow across 
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the steel face, resulting in pitting of the liquid metal layer (Figure 3-17). With the liquid metal 

layer deteriorated, the transducer effectiveness dramatically reduced. 

 

Figure 3-17: Original transducer design with pitting during heating. 

The modifications applied to the transducer allowed the liquid metal layer to retain some 

of its shape and reduce some of the pitting effect. The 100 µm thick washer provided a small basin 

to catch the LM and prevented it from spreading out and pitting during heating. The CNF’s 

compressed the LM layer which had both a positive and negative effect. The pressure caused some 

of the LM to leak out from the basin in the washer. It also worked together with the washer to 

contain the LM and maintain constant pressure between the CNF, LM, and the steel substrate. This 

was critical to transducer functionality. Most importantly, the components were able to maintain 

functionality through heating up to 300 °C with very minimal change (Figure 3-18). 

 

Figure 3-18: Fields metal transducer condition at room temperature vs. 300 °C. 
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Moreover, given the effectiveness of the washer and CNF’s, the transducer became more 

robust over the course of a heat test. The longevity or lifetime of the transducer itself was likewise 

extended from 1 or 2 tests over weeks or days out to 3—4 uses over 2—3 months. It’s expected 

that so long as the CNF layer maintains contact with a sizable portion of the LM layer, the 

transducer can survive for many more months and multiple uses. Multiple heat tests will gradually 

degrade the LM layer’s uniformity. The laser fluence must also be kept within a reasonable level 

to increase transducer longevity. Large fluences cause too much photoacoustic conversion, and the 

high thermal diffusivity of the CNF transmits too much energy to the LM layer. An excessive laser 

energy load on the LM layer causes too much thermomechanical expansion and can quickly result 

in pitting and degradation. 

3.4 Summary 

The ability of carbon nanofibers and liquid metals to work together as a photo-thermal 

converter that work in conjunction to produce ultrasound in a steel structure was demonstrated 

experimentally for the first time. It was shown that Fields metal, a Bi-In-Sn eutectic, may act as a 

mechanical expander superior to the other well-known research liquid metal, Gallium. The 

volumetric coefficient of thermal expansion of Fields metal (286 ppm/K) is over twice that of 

Gallium (124 ppm/K) and was a critical material property for use in a photoacoustic transducer. 

This was demonstrated through various heat tests and a comparison between the two liquid metals 

up to 300 °C. Both were able to perform well with a beam frequency around 200 kHz. Fields metal 

had a higher signal amplitude at 300 °C, 76.7 mVpp as opposed to Gallium’s 13.6 mVpp, a 460% 

advantage for Fields metal. Additionally, it was demonstrated that the LM-CNF-900 transducer 

performs significantly better than numerous reference cases, including the liquid metal only, CNF 

only, and laser only conditions. With a max signal of 189.1 mVpp, the combination of CNF and 
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LM outperformed LM alone (13.5 mVpp) by a factor of 14. In the original design, a liquid metal 

transducer could only be used 1-2 times before losing its functionality due to pitting and 

degradation. Due to the retaining washer and the CNF layer, the LM-CNF-900 transducer is able 

to be used for 3-4 heat tests, and can last over a period of months, another significant improvement. 
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CHAPTER 4: Photoacoustic Polyimide Transducer 

Based on “Flexible polyimide-based high-temperature resistance and high-frequency laser 

ultrasound transducer development assisted by FEA and Statistical Design”, Sipan Liu, Nicholas 

Garcia, Robert Kempin, Huaiyu Wu, Yuqi Tang, Mengyue Chen, Tahira Pirzada, Saad A. Khan, 

Junjie Yao, Tiegang Fang, Xiaoning Jiang, Jong Eun Ryu. 

4.1 Introduction 

4.1.1 Polymer transducers 

Piezoelectric ceramic materials are commonly used as acoustic emitters and transducers, 

but they do come with drawbacks. They tend to be medium to high cost, require complex crystal 

growth and fabrication, and they are intrinsically brittle. Thin piezoelectric ceramics are especially 

prone to breakage, and once broken the sample cannot function as a transducer. The max strain of 

the ceramic is also limited due to low ductility. While common and extremely useful for numerous 

applications across academia and industry, piezoelectric ceramics aren’t always the best alternative 

in terms of cost or function. 

Polymers present a unique alternative with which to circumvent some of the previously 

mentioned drawbacks. Some polymers possess their own intrinsic piezoelectric qualities, and have 

been used in research related to piezoelectric device applications[219], [220], [221]. Ramadan 

described in detail three categories of piezoelectric polymers including bulk, voided charged 

polymers (VCP’s), and composite[222](Figure 4-1). Bulk piezoelectric polymers appear in either 

a semi-crystalline or amorphous crystalline state. They act in a similar way to piezoelectric 

ceramics when they have electrodes applied to them and the piezoelectric effect is induced[223], 

[224], [225]. Voided charged polymers are unique because the piezoelectric effect is driven 

primarily by charged voids dispersed throughout the polymer matrix[226], [227], [228]. Gas voids 

are surrounded by the polymer, which has charged surfaces around the void. Composites, on the 

other hand, utilize piezoelectric materials suspended within a polymer matrix[229], [230], [231]. 



   

72 

 

Similar to VCP’s, the polymer acts as a pliable, protective bulk medium. The piezoelectric particles 

(or single crystals) suspended inside the polymer are used to drive the piezoelectric effect (Figure 

4-2). 

 

Figure 4-1: Distinct piezoelectric polymer groups used in sensing applications [222]. 

Piezocomposite polymers utilize piezoelectric ceramics, but mixed with or suspended 

inside a polymer matrix material. Such polymer matrix materials that have been studied include 

but are not limited to polydimethylsiloxane (PDMS)[232], [233], [234], polyvinylidene fluoride 

(PVDF)[235], [236], and polyurethane (PU)[237], [238].  
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Figure 4-2: Polymer piezoelectric transducer schematic [40]. 

4.1.2 Photoacoustic polymers 

Polymers are also commonly used in photoacoustic applications. The high ductility of 

polymers and thermal expansion makes them useful as acoustic media for sound waves to travel. 

As a photoacoustic transducer, however, generally low optical absorption and thermal diffusion 

may limit the transducer’s output strength. When mixed with materials like carbon nanotubes 

(CNTs), or gold nanoparticles (CNPs), a powerful combination is produced[163], [239]. An 

example is shown in Figure 4-3, which depicts a CNP/PDMS transducer previously developed by 

Kim[78]. PDMS has shown great ability as a matrix material for combination with CNTs in 

photoacoustic transducers[77], [107]. PVDF has been used with CNTs to improve the 

photothermal conversion mechanism[240], and this has been done in other research applications. 

Including de-icing[241] and desalination[242]. Parylene-C and CNTs have been used previously 

as infrared sensors[243]. PMDA has been used with CNTs to increase the high temperature 

resilience of polymer epoxy resins[244]. Polyurethane has been used as part of a polyimide 

compound to increase the thermal stability to nearly 400 °C[245]. 
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Figure 4-3: Photoacoustic conversion in a PDMS/CNP transducer [78]. 

4.1.3 Polymer heat limitations 

Most polymers, however, have limited high temperature survivability. Their ductility and 

high strain rates are useful as transducers, but they also break down quickly under intense heat and 

functionality cannot be recovered. Even a couple hundred degrees Celsius could prove fatal for a 

transducer with a polymer matrix. A summary is given in Table 4-1 of polymers already mixed 

with CNTs and their corresponding maximum temperatures and some applications. 

Table 4-1: Polymers used in combination with CNTs and their potential applications. 

Polymer 

(w/CNTs) 
Degradation Temp [°C] Applications References 

PDMS* 300 PA emitter [40], [77], [107] 

PVDF 461 De-icing, desalination [241], [242], [246] 

Parylene-C* 301 IR sensor [243], [247] 

PDMA 401 Photothermal resistance [244] 

PU 406 Photothermal resistance [245] 

*Degradation temperature of polymer without CNTs. 

Polyimides (PI’s) are reported to withstand higher temperatures compared to other 

polymers[248]. PDMS with carbon nanoparticles (CNPs) has been used previously as a very strong 

photoacoustic emitter, but with limited high temperature survivability[43], [107], [108], [155]. In 
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2005, Yin et al developed polyimide compounds that retained mass up to high temperatures above 

500 °C[249]. By combining a fluorinated aromatic diamine (9FTPBA) with a second polymer 

compound they synthesized three different polyimides. They combined 9FTPBA with each of the 

following for three different prototypes: pyromellitic dianhydride (PMDA), benzophenone 

tetracarboxylic dianhydride (BTDA), and oxydiphthalic anhydride (OPDA). 

