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Abstract 

As modern aerospace and automotive designs have endeavored for higher performance, reduced 

cost, and lower weight, the use of advanced composite structures has greatly advanced. 

Consequently, the need for adhesive bonding, a preferred method of joining composite materials, 

has also drastically increased. As such, ensuring the strength of an adhesively bonded joint upon 

fabrication and throughout its service-life is of utmost importance. Conventional nondestructive 

evaluation (NDE) methods have been used to detect gross bonding defects, such as delaminations 

and voids, but are unable to detect weak adhesion and “kissing” bonds, leaving only destructive 

testing for quantitative bond strength measurement. As destructive testing is impractical for in-

service structures, careful control of the bonding procedure and surface preparation methods are 

the primary methods of ensuring adequate adhesion quality.  

While several specialized NDE methods have been developed to inspect adhesive bonds, 

few have shown the sensitivity to quantify weak adhesive/adherent interfaces. The focus of most 

NDE research into bonded joints has used ultrasonic methods to mechanically interrogate the 

bonded joint on the atomic level. In this work, a high-resolution ultrasonic phase measurement 

system is investigated for quantifiably measuring adhesive bond strength. This method uses 

constant-frequency pulsed phase-locked-loop (CFPPLL) technology to obtain high-resolution 

ultrasonic phase measurements with unprecedented accuracy and precision, even when swept over 

a range of frequencies.  

When the adhesive bond line thickness is equal to half of the ultrasonic wavelength, the 

adhesive layer acts as an ultrasonic resonance cavity. By proper choice of driving ultrasonic 

frequency, the ultrasonic anti-resonance effect is observed from bond line reflections. The effect 

of weak bonding on the ultrasonic anti-resonance is investigated by modeling the ultrasonic 
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interactions with adhesive/adherent interfaces by a distributed spring system. The phase of 

ultrasonic reflection from the bond line is extremely sensitive to material properties within the 

adhesive layer and is able to detect small differences in interfacial bond quality.  

The swept-frequency ultrasonic phase measurement method is used to examine interfacial 

bonding of ideal bonded joints cured with ultraviolet light. These results show ultrasonic phase 

around the resonance frequency of the bond line is sensitive to both cohesive and adhesive changes 

as a function of cure. By fitting the measured phase vs. frequency response of bond line reflections, 

the interfacial stiffness is extracted. Studies on real-world metal/epoxy joints also prove ultrasonic 

phase measurements can identify kissing bonds and are sensitive to interfaces contaminated with 

either silicone or Teflon. Ultrasonically measured interfacial stiffness constants correlate linearly 

with mechanically measured bond strengths, showing good agreement with theory and indicating 

ultrasonic phase measurements have the sensitivity to quantify interfacial adhesion quality.  

By nondestructively and quantitatively measuring adhesion quality, this method has the 

potential to promote the use of more complex, lightweight, and safe aerospace and automotive 

designs utilizing advanced composite structures and adhesive bonding. The demonstrated 

ultrasonic phase method is applicable to a variety of bonding material systems, is compatible with 

standard commercial ultrasonic transducers and conventional ultrasonic NDE setups, and can be 

used in many other applications in which sound velocity or ultrasonic phase monitoring can detect 

material properties degradation and changes.
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Chapter 1: Introduction and Motivation 

1.1 Introduction 

Methods for nondestructive assessment of adhesive bonds have been an active research area for 

some time. This problem is particularly important to the future of advanced composite structures 

in the aerospace, automotive, and other industries. Advancements in adhesive bonding applications 

in aerospace and automotive design has increased the need for bond strength validation, as 

adhesive bonding is a preferred method of joining advanced composite structures and is 

increasingly used in aerospace design and structural repair.  