Experiments by Yin revealed that the polyimides experienced 10% weight loss due to 

thermal degradation by 558-590 °C (Figure 4-4). Such results suggest that polyimide compounds 

to be an excellent starting point when developing a high temperature resistant photoacoustic 

polymer transducer. 

 

Figure 4-4: Loss of PI mass due to thermal degradation [249]. 

4.1.4 Research goal 

The goal in this work was to develop a transducer that could exceed the performance of 

photoacoustic PDMS transducers in several key areas, including max center frequency and high 

temperature resilience. Using finite element analysis (FEA) (COMSOL Inc, Burlington MA) and 

experimental procedures, a high temperature resistant transducer was constructed with polyimide 

(PI) and carbon nanoparticles (CNPs). Two transducers (direct deposition and Kapton tape 
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backing) were subjected to tests of varied temperature and laser fluence to characterize them. The 

initial temperature goal was 300 °C and the transducer performed well in terms of robustness and 

photoacoustic efficiency. The laser fluence range was selected to be 10—50 mJ/cm2, and the 

durability of the transducer was investigated at high fluences >40 mJ/cm2. 

4.2 Materials & Methods 

4.2.1 Carbon nanotubes influence on polymers 

The previously discussed liquid metal photoacoustic transducer used CNFs in a distinct 25 

µm thick layer that was placed on top of the Fields metal (or gallium) layer. CNPs, by contrast, 

are individual nanoparticles which can be mixed in solvents and solutions. These are often used 

during the construction of photothermal or photoresistive polymers. The CNPs saturate the 

polymer enough to optimize light absorption and photothermal conversion. In general, a small 

weight (or volume) percentage of CNP : Polymer ratio (<20%) is all that’s needed to improve the 

photothermal conversion process[78], [241], [245]. If too large of a concentration of CNTs are 

used then there tend to be fabrication difficulties, and spin-coating becomes much less effective 

because of the solution viscosity levels rising too high[78]. In the case of transducers, there is less 

acoustic emission because CNTs do not have the strong thermal expansion coefficients of 

polymers, but can also act as flame retardant materials in small wt%[244]. When the CNT 

concentration is too low, the acoustic emission and photothermal conversion is weak because more 

light is reflected off the surface of the polymer. 
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4.2.2 Polyimide FEA and fabrication 

The polyimide material to be synthesized had a few key requirements: 1) strong thermal 

expansion coefficient, 2) good matrix material for light absorbing nanoparticles, 3) and high 

melting point. A polyimide compound of pyromellitic dianhydride and 2,2’-Dimethyl-4,4’-

diaminobenzene (PMDA-DMDB) was selected to meet those requirements. FEA in COMSOL 

(COMSOL Inc, Burlington MA) was used to guide the transducer fabrication on the most 

appropriate backing material and thickness. 

When the nanocomposite is stimulated by a laser, a perturbation occurs due to 

photothermal conversion. The perturbation produces two waves that are transmitted in both 

forward and backward directions. The first wave travels forward, but the second wave travels 

backwards in the opposite direction. The second wave then reflects off the air/substrate interface 

due to the strong impedance mismatch between air and the substrate, and the second wave begins 

traveling in the direction of the first wave. The reflection causes a 180° phase change in the second 

wave as seen in Figure 4-5. 

Three backings were considered: glass, PDMS, and Kapton tape. Glass and Kapton tape 

have more similarity in acoustic impedance to the CNT/PI nanocomposite than PDMS, which 

results in better performance. Kapton tape further is better suited to high temperature testing, as it 

does not experience significant thermal expansion during heating which makes glass prone to 

fracture. 
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Figure 4-5: Polyimide FEA and process flow chart. 

The thickness of the backing substrate was critically important. It directly affects the 

reflected, phase-changed second wave which interferes with the first wave. The reflected wave can 

either increase performance, especially in water, by boosting the peak negative pressure, or it can 

cause destructive interference of the first wave. Destructive interference detracts from the overall 

wave amplitude and may result in a weaker transducer and low quality ultrasound (Figure 4-6a. t 

= 10 µm). 

Kapton tape of 50 µm thickness was chosen because it was expected to: produce ultrasound 

with good amplitude (compared to <50 µm), and the reflected wave superposed well with the 

initial wave (Figure 4-6). Above 70 µm, the reflected wave was expected to dissociate with the 

initial wave reducing the quality of the wave. 
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Figure 4-6: FEA guided Kapton tape thicknesses. 

The PMDA-DMDB polyimide was synthesized by Liu from the PMDA and DMDB 

precursors (Figure 4-7(a)). First, precursors were dissolved in solvent N, N-Dimethylacetamide 

(DMAc) as 10 wt% (Figure 4-7(b)). Second, -COOH functionalized CNTs (70 nm diameter) were 

dispersed into precursors/DMAc solution (Figure 4-7(c)) with the aid of an ultrasonics probe. The 

solution was then coated on an O2 plasma-treated glass substrate. Subsequently the sample was 

baked at 80 °C in a vacuum sealed oven. After 20 mins the solvent was evaporated. A high-

temperature tube furnace (Carbolite®, United Kingdom) was used for PMDA-DMDB synthesis. 

Samples were cured for an additional 2 hours at 350 °C. During curing a N2 flow was used. The 

CNT/PMDA-DMDB composite film is seen in Figure 4-7(d) on a glass substrate and in Figure 4-
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7(e) on a Kapton tape substrate (50 µm). Figure 4-7(f) shows SEM photographs which were used 

to visually confirm that the CNTs were uniformly distributed in the solution. 

 

Figure 4-7: Fabrication process for the PI/CNT mixture (a), photographs of the mixtures (b—e), SEM of the PI-CNT 

layer (f), optical absorbance testing (g) and TGA testing (h). 

The PMDA-DMDB compound met the desired requirement for an effective polyimide 

material. The PI exhibited a good thermal expansion coefficient of 230 ppm/K, mixed with CNPs 

for good optical absorbance, and had a high melting point of approx. 480 °C. The various materials 

used in fabrication and their properties are given in Table 4-2 along with PDMS for a baseline 

comparison. 
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Table 4-2: Material properties of PI, nanoparticles, and other mediums. 

Properties 
PDMA-

DMDB 
PDMS CNT Glass Kapton 

 

Thermal expansion coeff, β [ppm/K] 230 960 3 9 20  

Young’s modulus, E 3 GPa 750 kPa 500 GPa 70 GPa 3 GPa  

Poisson’s ratio, ν 0.34 0.49 – 0.5 0.27 0.18 0.34  

Density, ρ [kg/m³] 1420 970 1400 2200 1420  

Heat capacity, Cp [J/(kg·K)] 1090 1460 500 750 1090  

Thermal conductivity, K [W/(m·K)] 0.12 0.16 3000 1.38 0.12  

Acoustic Impedance, Z [MRayl] 2.6 1.0 29.6 12.9 2.6  

 

4.2.3 Experimental methods 

The two prototypes used for the heat and fluence testing were as follows: 1) direct 

deposition CNT/PI, and 2) CNT/PI/Kapton (50 µm thick). The transducers had a 9 vol% of CNTs 

to PI ratio. A structural steel substrate was used due to its stability at high temperature and for its 

relevance to many non-destructive testing (NDT) scenarios. Transducer 1 utilized a 16.0 × 16.0 × 

80 mm3 steel bar substrate. Transducer 2 utilized a 12.5 × 12.5 × 80 mm3 steel bar substrate. 

Material availability prevented the use of two bars of the exact same size, but the bars were 

comparable in face area and equal in length. On Transducer 1, the CNT/PI was applied via 

deposition directly onto the 16 mm2 face of the steel bar. On Transducer 2, the CNT/PI/Kapton 

was adhered to the 12.5 mm2 face using high-temperature-resistant ultrasound gel couplant.  
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Figure 4-8: Experimental setup with laser and optics for PI transducer. 

The laser used for the experiment was an Nd:YAG Surelite® with the following 

characteristics: Q-switch, 10 Hz, 6 ns pulse duration, 1064 nm + 532 nm light. The laser produced 

a stable fluence with an intensity of 60 mJ/cm2, and using a beam splitter 30 mJ/cm2 was used on 

the transducer surfaces. The samples were stimulated with 532 nm and 1064 nm light. Data was 

captured using a Siglent oscilloscope. +30 dB of gain was applied using an Olympus 5077PR 

Square Wave Pulser-Receiver. 

Temperature rise was achieved through the use of a hot plate. Readings were taken in 

increments of 100 °C beginning with room temperature (23 °C) and the maximum temperature 

tested was 300 °C. To maintain temperature stability in the sample, silicon wool was used to 

insulate the left, right, and top faces by the transducer. Heating was done at roughly 10 °C/min due 

to the direct heat conduction from the hot plate, the small size of the sample, and the insulation 

from the silicon wool. 

The sensor used to receive ultrasound from the CNT/PI samples was a PZT-4 (STEMiNC, 

Davenport, FL) designed to detect ultrasound between 4-6 MHz. The sample was a radial 

transducer with a diameter of ~12 mm, and thickness of 680 µm. Based on previous results, the 

expected ultrasound from the CNT/PI/Kapton (50 µm) fell within the range of the sensor. PZT-4 
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also possessed the sensitivity required for strong detection of high-frequency ultrasound. A max 

temperature of 300 °C was established to ensure the Curie temperature of the sensor wasn’t 

exceeded. 

4.3 Results 

4.3.1 Heat test results 

Transducer 1 (CNT/PI direct deposition) demonstrated a good ability to generate high 

frequency ultrasound from room temperature up to 300 °C. There was little to no shift in the signal 

frequency of ~3.65 MHz, but there was a steady decrease in amplitude. This is evidenced by the 

time and frequency domain results given in Figure 4-9. The overall strength of the ultrasound was 

relatively low, due to the nature of the direct deposition of the CNT/PI onto the steel substrate. 

Without an HT ultrasound gel couplant, the impedance mismatch between the photoacoustic layer 

and the steel reduced the transmission efficiency. 

High frequency signal readings were collected all the way up to maximum heat in the test. 

In Figure 4-9, all arrival times of the waves are displayed concurrently to more easily view the 

waveforms. The delay of over 300 µs is due to several factors: the Q-Switch delay of the laser 

accounts for 377 µs (constant for the four datasets), and a 13.6 µs travel time for the waves. When 

estimating arrival times, the bulk longitudinal waves were assumed to travel 5900 m/s through the 

80 mm steel bar. 

 

Figure 4-9: Direct deposition transducer results. 
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The direct deposition transducer exhibited a natural declination of ultrasound amplitude as 

the temperature increased. At RT the amplitude began with a strong 241.9 mVpp, and then 

decreased to 28.1 mVpp by 300 °C. There were, however, a few notable drawbacks that may have 

contributed to the performance. The transducer emittance in the frequency domain was very stable, 

and the transducer generally emitted at a consistent 3.65 MHz. Decrease in amplitude, by nearly 

90%, suggests the heating had a strong effect on the direct deposition layer. At RT the signal was 

at its strongest, and due to heating of the ~10 µm CNT/PI layer there was some transmission 

interference. 

The CNT/PI layer did not show any visible signs of delamination. Only minimal signs of 

damage were seen in the form of a darkened spot produced by the laser fluence (discussed in 

section 4.3.4). It could be that the RT signal was already at a slight disadvantage due to impedance 

differences between the CNT/PI layer (29.2 MRayl for CNTs and 2.9 MRayl for PI) and the 

structural steel (46 MRayl[250]) substrate. Increasing the temperature leads to a direct impact on 

acoustic impedance, and results in lower acoustic impedance due to the decrease in density, which 

follows from an increased volume. 

Eq. 4-1  ὤ  ”ὧ  

In Eq. 4-1, Z is acoustic impedance, ρ is density, cl is the longitudinal wave speed, m is 

mass, and V is volume. In this case, the impedance of the CNT/PI layer decreases much faster than 

that of the steel, due to the PI’s large coefficient of thermal expansion. It’s likely the increased 

heat produced a greater impedance mismatch differential that affected the amplitude of the acoustic 

waves being received and contributed the ~90% amplitude decrease. 

Transducer 2 (CNT/PI/Kapton) demonstrated great ability to generate ultrasound at high 

temperatures (Figure 4-10). At room temperature, the max amplitude of the signal was 200% better 
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than the first transducer, registering at 742.2 mVpp. The final reading at 300 °C still greatly exceeds 

that of the direct deposit sample (by a factor of 14). At 300 °C, there was also a leftward shift of 

the center frequency of the transducer, dropping to around 3.41 MHz. A possible cause for this 

may be due to the increased temperature. It is unlikely that the correction to the Kapton tape was 

the cause, which was done at 200 °C, and did not result in a leftward frequency shift. Another 

contributing factor could have been some degradation of the couplant. Degraded couplant produces 

voids or delamination between the PI layer and the steel, which would negatively interfere with 

the transmission of acoustic waves between the two mediums. 

 

Figure 4-10: Kapton tape backing transducer results. 

EchoTherm Extreme™ (Echo Ultrasonics, WA) was used as a high temperature couplant 

to improve the ultrasound transmission between the CNT/PI/Kapton transducer and the steel 

substrate. Ultimately this transducer saw a <50% reduction in amplitude, only decreasing from 

742.2 mVpp to 417.2 mVpp. The couplant gel also helped to keep the transducer uniformly adhered 

to the steel face. A drawback that occurred during the test was curling of the edges of the Kapton 

tape due to heating. This initially reduced the adhesion of the CNT/PI/Kapton to the steel substrate, 

and threatened the functionality of the transducer. The problem was that the CNT/PI/Kapton 

transducer’s length was greater than the 12.5 mm length of the steel substrate. Using a knife, the 

transducer was trimmed and re-adhered with EchoTherm Extreme™. The transducer strength 

improved, and ultimately the transducer maintained good ultrasound strength and quality at the 
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max temperature threshold due to the correction. A summary of the amplitude values and their 

corresponding temperatures are given in the following Table 4-3. The center frequency emitted by 

each transducer is given also. 

Table 4-3: Temperature vs. amplitudes and center frequencies of the PI transducers. 

[°C] CNT/PI DD [mV] CNT/PI/Kapton [mV] CNT/PI DD [MHz] CNT/PI/Kapton [MHz] 

RT 241.9 742.2 3.65 3.90 

100 152.3 579.8 3.65 3.90 

200 53.8 629.9 3.65 3.90 

300 28.1 417.2 3.65 3.41 

 

4.3.2 Fluence test results 

Additional tests were conducted a few months later on the same samples. For the fluence 

tests a variance in the laser power was used instead of the temperature. The goal was to observe 

how the amplitudes scaled at different laser fluence levels and what the max output and damage 

thresholds of each sample type were. The setup was nearly identical to the high temperature setup, 

with the exceptions of the hotplate, and up to two 532 nm beam splitters were used. In this test, 

only 532 nm light was used. Lab equipment availability limited the use on the mirrors and beam 

splitters for the experiment. Data collection was done with an oscilloscope (Siglent Technologies, 

Solon OH) using DC coupling and Averaging (64). +30 dB of gain was applied using an Olympus 

5077PR Square Wave Pulser-Receiver. As before, a +300 µs delay along with a ~14 µs wave travel 

time both combine to put the arrival times between 330—340 µs. In Figure 4-11 and Figure 4-12, 

the wave signals have been adjusted to arrive concurrently to make them easier to view. Also very 

minor adjustments have been made to line the signals up, again for easier viewing and to reduce 

clutter on the graphs. 

For the CNT/PI transducer, the performance is similar to that observed in the heat test 

(Figure 4-9). Key differences are the overall amplitudes and the progression from 10—50 mJ/cm2. 
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It can be seen that the amplitude experiences a maximum at 40 mJ/cm2, and then falls off at 50 

mJ/cm2. This was likely due to damage to the polyimide layer caused by the 50 mJ/cm2, and this 

will be discussed in section 4.3.4. 

 

Figure 4-11: Laser power results for the CNT/PI sample from 10—50 mJ/cm2. 

Again, the received waveforms were very similar to those captured in the heat test (Figure 

4-10). The results of both tests suggest that the damage threshold for each sample is around 40 

mJ/cm2. The maximum wave amplitudes were reached at 40 mJ/cm2 and then a significant drop 

was measured at 50 mJ/cm2. 

 

Figure 4-12: Laser power results for the CNT/PI/Kapton sample from 10—50 mJ/cm2. 