Currently, cleaning and control of surface preparation is used prior to bonding to ensure 

the ultimate joint meets strength specifications. While precise control of environmental conditions 

and the bonding process support the goal of consistent adhesion quality, inadequate surface 

preparation and accidental contamination still seriously degrade adhesion without being noticeable 

even to the trained observer or by conventional inspections. Mechanical fatigue and environmental 

degradation reduce the strength of critical bonds, leading to their premature failure, which could 

lead to loss of equipment or even loss of life. Thus, for adhesive bonding to be reliably used in 

joining critical structures, it is of utmost importance to be able to evaluate bonded joints non-

destructively after fabrication and during service life.  

Many nondestructive evaluation (NDE) methods have been characterized on their ability 

to identify weak bonding and have generally proved able to detect many bonding defects such as 

porosity, delaminations, and complete disbonds [1], [2], [3], [4]. However, such techniques have 

been unable to detect “kissing” bonds, where adhesive and adherent are in intimate contact but 

unable to support the transmission of tensile and shear stresses. As such, this work focuses on the 

development of a novel ultrasonic NDE method for interface characterization in adhesive bonds.  
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1.2 Fundamentals of Ultrasonic NDE of Adhesive Bonding  

1.2.1 Adhesive Bond Failure 

Before examining the methods of evaluating adhesively bonded joints, the modes by which bonds 

fail must be fully understood. The most commonly used type of bonded joint is known as the single 

lap joint (SLJ), which consists of two adherents bonded together with a thin layer of adhesive in 

between. Figure 1.1 shows a diagram of a SLJ configuration, which is the primary focus of the 

investigation in this work.  

 
Figure 1.1: Single lap joint configuration of adhesive bonding 

 

Broadly, adhesively bonded joints fail either cohesively (within the adhesive layer), adhesively at 

the adhesive/adherent interface, or within the adherent, itself [5]. Figure 1.2 shows images of 

broken bonded joints after undergoing cohesive and adhesive failure modes. For cohesive failure, 

adhesive residue is seen on both adherents after failure; while for pure adhesive failure, one 

adherent displays the intact adhesive layer and the other adherent has no adhesive residue.  

For composite joints, out-of-plane adherent failure can also occur due to delamination in 

the composite adherents. Major defects in adhesively bonded joints include delaminations, 

complete disbonds, porosity, voids (large volume porosity), improper cure, and cracks [4]. 

Adherent failure will generally only occur below manufacturer rated adhesive bond strengths when 

the adherent has a significant defect or has become damaged, for which numerous NDE methods 

exist for defect detection [6] [7] [8] [9] [10] [11].  
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a) Cohesive Failure 

 
b) Adhesive/Interfacial Failure 

Figure 1.2: Example images of broken aluminum/epoxy bonded joints showing a) cohesive 

failure and b) adhesive/interfacial failure 

 

Assuming significant adherent defects can be detected through other NDE methods, this leaves 

cohesive and interfacial failure modes that must be characterized for bonded joint evaluation. For 

joints manufactured to specifications, weak bonding due to cohesive failure can generally be 

minimized. However, improper adhesive mixing or incorrect curing cycles can still occur, causing 

reduced cohesive strength. Even after pristine fabrication, both cohesion and adhesion can be 

affected over the service life of a joint through mechanical damage (e.g. physical impact), 

environmental damage (e.g. hot/wet aging), and fatigue (e.g. normal service stress/strain over time) 

[12]. Many NDE methods have been used to monitor cohesive properties during cure [13] [14] 

[15] [16], including an ultrasonic time-of-flight method described later in Chapter 6.  

Even with a controlled bonding procedure, unwanted contaminants such as grease and oils 

can easily be exposed to adherents and greatly affect bond strength. As such, the major focus of 

recent research into NDE of bonded joints has focused on interfacial failure at the 

adhesive/adherent interface, which often occurs due to poor surface or material preparation [2]. 

These weak interfaces are often referred to as “kissing” bonds, where adhesive and adherent are 
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in intimate contact but without the ability to transmit shear or tensile stress. However, no NDE 

method has shown satisfactory sensitivity to robustly detect kissing bonds and quantify interfacial 

bond strength in practical systems.  