A summary of the amplitude values for each transducer, along with the corresponding 

center frequencies at which they were emitting, is given in the following Table 4-4. The fluence 

tests, following the heat tests at a fluence of 30 mJ/cm2, resulted in transducers that emitted much 
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smaller amplitudes overall than were initially captured. There were likely several different factors 

that contributed to this change, including: repetition of tests, length of time exposed to the 

relatively high fluence of 30 mJ/cm2, and potentially heat degradation. The overall result is similar 

to that of the heat test: the CNT/PI/Kapton transducer shows better output amplitude and stability, 

but it had comparable resilience to laser fluence similar to transducer 1. Both transducers’ PI layers 

began to fail at 50 mJ/cm2. It’s likely that the output measured was partially a result of the laser 

impacting the steel substrate surface after the PI layer had melted away. 

Table 4-4: Tabulated amplitude and center frequency values in laser fluence test. 

[mJ/cm2] CNT/PI DD [mV] CNT/PI/Kapton [mV] CNT/PI DD [MHz] CNT/PI/Kapton [MHz] 

10 3.4 17.8 3.4—3.9 3.4—3.9 

20 7.9 40.6 3.4—3.9 3.4—3.9 

30 8.9 46.6 3.41 3.4—3.9 

40 60.9 69.4 3.41 3.4—3.9 

50 43.7 53.0 3.90 3.4—3.9 

 

4.3.4 Transducer robustness 

Both CNT/PI transducers showed an ability to produce photoacoustic ultrasound with 

detectable signal at 300 °C. The importance of acoustic impedance matching made a strong 

difference between the two samples, and a high temperature resistant ultrasound couplant helped 

improve the strength of the ultrasound considerably, but it may raise the risk of CNT/PI location 

shifting during the service, which give instability to the measurement. The direct deposit has 

several strengths in that there is no need for couplant, which can dry or degrade over time, and 

direct deposition allows for the transducer to be made with very little follow-up maintenance or 

corrections later. 

Post-heating, the transducers did not visibly show significant signs of any heat or laser 

damage. As seen from Figure 4-13, the direct deposit CNT/PI transducer has a small, darkened 
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portion of the PI layer where the laser spot was focused. In contrast, the Kapton tape transducer 

showed no discernable signs of laser damage. The heat had the most effect on the Kapton tape 

transducer, which required correction in the form of trimming both sides with a knife, but it 

currently rests well on the face of the steel substrate. The ultrasound gel provided the necessary 

adhesion and prevented any further delamination of the CNT/PI/Kapton tape layer from the steel 

bar. 

 

Figure 4-13: Transducer damage post-heat testing. 

However, the laser fluence tests revealed the damage threshold for each PI sample. It also 

produced significantly reduced output for both transducers involved. The fluence at which 

maximum amplitude was reached was 40 mJ/cm2, and then there was a decrease once the fluence 

rose to 50 mJ/cm2. While marks could be observed on the PI layers as early as 30 mJ/cm2, the PI 

layer remained intact with only minor degradation. More intense laser fluences produced higher 

degradation but also higher amplitude at 40 mJ/cm2. Increasing the fluence above 40 up to 50 

mJ/cm2, the polyimide layer experienced significant degradation. In both cases, it appears the laser 

was able to burn through the PI layer and began to impact the bare surface of the metal beneath. 

The laser point was approximately 4 mm in diameter, and given the approximate transducer areas 
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of 160 mm2 (Transducer 1) and 125 mm2 (Transducer 2), the degradation areas experienced by 

both transducers, >40 mJ/cm2, were approximately 7.8% and 10.0% degradation respectively.  

 

Figure 4-14: Transducer damage post-fluence testing. 

4.4 Summary 

In this work, a novel high temperature resistant polyimide composed of PMDA-DMDB 

and CNTs was tested in high heat and high laser power scenarios. The transducer satisfied the 

needs for a high coefficient of volumetric thermal expansion (230 ppm/K), it acted as a good 

suspension matrix for CNPs, and had a high melting temperature of ≥480 °C. The PI transducer 

prototype was fabricated in different variations with unique backings, including direct deposition 

(steel substrate) and Kapton tape (50 µm thick). Those two specifically were subjected to heat 

testing up to 300 °C, which was the limitation of the high frequency sensor, at a laser fluence of 

roughly 25—35 mJ/cm2. 

Both transducers were tested on a steel substrate and subjected to heating in 100 °C 

increments from room temperature up to 300 °C. The results showed that the transducers 

maintained strong ultrasound amplitudes up to the temperature threshold. The center frequency at 

each temperature reading was reasonably stable, approximately 3.65 MHz for direct deposition 
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and a range of 3.41—3.90 MHz for the Kapton tape prototype. Kapton tape backing proved to be 

the superior method, and an amplitude of 417 mVpp was registered even at 300 °C, in contrast to 

the direct deposition’s 28.1 mVpp. Its success was due in part to the impedance matching gel, which 

was not used on the steel backing transducer, and helped to improve the transmission of ultrasound 

from the transducer to the steel bar. Each transducer appeared to sustain minimal damage from the 

initial heating test. 30 mJ/cm2 produced some dark markings on the PI surface. 

The laser fluence test measured the output over a range of 10—50 mJ/cm2. A progression 

of increasing amplitudes was measured for both transducers up to 40 mJ/cm2, and both experienced 

a drop in signal strength once 50 mJ/cm2 was reached. Overall, the CNT/PI/Kapton tape transducer 

performed with better acoustic output amplitude and stability at all fluence levels. After the fluence 

test, significant damage was observed on the transducer PI surfaces. The damage from the intense 

laser power burned through the PI layer exposing some of the steel surface underneath. The 

measured data registered a loss in acoustic wave amplitude following the increase from 40 to 50 

mJ/cm2. It is possible that some heat degradation may have played a part in the reduced output 

measured from both transducers after the initial heat testing. 
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CHAPTER 5: AlN Vibration Sensing on Structural Mockup 

Based on Project DE-NE0008708 funded by Nuclear Energy Enabling Technologies with 

contributions to project work by Nicholas Garcia, Howuk Kim, Sean Kerrigan, Mohamed 

Bourham, and Xiaoning Jiang. 

5.1 Introduction 

5.1.1 Vibration sensing 

In the field of structural health monitoring (SHM), there are multiple means of determining 

the health and status of a machine, including: structural integrity, temperature, pressure, alignment, 

etc. One of the most important and fundamental means is through vibration monitoring. Critical 

components of a power plant, including its coolant piping and coolant pumps, emit low frequency 

vibrations that stay within a certain range when the plant is operating normally. Vibration 

monitoring observes such frequencies in real-time and can be used to remotely detect when 

abnormal vibrations begin emitting from the plant[251], [252], [253]. Abnormal vibrations can be 

an indicator on whether or not there are machinery related issues in the plant. 

For example, if a pump begins to overspeed, the pump’s operating frequency may increase 

beyond the normal operating range. If the pump begins to malfunction and starts to knock back 

and forth in its housing, strong low frequency vibrations will be emitted. When abnormally low or 

high frequency vibrations begin to occur on a structure (whose healthy vibration range is known), 

monitors can take corrective action and potentially diagnose the problems before maintenance 

personnel move in. 

Vibration sensing is accomplished through accelerometers. They measure the g-force 

acceleration on a plant/component and the frequency at which it vibrates. The details of the 

working principles of accelerometers will be discussed in a later section, but to summarize: the 

accelerometer works by accumulating electrical charge on the sensor in response to increasing 

levels of g-force acceleration on the sensor. As the charge increases, so does the induced voltage, 
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and therefore a stronger amplitude is measured as g-force goes up. Accelerometers may monitor 

acceleration in one or more directions of motion. Commercial sensors use multiple accelerometers 

and circuits to measure acceleration in three directions of motion (x-y-z). 

A commonly used material for accelerometers are piezoelectric transducers. They provide 

a relatively simple, noninvasive, and self-powering alternative to other methods such as 

piezoresistive[254], [255], [256] or capacitive methods[257], [258], [259]. Piezoelectric 

accelerometers don’t require a power source due to their inherent ability to produce charge 

accumulation from the Piezoelectric Effect. As the transducer is subject to increasing g-forces, the 

forces induce stress on the crystal which produces a voltage difference that can be measured[260], 

[261], [262], [263]. Piezoelectric materials exist in different varieties with some exhibiting strong 

sensitivity (due to a high piezoelectric coefficient), but they are typically limited by operating 

temperature[264], [265]. Among the most sensitive piezoelectrics cannot be used in high heat 

applications due to low Curie temperatures. Excessive heat will result in a de-poling of the material 

and complete loss of piezoelectric functionality. In a recent review of piezoelectric accelerometers, 

Wu et al compiled a list of high performing piezoelectric materials vs their maximum operating 

temperatures (Figure 5-1)[266]. 
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Figure 5-1: Research materials for vibration sensing and max temperatures [266]. 