1.2.2 Quality Control of Adhesive Bonding 

Numerous surface preparation methods exist to promote high adhesive bond strength and remove 

potential surface contaminants [17]. Simply cleaning the adherent with a solvent wipe prior to 

bonding can remove some surface contaminants. Additional solvent-based surface treatment 

methods include ultrasonic cleaning baths and vapor degreasing [18].  

More complex surface preparation methods exist which modify the surface state of the 

adherent prior to bonding. Physically abrasive methods, such as surface sanding, sand blasting, 

and grit blasting each modify the adherent surface roughness to increase bonding surface area and 

mechanical interlocking with the adhesive. However, the relationship between bond strength and 

surface roughness is not well understood and can differ greatly depending upon material system 

and roughening method [19] [20] [21] [22] [23]. Laser ablation techniques improve on mechanical 

methods by also improving the adherent surface chemistry to promote adhesion [24] [25] [26]. 

Similarly, plasma surface treatments etch a thin layer from the adherent or modify surface 

contaminant molecules to clean and activate the surface [27] [28] [29] [30] [31]. Chemical methods 

to etch the surface prior to bonding are commonly used with metal adherents, as well [17]. 

After surface treatment and prior to bonding, several methods exist to characterize the 

surface state of the adherent surface. Classically, the most common method for determining 

whether an adherent is in an appropriate state for bonding is to measure the water contact angle of 

the surface [32] [33]. From the surface wettability, the free energy of the surface can be 

determined, which is an important parameter in determining adhesion strength after bonding. In 
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general, the more wettable a surface, the more accepting the surface will be to the adhesive during 

the bonding process [1]. However, this technique does not work in all cases, as some surface 

contaminants can produce misleading results from contact angle tests.  

Other surface characterization techniques include laser induced breakdown spectroscopy 

(LIBS) [34] and optically stimulated electron emission (OSEE) [35]. LIBS is an in-line laser 

ablation process monitoring method which detects the wavelengths of light emitted from a surface 

during laser ablation to determine when contamination has been removed. OSEE uses the 

photoelectric effect to shine an ultraviolet (UV) light source on a surface and measure very small 

currents caused by electrons emitted from the surface. When contamination is present, the current 

is reduced from its pristine surface value. Both of these methods have proved robust enough to be 

used for industrial processing and inspection.  

1.2.3 Ultrasonic Testing 

Ultrasound is defined as sound waves with a frequency higher than the upper limit of human 

hearing, greater than ~20 𝑘𝐻𝑧. Not simply used because they are inaudible to humans, higher 

frequency waves provide shorter wavelengths in test materials, allowing for higher resolution of 

detection of small material property changes. Ultrasound is used in a variety of applications, from 

medical sonograms to flaw detection in manufactured parts for the aerospace and automotive 

industries.  

The basic idea behind any kind of ultrasonic testing involves transmitting sound waves into 

a test specimen and listening for echoes from the boundary between two media. The intensity of 

received echoes depends on the attenuation in the test medium and the difference in material 

properties at the boundary between two media with which the sound wave interacts. The time it 

takes for the echo to be received is used to determine how far away the boundary is from the sound 
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source. In medical applications, ultrasound is used to provide images of structures inside the body 

in a cheap and efficient manner. In NDE of manufactured components, echoes from within a part 

typically indicate a flaw of some type. By careful analysis of the intensity and time-of-flight (ToF) 

of a received echo, valuable information about a flaw is determined. In general, ultrasonic testing 

can be done in pulse-echo mode, where the same transducer transmits and receives the waves, or 

in pitch-catch mode, where different transducers transmit and receive the waves.  

1.2.3.1 Ultrasonic Echoes and Flaw Detection 

Echoes occur because sound waves reflect at the boundary between two dissimilar media, due to 

differences in a parameter called the specific acoustic impedance. Specific acoustic impedance (𝑍) 

is the product of the mass density (𝜌) and sound velocity (𝑐), expressed 𝑍 = 𝜌𝑐. The ultrasonic 

reflection coefficient at the boundary between two media is expressed in Equation 1.1. 