Temperature is not the only limiting factor for piezoelectric accelerometers. Applications 

may require that the sensor be able to monitor a specific frequency range. Particularly, in NPP 

monitoring the lower frequencies in the Hz—kHz range are most important, due to the normal 

operating frequencies of plant machinery. To determine whether or not an accelerometer meets the 

bandwidth requirements for a specific frequency range, a frequency sweep test is conducted. The 

frequency sweep measures the response of the accelerometer (in V/g-force) at different 

frequencies, and compares the responses to determine what frequencies have a consistent response. 

Figure 5-2 is used as an example: 
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Figure 5-2: (Left) Accelerometer frequency sweep (Right) linear response range [262]. 

Up to 12 kHz, the example piezoelectric accelerometer described by Huang produced a 

consistent response of ~7.5 mV/g [262]. Anywhere from 1 Hz – 12 kHz, as the acceleration is 

increased by 1.0 g (2.0, 3.0, and so on) the sensor response will increase in amplitude by 7.5 mV. 

Above 12 kHz, the response becomes considerably nonlinear, and the tolerance begins to get 

greater and greater. Nonlinear response makes it much more difficult to calibrate the sensor to the 

particular accelerations/g-forces the sensor is trying to measure, and so the nonlinear range is 

excluded from the useful frequency range of the accelerometer. Piezoelectric accelerometers are 

used primarily within their linear response range to gather their most reliable data. In regard to 

NPP applications, a good sensor candidate must have high heat durability and a consistent linear 

response at low frequencies. 

5.1.2 Research goal 

The goal of this work was to simulate a real world NPP application using a previously 

characterized AlN vibration sensor on a heated mockup experiencing different vibrational 

frequencies. Previous vibration tests conducted by Kim used a small sensor mount which allowed 

for characterization of the AlN up to very high temperatures in a furnace[267], [268]. The 

frequency range tested on the structural mockup (150—350 Hz) in this work was within the AlN’s 
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known operational frequency range (1—600 Hz) originally found by Kim[268]. The sensor was 

tested on the mockup structure to determine which frequencies could be detected experimentally, 

and if high temperature had a detrimental effect on the sensor and setup. The mockup structure 

provided an opportunity to observe sensor performance at low frequency while on a heated 

structure up to 200 °C. Plant machinery tends to operate at relatively low frequencies. Therefore 

it was decided the mockup would operate in the hundreds of Hz (not in kHz or MHz). 

5.2 Materials & Methods 

5.2.1 Vibrations in a hollow cylinder 

The following sections describe an experiment that utilizes a hollow cylinder as the base 

upon which the accelerometer is mounted. The cylindrical vessel was made of stainless steel, with 

physical half-sphere caps on each end, and was considered isotropic. There are three directions of 

reference: longitudinal (z), radial (r), and circumferential (θ) (Figure 5-3)[269] (half-sphere caps 

are not shown on the figure). The cylinder also has two radii, the inner radius (r1) and the outer 

radius (r2). The thickness of the vessel is the difference r1 - r2. 

 

Figure 5-3: Hollow cylinder with wave propagation directions defined [269]. 
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Hollow cylinders may commonly experience free vibrations or forced vibrations. Forced 

vibrations occur when an outside source compels the cylindrical object to vibrate at a desired 

frequency (similar to this work with the vibration shaker). In general, for forced vibrations, we 

may consider the following conditions in a hollow isotropic cylinder as described by 

Mekhtiev[269]:  

Eq. 5-1  Ὗ πȟ† π at ”  ”ȟ” 

Where Ur is the displacement in the radial direction, τrz is the radial/longitudinal shear 

stress, and ” , and Ὑ . In section 5.2.2, the working principle of the system will be 

described in detail with kinematic equations. For now, the vibrations in a hollow cylinder can be 

described with vector analysis with the Helmholtz equation[269]: 

Eq. 5-2  Ὗ  ​• ​ Ὂ, and ​ϽὊ π 

Where Ὗ is the displacement vector, φ is the spatial component of the wave function 

(amplitude), and Ὂ is the force vector. Which allows the displacements of the hollow cylinder to 

be described by the following equations[269]. Where ‚ . 

Eq. 5-3  Ὗ Ὑ  

Eq. 5-4  Ὗ Ὑ  

The mockup was built so as to allow the cylinder to freely vibrate up and down with the 

shaker. On the top end of the cylinder, the thermocouple was fixed using high temperature epoxy 

(JB-Weld® HighHeat™), but the cable protruded from the top and was connected to its power 

source. The cylinder was carefully hung using the cable from the thermocouple, and this allowed 

the cylinder to remain suspended above the table surface. There was one means of connection 

between the cylinder and the shaker, which was the aluminum connector. Two halves of the 

connectors were placed around the cylinder with Teflon tape, and screwed together so they 
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remained tight. The Teflon tape improved adhesion between the connector and cylinder surfaces, 

reducing the amount of shear between the two and allowing for easier transfer of motion from the 

shaker to cylinder. 

During the experiment, the accelerometer registered a sinusoidal rise and fall in charge 

density that matched the frequency at which the mockup was being vibrated. The peak-to-peak 

amplitude varied with the intensity of the acceleration to which the mockup was subjected. An 

example is given in Figure 5-4 that shows the time domain response of the AlN at 275 Hz. 

Although some drift was present in the measurement, the period of the wave is approximately 

3.2—3.9 ms, and is approximately the period for 275 Hz (3.6 ms). 

 

Figure 5-4: Measured time domain behavior of the AlN in response to cylindrical vibrations. 

5.2.2 Working Principle 

The vibration sensor utilizes the piezoelectric effect, using the motion and acceleration 

induced by the shaker to produce charge on its electrodes, thereby creating a voltage difference 

that can be measured. The voltage can be measured sequentially as the sensor undergoes various 

levels of acceleration (1.0g—2.0g). The AlN used was a face-shear type. The sensor is mounted 

with the broad face against the structure, and a seismic mass squeezes the sensor against the 

structure. As the structure accelerates so does the sensor.  
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If the sensor is fixed firmly into place and held by the seismic mass, then the rapid 

acceleration will cause shear deformation of the sensor. Because the AlN is a shear type sensor, 

there will begin to form a measurable accretion of charge. This can be partially explained using 

kinematics, springs, and mass damping principles. 

 

Figure 5-5: 1) Mass-spring-damper schematic of mockup, 2) sensor mounting schematic, and 3) sensor photograph. 

The vibration shaker exerts a periodic force on the vessel. It is considered to be a single 

degree-of-freedom system undergoing forced periodic vibrations and may be expressed by the 

following relationship. Where FS is the shaker force, F0 is the max shaker force, ω is the angular 

frequency of the shaker, and t is time[270]. 

Eq. 5-5  Ὂ ὊίὭὲ ‫ὸ 

The angular frequency ω is controlled by the frequency f at which the vibration shaker 

oscillates. The shaker is controlled, in turn, by the function generator: 

Eq. 5-6  ‫ ς“Ὢ 
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Physically, the sensor is pressed against the vessel surface, held in place by the seismic 

mass and high temperature paste, but the sensor is not physically bonded/fixed to the base. It may 

be modeled with a spring (k) and damper (c). The motion of the base and the mass must be 

accounted for, as described by Wu [266]. The sum is equal to 0 when no force is exerted on the 

vessel or seismic mass. 

Eq. 5-7 άὼ ὧὼ ὼ Ὧὼ ὼ π 

The spring constant is defined as the force over the 1-dimensional extension of the 

spring: 

Eq. 5-8  Ὧ  

The damping coefficient c is determined by the damping ratio of the system, and is also 

affected by the angular frequency and the mass of the system [271]: 

Eq. 5-9  ὧ ς‒‫ά 

All elements can be brought together with Newton’s 2nd Law: 

Eq. 5-10  Ὂ άὥ Вάὼ 

Where F is the force to which the base (or the vessel) and mass (seismic mass and AlN) 

are subjected to, which can be expressed as the mass of both multiplied by acceleration a (or the 

second derivative of position ὼ). Expanding further: 

Eq. 5-11 ВὊ  άὼ  ὧὼ ὼ Ὧὼ ὼ ὊίὭὲ ‫ὸ 

The shaker force FS is the input force for the system, and may be used to calculate the 

sensitivity of the sensor in Coulomb per Newtons. 

Eq. 5-12  Ὓ  

Sensitivity is used to gauge the sensor’s response in response to the acceleration of the 

mockup. The mass of the structure is kept constant. No parts of significant weight are removed at 



   

101 

 

any time during the test and the high temperature fluid on the inside remains unchanged. No fluid 

is added and there were no significant leaks. 

The vibration shaker is used to induce vibrations on the structure. The input voltage was 

varied using a function generator and amplifier (Brüel & Kjær, Denmark ), and the acceleration is 

varied while the mass is kept constant. As the input force is increased, the accumulated charge on 

the sensor increases correspondingly. However, the AlN sensor has high heat durability but 

relatively small charge accumulation resulting in low sensitivity. 

5.2.3 Sensor characteristics 

One sensor was used in the mockup test: an AlN single crystal grown by HexaTech, Inc 

with the dimensions of 7 × 7 × 0.8 mm3. The electrodes were gold and coaxial wire was attached 

to the sensor using small amounts of conductive, high temperature resistant paste (Ted Pelco, Inc). 

Previous sensor characterization by Kim verified the usable frequency range of the sensor. His 

method used a steel mount to test two identical AlN vibrometers. The charge accumulation per g 

was stable and linear from 1—600 Hz (Figure 5-6)[268]. Above 600 Hz, the relationship between 

charge accumulation and acceleration became nonlinear and would, as a result, become more 

difficult to measure and rely on for stable data. 

Even during high temperatures the durability of the AlN allowed the sensor to maintain its 

usable frequency range. This was expected to be an appropriate range of functionality for the 

mockup since the focus of the study was on lower frequency vibrations. The sensor had also 

demonstrated functionality by Kim at temperatures as high as 1000 °C in a tube furnace. 
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Figure 5-6: Data showing sensor charge accumulation stable at HT and up to 600 Hz [268]. 

The characterization was done previously in a furnace and on a dedicated stainless steel 

mount (Figure 5-7). In such conditions the results are more ideal. However, the mockup would 

pose more difficulties in order to mount the sensor and could potentially affect the usable range. 

The response was also expected to be weaker due to the fact only one AlN was used instead of 

two. Temperature was not expected to have a significant impact on sensor functionality, given the 

high temperature range and durability the sensor had previously demonstrated. 

 

Figure 5-7: AlN vibration sensor characterization mount used in tube furnace [267]. 
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5.2.4 Mockup structure 

The AlN sensor was to be mounted on a steel cylinder filled with a high temperature fluid. 

Vibrations were to be induced externally in order to simulate a scenario where a coolant filled pipe 

or pump would undergo low frequency vibrations on a plant. In previous experiments, a small 

stainless steel cylinder of dimensions 203 mm long, with a 53.2 mm outer diameter, and 2.4 mm 

thick steel walls. There were three indentations machined on the outer skin of the vessel (approx. 

1.5 mm deep) with dimensions 9 × 12 mm2. The indentations would accommodate the AlN sensor 

and allow it to better adhere to the surface of the vessel. Given the curved outer surface of the 

cylinder, simply adhering the sensor to the vessel was likely to result in poor or unstable readings. 

The flat indentation allowed for as much contact as possible between the face of the sensor and 

the face of the vessel. 

The V203 vibration shaker (Brüel & Kjær, Denmark ) consisted of a motor and a stinger 

oriented vertically from the base. The stinger was fixed at the bottom, and oscillated up and down 

at a frequency determined by a function generator. In order to reliably induce vibrations in the 

vessel a fixed connection had to be made between the two. Two aluminum connectors were 

machined and designed to encompass the diameters of the vessel and the stinger. To prevent 

slippage between the connectors, vessel, and stinger, small screws were used to tighten the 

connectors and Teflon tape was placed in between the surfaces. The Teflon tape filled any spaces 

between the connectors and the vessel/stinger so that more stable and consistent contact could be 

made. Constant contact between each of the three elements was important to ensure the vessel 

vibrated at the correct frequency. Lack of contact could result in an unstable vessel or vibrations 

outside of the desired frequency range. The Teflon tape was helpful for the lower temperature 

scenarios, and then became less effective as time went on and temperature rose. After prolonged 
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vibration exposure the screws in the connectors needed to be tightened and fresh Teflon tape 

applied. 

 

Figure 5-8: Mockup schematic with parts labelled (commercial accelerometer not shown). 

5.2.5 Experimental methods 

The experimental setup for the mockup structure includes a steel vessel from a previous 

test that was modified for this experiment. The vessel dimensions were: 2.4 mm thick steel walls, 

~203 mm (9 in) long including the threaded ends, and a 48.4 mm inner diameter. In order to 

perform heating of the vessel for the experiment an electric immersion heater, a thermocouple, and 

a HT fluid (Avocado oil) were used. The immersion heater was inserted from below the vessel, 

and to prevent leakage of the fluid a high temperature resistant epoxy (JB-Weld® HighHeat™) 

was used to fix the heater in place and seal the bottom from leaks. The epoxy is able to withstand 

temperatures continuously up to about 232 °C. However, sustained high temperature caused some 

degradation and discoloration of the epoxy. An InkBird PID controller was used to control the 
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internal temperature of the vessel by heating the fluid using feedback from the connected 

thermocouple. 

To induce vibrations on the vessel, a Bruel & Kjaer V203 vibration shaker was used, 

powered by a function generator (Agilent 33250A) and power amplifier (Bruel & Kjaer Type 

2706). The function generator allowed for precise control of the shaker frequency. Preliminary 

testing showed sensor responses between 150—350 Hz, and so the function generator was used to 

set the mockup structure frequency to a value within that range in increments of 25 Hz.  

In order to connect the shaker and the vessel, a pair of aluminum connectors were fabricated 

and clamped around the stinger of the V203 shaker and the outer surface of the vessel. Teflon tape 

is placed between the vessel surface and the aluminum connector to prevent any slippage of the 

surface during the test. Teflon tape was also placed between the connectors and the vibration 

shaker stinger. Once the connector halves were placed tightly around the vessel and stinger, the 

clamps were screwed together with three screws on both ends and in the middle. This allowed for 

firm connection between the shaker and vessel, especially at room temperature. Prolonged use and 

high heat could diminish the effectiveness, but the components could always be tightened and 

reset. 

A small flat surface 9 × 12 mm2 was machined onto the vessel, and a single AlN 

(HexaTech™) receiver 7 × 7 × 0.8 mm3 was mounted to it. The sensor was mounted to the vessel 

mechanically with HT epoxy that completely covered the sensor except for one lateral side, where 

the coaxial wire was attached. A coaxial wire was bonded to the electrodes of the receiver using 

HT conductive ceramic paste (Ted Pella Inc, Pelco®). One of the connections was broken after 

application of the HT epoxy, but the wire was mechanically reinstalled and held in place for the 

duration of testing. The HT condition threatened to degrade the coaxial wire, and so a few layers 
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of heat resistant tape were placed on the surface of the vessel underneath the wire. The AlN is 

linked to an oscilloscope (Tektronix TDS 2004C) through two intermediate pieces of equipment: 

a charge amplifier (PCB 422E36) at 10 mV/pC, and a signal conditioner (PCB Model 480C02), a 

diagram may be seen in Figure 5-9. 

 

Figure 5-9: Experiment diagram of the mockup setup with the vibration sensor. 

The output from the AlN was raw charge data and wasn’t calibrated to a particular g-force 

or acceleration level from the structure. The problem was solved by using a commercial sensor 

already calibrated to those acceleration levels. In this case, an ADXL326 was used and calibrated 

to 68 mV/g. The commercial sensor was fixed on top of the vibration shaker using UV activated 

epoxy. To help prevent damage from heat transfer from the vessel, heat resistant tape was also 

applied around the sensor. In this case, we only collected data from one of the three axes on the 

sensor, the vertical x-axis, the same axis in which vibrations were induced from the shaker. 
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Figure 5-10: Commercial sensor ADXL 326 used in the mockup with x-axis direction highlighted. 

There were limitations as to how harsh the testing environment could be in terms of 

temperature: 200 °C was chosen due to the flashpoint of the high temperature (HT) fluid. The 

mockup structure was used to test the AlN vibration sensor over its usable frequency range 

(~150—350 Hz), and different temperature conditions: 50 °C to 200 °C, in 50 °C increments. 