𝑅 =
𝑍1 − 𝑍2

𝑍1 + 𝑍2
 (1.1) 

In Equation 1.1, 𝑍𝑛 = 𝜌𝑛𝑐𝑛 is the acoustic impedance in each medium and has the units of 

rayleighs (Rayl), where 1 𝑅𝑎𝑦𝑙 = 1 𝑃𝑎 ∗ 𝑠 ∗ 𝑚−1. In ultrasonic testing, a flaw in a part will induce 

an ultrasonic reflection, as the acoustic impedance of air is much lower than that of any solid. 

Figure 1.3 shows a cross-sectional diagram of a typical ultrasonic test for flaw detection. An 

ultrasonic transducer is scanned across the surface of a part while sending ultrasonic pulses into 

the material and listening for echoes. Thin flaws, like cracks, cause a small amplitude of reflection, 

while larger flaws, such a voids, cause a large amplitude of reflection. If no flaws are present or if 

the present flaws are small, ultrasound will be reflected from the back wall of the part and later 

received by the transducer. Ideally, a flaw’s shape, size, and location are determined with 

knowledge of the sound velocity and acoustic impedance in the material under test. Ultrasonic 
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testing results are viewed in different time and spatial domain plots, which allow for visualization 

of echoes in 3D.  

 
Figure 1.3: Typical ultrasonic pulse-echo flaw detection test 

 

  1.2.3.2 Ultrasonic Wave Modes 

Ultrasonic waves can be generally categorized into a variety of different types: longitudinal or 

compressional, transverse or shear [36], surface or Rayleigh [37], and Lamb or guided waves [38]. 

Succinctly, longitudinal waves vibrate in the direction of propagation through a material; shear 

waves vibrate perpendicular to the direction of propagation through a material; Rayleigh and 

surface waves propagate across the surface of a material; and Lamb and guided waves propagate 

along a plate or bar guided by its boundaries. Each of these wave types has their own well-

developed fields of research and primary uses, too vast to summarize here. In this work, however, 

longitudinal ultrasonic waves are the primary focus, and when ultrasonic waves are referenced 

throughout the remainder of this document, it can be safely assumed that longitudinal ultrasonic 

waves are being referenced.  

Longitudinal waves are chosen for three primary reasons. First, they to propagate into the 

depth of a test material, unlike Rayleigh and surface waves. Second, they can be easily coupled 

into test materials with liquids, unlike shear waves, which do not propagate in non-viscous liquids. 
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Third and finally, conventional ultrasonic inspection processes, including large-area scanning 

systems, primarily use longitudinal ultrasound.  

  1.2.3.3 Ultrasonic Transducers and Couplant 

In NDE applications, ultrasound is transmitted into a test article using a device called an ultrasonic 

transducer. These transducers convert an electrical signal to an acoustic signal when transmitting 

and convert an acoustic signal to an electrical signal when receiving. The active material in most 

ultrasonic transducers is a piezoelectric crystal, which operates based on the piezoelectric effect. 

Piezoelectric materials have the unique property of accumulating an electric charge when 

mechanical stress is applied. They also exhibit the reverse piezoelectric effect: they generate 

mechanical strain from an applied electric field. Piezoelectric materials most commonly found in 

ultrasonic transducers include lead zirconate titanate (PZT), lithium niobate, quartz, and 

polyvinylidene fluoride (PVDF).    

 Ultrasonic transducers are designed for operation around some center frequency. The 

center frequency of the transducer is based on the thickness of the piezoelectric element, which 

resonates when the thickness is one half of the acoustic wavelength. Transducers are typically 

defined by their center frequency and their bandwidth or Q-factor, which is a measure of the 

sharpness of the resonance response.  

 While piezoelectric crystals are the active material in many ultrasonic transducers, they 

have two design concerns that limit their use as-is. First, they generally have a very sharp frequency 

response, limiting the bandwidth of ultrasonic frequencies that can be transceived. When desiring 

short time-duration pulses, this presents a problem, as high bandwidths are needed. Second, bare 

piezoelectric crystals are usually not ideally matched to transmit ultrasound into a test material, 

due to acoustic impedance mismatch.  
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Commercial ultrasonic transducers overcome these limitations by placing a backing layer 

behind the piezoelectric material and a matching layer in front of the piezoelectric material [39]. 