5.3 Results & Discussion 

5.3.1 Frequencies detected at high temperature 

The purpose of the mockup experiment was to use an AlN sensor: 1) to monitor structural 

vibrations, 2) to determine the operable frequency range of the mounted sensor, 3) and to observe 

sensor response at elevated temperatures. As a baseline, the sensor response of all frequencies was 

taken at room temperature. The mockup performed stably and was able to give a reading from 1.0 

– 2.0g consistently across the usable frequency range (excluding 175 Hz, which did not give a 

consistent reading at any temperature). It is not clear why 175 Hz did not yield results on the 

mockup structure, and so it was excluded from analysis. 
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Figure 5-11: Response of the AlN sensor at room temperature (all frequencies). 

As seen in Figure 5-11, the sensor performance remains relatively constant across 150 – 

350 Hz in 25 Hz increments. The sensor response is small 0.5—1.5 pC/g due to the fact only one 

AlN sensor was used. The charge density could be increased with a second AlN sensor to increase 

the surface area in contact with the vessel, or by using a more sensitive piezoelectric material. The 

sensor response at each frequency was linear, showing a small but consistent charge increase as 

the acceleration increased. With the baseline established, the next step was to elevate the 

temperature in the mockup structure and record the sensor response. 

Using the InkBird PID controller, immersion heater, and thermocouple, the high 

temperature fluid inside the mockup vessel was heated up to 200 °C in increments of 50 °C. The 

following steps were taken during a given data reading: 1) Heat the vessel to desired temperature, 

2) allow temperature to stabilize, 3) unplug immersion heater to remove signal noise, 4) allow 

vibration data to stabilize, 5) take measurement(s) via oscilloscope. 

The immersion heater needed to be disconnected in order to take a measurement. Whenever 

the heater was working, there was considerable electrical noise interfering with the vibration 

charge data. Therefore, in order to isolate the vibration data, the heater was unplugged periodically 
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only for the purposes of taking a reading. The subsequent readings taken at various temperatures 

are consistent in magnitude to the room temperature readings, leading to the conclusion that the 

instrument electrical noise was removed. 

 

Figure 5-12: Response of the AlN sensor at 50 °C (300 and 350 Hz excluded). 

At 50 °C, two frequencies did not yield useful results and 225 Hz was cut off after 1.5g. 

This may have had to do with potential alignment issues of the mockup structure. The response 

dropped from 200 Hz, 250 Hz, and 325 Hz compared to the baseline, as they began to dip below 

0.5 pC/g. Two frequencies did not produce a response, 300 and 350 Hz, and this was potentially 

due to alignment or connectivity issues on the mockup. The temperature condition was relatively 

low, and was not expected to produce any impact on the sensor response. 

At 100 °C, the results appeared to be the most consistent, as seen in Figure 5-13. The sensor 

produced a response at each frequency despite the elevated temperature. The mockup structure 

retained good connectivity and robustness during the test. The notable exceptions were 200 Hz 

and 300 Hz, which produced a response so low that it barely registered and showed no linear 

increase with acceleration. This was the highest temperature at which a large (or small) response 

would be recorded for every tested frequency. 
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Figure 5-13: Response of the AlN sensor at 100 °C. 

Further tests were conducted at 150 °C (Figure 5-14) and 200 °C (Figure 5-15). At 150 °C, 

the only frequency that produced no response was 300 Hz, similar to the 100 °C condition. Also 

similar was the relatively low response at 200 Hz. At 150 Hz the raw charge data consistently 

shows the strongest response, suggesting that lower frequencies would do well in future testing. 

At 200 °C, it was difficult to maintain the temperature while taking a reading. The mockup 

structure was uninsulated, and, during the 1–2 minutes when the PID controller was unplugged, 

sometimes the temperature reading could fall between 180 – 190 °C. It was observed that along 

with the temperature difficulty, the sensor response became more erratic and inconsistent with 

higher temperature and extended runtime of the experiment. After gaining some proficiency with 

the mockup, some readings were taken up to 2.5g, but not at every frequency or temperature. The 

high temperature condition dramatically affected the usable frequencies and the sensitivity of the 

mounted AlN. 
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Figure 5-14: Response of the AlN sensor at 150 °C, (300 Hz excluded). 

 

Figure 5-15: Response of the AlN sensor at 200 °C (multiple frequencies excluded). 

Although the prototyped AlN vibration sensors showed constant output at temperatures up 

to ~1000 °C, the decreased output of the embedded AlN sensor in the mockup structure suggests 

that the embedding process and materials used should be further improved. There are a number of 

things likely to have affected sensor effectiveness.  

Firstly, the high temperature condition gradually began to take a toll on the setup. The 

sensitivity becomes more inconsistent as the temperature increases because of thermal effects on 
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the clamps and the vessel. At room temperature the Aluminum connectors are firmly in place on 

the vessel, but at higher temperatures the connectors did not seem to grip as firmly. Therefore, the 

shaker had a difficult time transmitting vibrations at some g-force levels. Even the high 

temperature epoxy began to show signs of heat damage and discoloration, and the degradation of 

the epoxy may have impacted sensor performance. Second, the alignment of the vessel, connectors, 

and vibration shaker was also difficult to maintain. As the frequency of vibration increases, the 

alignment is more likely to be disrupted, and especially at higher temperature conditions. Thirdly, 

the commercial sensor also dealt with some problems, largely due to the limited bandwidth. Table 

5-1 summarizes the sensor response ranges over the measured frequencies and temperatures. Each 

range is the lowest reading to the highest reading over three (four in the case of 200 °C) 

measurements at 1.0, 1.5, and 2.0 g (and 0.5g in the case of 200 °C). 

Table 5-1: Summary of AlN sensor frequency responses at high temperatures. 

Response range [mV] over 1.0 – 2.0 g 

f [Hz] RT 50 °C 100 °C 150 °C 200 °C 

150 0.64 – 1.59 1.00 – 1.92 0.96 – 2.00 0.64 – 1.44 1.04 – 1.20 

200 0.56 – 1.36 0.44 – 0.96 0.48 – 0.64 0.32 – 0.48 0.64 – 0.80 

225 0.40 – 1.44 0.00 – 1.44 1.28 – 1.68 0.48 – 0.96 0.64 – 1.20 

250 0.40 – 3.20 0.52 – 1.04 1.20 – 1.68 0.32 – 0.40 - 

275 0.48 – 1.12 0.76 – 1.60 1.36 – 2.48 0.56 – 0.80 - 

300 0.32 – 1.20 - 0.56 – 0.64 - 0.40 – 1.12 

325 0.48 – 1.68 0.36 – 1.04 0.48 – 0.88 0.48 – 0.80 - 

350 0.40 – 1.52 - 0.64 – 1.04 0.48 – 0.88 0.16 – 1.36 

 

5.3.2 Robustness 

The mockup stability was reasonable even as the heat was increased, and the sensor was 

able to perform at all temperature checkpoints. There were some issues that occurred as the 

experiment was continuously run for an hour or more: 1) the Teflon tape had a tendency to bunch 



   

113 

 

and dislodge from under the connector, 2) the connectors had a tendency to loosen, and 3) the heat 

was continuously being transferred to the shaker during operation. All of these issues had a 

potential impact on the strength and quality of the data measured. 

The Teflon tape was responsible for ensuring good connection between the vessel and 

aluminum connectors. Without it, the shaker had difficulty transferring motion at the correct 

frequency to the vessel. The connectors needed to have the screws tightened repeatedly also to 

ensure stable and efficient transfer of motion. The shaker had to be kept reasonably cool, since the 

motor was not expected to have a high heat tolerance and the commercial sensor was attached with 

UV cured epoxy. Any disconnection of the commercial sensor, due to melting of the epoxy, would 

have been problematic for the calibration of the sensor. 

5.4 Summary 

An AlN shear-type sensor, previously characterized at extremely high temperature, was 

transferred to a mockup structure for more realistic structural testing that would: 1) determine 

which frequencies in its usable range could be monitored on the structure, and 2) determine what 

(if any) effect temperature would have on the sensor. Using a simple seismic mass block and high 

heat resistant epoxy paste the AlN was connected to a hollow stainless steel cylinder and subjected 

to various low frequency vibrations. A single 7 × 7 × 0.8 mm3 AlN sensor, using a charge amplifier, 

was able to take relatively weak readings on the structure over a frequency range of 150—350 Hz. 

Readings were taken in increments of 25 Hz for a total of around eight frequencies that were tested. 

At room temperature and 100 °C, all eight frequencies were monitored (the eight exclude 175 Hz, 

which due to an unknown issue could not be detected at any frequency). The AlN was able to 

detect fewer frequencies at 200 °C, which was the upper temperature limit for the test. This was 

likely due to prolonged vibrations affecting the sturdiness of the mockup and the heat loosening 
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the Teflon tape placed between the connectors and the vessel. However, the AlN showed ability 

to detect multiple low range frequencies with weak sensitivity at relatively high temperatures. It is 

expected that with improvement of the sensor mounting method, addition of one or two more 

sensors (for greater charge accumulation), and a more sturdy mockup setup, a stronger sensitivity 

may be achieved. In addition, changing the high temperature fluid from oil to something like liquid 

metal would be advantageous so that the high temperature limit could be increased to potentially 

400—500 °C. 
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CHAPTER 6: Conclusion 

6.1 Summary 

Advanced methods of high temperature sensing have been explored in this work, including 

heat characterization of BSO, LM+CNF photoacoustic transducers, PI/CNT transducers 

characterized using photoacoustic methods, and AlN vibration testing on a heated industrial 

mockup structure. Extreme environment tests were conducted (some up to 650 °C) to demonstrate 

the durability of the transducers discussed herein. Given the high heat levels that next generation 

NPP’s are expected to produce in the near future, between 550—850 °C, we may conclude that 

the advanced methods discussed herein have practical applications in the nuclear field and in 

advanced sensing and instrumentation in general. 

6.1.1 High Temperature BSO 

Surface shear (or face shear) BSO sensors (d14 mode) were demonstrated for the first time 

up to 600 °C. It was found that non-ferroelectric piezoelectric BSO maintains very stable properties 

up to 500 °C, but then declines significantly by 600 °C. The material was robust at high 

temperatures, and the impedance peak stayed relatively constant until after 500 °C, before 

flattening completely at 650 °C. From room temperature up to 650 °C, the center frequency 

experienced a small shift (-6.7%). The phase of the BSO transducer remained consistent between 

+90° and -90° until above 500 °C. The capacitance and dielectric loss were measured from 100 °C  

to 600 °C at 100 kHz. Their values were also stable up to 500 °C of roughly 12 pF and 1—20% 

dielectric loss. The piezoelectric coefficient (d33) was consistent around 28 pC/N up to 500 °C. In 

the acoustic sensing test, the amplitude diminished gradually from 163.2 mVpp to 22.8 mVpp when 

it was heated gradually to 650 °C. Defect detection tests using BSO were performed for the first 

time using artificial damage over a temperature range of 100—600 °C.  In test A, shear waves 
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from a single test run were used to localize short range damage (~240 mm away) to ≤10% error. 

In test B, multiple test runs were used to gather long range damage (~480 mm away) data to ≤10% 

error. These new results open the door for more high temperature NDT applications for BSO and 

presents it as a strong advanced sensor alternative in NPP monitoring. 

6.1.2 Fields metal photoacoustic transducer 

Photoacoustic transducers are versatile and powerful tools for generating ultrasound. As 

an acoustic medium, liquid metals such as Fields metal and Gallium are both viable, but as metals 

they are limited in their ability to absorb laser light due to their highly reflective surfaces. Carbon 

nanofibers (~25 µm thick layer) were used in a novel configuration with liquid metal layers to 

increase light absorption for photoacoustic efficiency. Both Fields metal and Gallium were tested 

under a relatively low laser fluence of 6 mJ/cm2, and Fields metal produced stronger ultrasound 

(76 mVpp at 300 °C) than Gallium (13 mVpp at 300 °C). Different laser fluences showed a direct 

correlation between laser fluence and output, with ~12 mVpp (at 2 mJ/cm2) and 91 mVpp (at 12 

mJ/cm2). No damage was detected on the CNF layer even at 12 mJ/cm2, and the transducer was 

usable for 3-4 tests for weeks and months after the initial construction, which was a significant 

improvement on the original transducer prototypes.  

6.1.3 Photoacoustic polyimide-CNT composite transducer 

The polyimide compound combined with CNT’s was tested with two different adhesion 

methods: direct deposition onto the steel substrate, and Kapton tape and ultrasound gel. Both 

samples performed well at 300 °C, and 3.5—4.0 MHz signals were received with strong 

amplitudes due to the added +30 dB of signal gain. The polyimide that was direct deposited onto 

the steel substrate did not have any impedance matching but still provided strong signals. The 

Kapton tape transducer performed 3-4 times better (417—742 mVpp) than the direct deposit sample 
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(28—242 mVpp). The laser fluence test data showed the CNT/PI/Kapton transducer exhibited 

better acoustic amplitude and stability at higher laser power levels (10—50 mJ/cm2) than the 

CNT/PI transducer. Both transducers exhibited about the same resilience to laser power when they 

experienced significant degradation (7—10% area degradation) at >40 mJ/cm2. The elevated laser 

fluence levels burned through the PI layers of both transducers, but the CNT/PI/Kapton transducer 

outperformed the CNT/PI transducer by about 21%. Polyimide combined with CNT’s was 

demonstrated and subjected to a high heat test for the first time, and presents a strong alternative 

as a durable photoacoustic emitter in the field of NDT transducers. 

6.1.4 Aluminum Nitride HT Vibration sensor 

AlN was used to measure low frequency vibrations on a heated, fluid filled mockup 

structure. The sensor received vibrations between 150—350 Hz up to 200 °C. The vessel and 

sensor were tested between 1—2 g’s of acceleration in increments of 0.5 g’s. The frequency 175 

Hz wasn’t measured anywhere between 50—200 °C. As the temperature increased other 

frequencies dropped out. At 200 °C, the AlN showed a direct increase in sensor charge from 1.0—

2.5 pC as the g values were increased, and picked up a total of five frequencies of 150, 200, 225, 

300, and 350 Hz. The best performance was recorded at 150 °C, where all eight frequencies were 

received consistently from 1—2.0 g’s, but 300 Hz showed a flat response with no increase or 

decrease in charge/g. The other frequencies showed a minute but relatively linear increase in 

charge (in pC) as g’s were increased. This research further demonstrates AlN’s versatility and 

application as an advanced sensor in a practical configuration.  

6.2 Future Work 

BSO should be investigated further in the longitudinal mode in various acoustic mediums, 

including structural and stainless steel (relevant to NPP applications). BSO has the potential to 
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perform different sensor functions at higher and lower frequencies. Vibration sensing at low 

frequencies, in the 1—1000 Hz range, would be a good alternative for BSO, given its greater values 

in both piezoelectric and electromechanical coupling coefficient. Its high temperature survivability 

make it a strong candidate for NPP vibration sensing on pumps and generators. 

Fields metal was demonstrated to be a promising acoustic medium given its high boiling 

point of >1000 °C, and its ability to pair with optical absorption materials like CNFs. The 

transducer would benefit from improvement in the following specific areas. 3D printed housings 

could be used to control both the liquid metal and CNF layer shapes and thicknesses. Optical fibers 

would be a good option for directing the incoming light to the target area. A transducer housing 

would hold the optical fiber in place, keep it perpendicular to the surface, and would eliminate 

potential alignment issues. Housing would also make the setup safer by removing the risk of the 

laser light contacting anything but the transducer. Currently the transducer operates in the 

longitudinal mode. Experimenting with different patterns of CNFs, such as striped or layered 

patterns, may enable the transducer to transmit in different modes and allow more widespread 

applications. In future work, different thicknesses and types of CNF sheets may be tested.  

The AlN vibration sensor showed potential for low frequency detection on a small, fluid 

filled mockup structure. For real world applications in power plants, future sensors and research 

paths should continue to explore low frequency vibration sensors (60 Hz to 1 kHz range). These 

are more closely related to the low frequencies emitted by power plant machinery such as pumps 

and generators. High frequency emitters should be further explored as damage detection 

transducers so that smaller defects like microcracks can be detected. BSO is a good alternative and 

has stronger material properties than AlN, but BSO’s main drawback is that the properties begin 

to diminish after 500 °C and see significant decrease by 600 °C. 
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Polyimide combined with CNTs was demonstrated to be durable and produced high 

frequency ultrasound up to 300 °C. The PI/CNT with 50 µm thick Kapton tape showed a stronger 

response over the direct deposition sample. Various thicknesses of tape should be tested to observe 

its effect on the strength and quality of ultrasound. It is expected, based on previous hydrophone 

data collected by Liu, that the acoustic response may plateau at a tape thickness of 70 µm.). 

Different PI-CNT transducer patterns or overall shapes would also be useful in showing wave 

modes and activation. 
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