The backing layer dampens the sharp ultrasonic response of the piezoelectric material in the time-

domain, greatly broadening the bandwidth of the transducer. The matching layer has an acoustic 

impedance between that of the piezoelectric material and the test material, because a more gradual 

change in acoustic impedance allows a higher intensity of ultrasound to transmit into the test 

material. The thickness of the matching layer is usually chosen to be one quarter of the desired 

acoustic wavelength. Figure 1.4 shows the basic design of a damped piezoelectric transducer 

commonly used for ultrasonic NDE.  

 
Figure 1.4: Typical damped piezoelectric ultrasonic transducer 

 

While audible sound waves transmit through air well-enough that humans can communicate over 

great distances with just their voices, high frequency ultrasound attenuates extremely quickly in 

air. As such, piezoelectric ultrasonic transducers typically rely on an intermediate medium, known 

as couplant, to transfer ultrasonic waves to a test specimen. For longitudinal waves, water is very 

commonly used for its ease of use and simple cleanup. In fact, large water tanks are used to test 

large specimens by scanning a focused ultrasonic transducer across the surface of the part at a 

fixed distance. In direct-contact ultrasonic testing, couplant is usually applied to the surface, and 

the transducer is scanned by hand across the part. For automated part inspections without a water 
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tank, methods using water sprayed on the surface while scanning the transducer or the transducer 

mounted in a trapped water column with rubber membrane on the end are sometimes employed. 

Direct-contact ultrasonic measurements are used throughout this work.  

In many applications, non-contact ultrasonic testing is desirable. While there is research 

into air-coupled ultrasonic transducers for NDE [40] [41], they require much higher power to 

operate and are typically still limited in frequency to less than 1 MHz. Another type of non-contact 

ultrasonic transducer is called an electromagnetic acoustic transducer (EMAT), which use a 

magnet and a conducting coil that is driven by an electric signal to produce ultrasonic waves in a 

nearby test material [42] [43]. A final non-contact ultrasonic method, known as laser ultrasound, 

has generated much interest in recent years for its ability to generate higher frequencies and 

broader bandwidths that possible with piezoelectric transducers. By operating a short pulse 

duration laser in the thermoelastic regime of power density on the surface of a test specimen, 

ultrasonic pulses are generated in the test specimen due to very fast thermal expansion near the 

surface, which then propagates throughout the material [44] [45] [46]. Laser detection of 

ultrasound often utilizes the interferometric methods [47] [48] [49].  

1.2.4 Ultrasonic Phase Assessment of Adhesive Bonds 

Ultrasonic phase assessment of adhesive bond quality in this work involves the use of tone-bursts, 

or a short-duration of ultrasonic waves at a single frequency, to interrogate an adhesively bonded 

joint. Figure 1.5 shows a diagram of how adhesively bonded joints are interrogated with ultrasonic 

phase measurements.  
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Figure 1.5: Ultrasonic assessment of reflections from an adhesively bonded joint 

As shown in Figure 1.5, ultrasonic echoes from the bond line are measured with an ultrasonic 

transducer. The phase of the received echoes are measured with a custom-built instrument 

developed in this work, based on a pulsed phase locked loop design. The phase, or time-delay, of 

the received echoes are compared to a reference wave that stays within the circuit. The relative 

phase of the transceived wave is modified by the instrument to keep the phase difference with the 

reference wave constant at a known value. The change in phase offset needed to bring and keep 

the constant phase difference output is used to measure the ultrasonic phase of the reflection 

coefficient of the bonded joint.  

 The imperfectly bonded adhesive/adherent interfaces are modeled by a distributed spring 

system, where strong bonding is represented by high interfacial stiffness, and weak bonding is 

represented by low interfacial stiffness. The interfacial spring model modifies the reflection 

coefficient of the boundary between two media from Equation 1.1 to the modified reflection 

coefficient shown in Equation 1.2.  

𝑅𝑚 =
𝑍1 − 𝑍2 + 𝑖𝜔

𝑍1𝑍2

𝐾

𝑍1 + 𝑍2 + 𝑖𝜔
𝑍1𝑍2

𝐾

 (1.2) 

In Equation 1.2, 𝑖 = √−1 is the imaginary unit, 𝜔 = 2𝜋𝑓 is the ultrasonic angular frequency, and 

𝐾 is the interfacial stiffness constant. The modified reflection coefficient, 𝑅𝑚 now contains a 
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complex, frequency-dependent term in both the numerator and denominator. Whereas the standard 

reflection coefficient in Equation 1.1 only exhibits a phase shift of 0 𝑑𝑒𝑔 or 180 𝑑𝑒𝑔, the modified 

reflection coefficient exhibits a wide range of phase shifts depending upon both frequency and 

interfacial stiffness, a measure of bond quality.  

 In SLJs, the adhesive layer acts as a resonance cavity due to phase-matching between 

reflected and transmitted waves within the layer when the bond line thickness is equal to half the 

ultrasonic wavelength in the layer (i.e. 𝐿 = 𝜆/2, where 𝐿 is bond line thickness and 𝜆 is ultrasonic 

wavelength). While the transmission coefficient has its peak, the intensity of the reflection 

coefficient reaches a minimum value when 𝐿 = 𝜆/2. Meanwhile, the ultrasonic phase shifts very 

sharply from negative values to positive values on either side of the resonance frequency. Figure 

1.6 shows how the amplitude and phase of the reflection coefficient vary as a function of frequency 

around the bond line resonance in a SLJ with perfect bonding conditions.  

 
Figure 1.6: Amplitude and phase response of reflection coefficient around ultrasonic resonance 

frequency in a SLJ 

 

By interrogating the bonded joint around the resonance frequency, the phase inversion from 

negative to positive values is measured. Changes in bond quality at the two interfaces in a SLJ, 
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represented by changes in the interfacial stiffness constants, will modify the shape of the phase of 

the reflection coefficient from the ideal response shown in Figure 1.6. For instance, lower 

interfacial stiffness may reduce the bond line resonance frequency and change the slope of the 

phase inversion region. The heart of this work focuses on the modeling and measurement of the 

phase of ultrasonic reflections at imperfectly bonded interfaces, as well as the determination of 

bond quality from those measurements.  

1.3 Problem Statement 

As adhesive bonding is the preferred method of joining composite materials, assurance of bond 

quality is essential to the continued safe use of advanced composite structures in the aerospace, 

automotive, and other industries. No NDE method exists as an industry standard for measuring 

adhesive bond strength, which is needed for both manufactured joints and bonded repairs. Bond 

quality is currently only ensured via manufacturing process control and destructive testing. 

Accordingly, the use of composite materials and adhesive bonds throughout the aerospace, 

automotive, and other industries are hindered by the inability to measure adhesive bond strength 

quantitatively. 

The primary objective of this research is to demonstrate a phase-based ultrasonic NDE 

method for measuring adhesive bond strength. By utilizing constant-frequency pulse phase-locked 

loop technology, this research aims to use high-resolution ultrasonic phase measurements to 

quantify adhesion quality of bonded joints. Based on a distributed spring model for imperfect 

adhesive/adherent interfaces, the phase vs. frequency response of a bonded joint should be 

sensitive to interfacial adhesion strength. Additionally, this method has the ability to monitor 

structural and mechanical property changes to monitor for early detection of adhesive bond failure. 

This ultrasonic phase measurement method can easily interface with conventional ultrasonic 
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inspection setups and is compatible with commercially available ultrasonic transducers.   

1.4 Overview of Dissertation 

Chapter 2 describes a literature review of assessment methods for adhesive bond quality, focusing 

in most depth on ultrasonic NDE methods. Chapter 3 discusses how ultrasonic interactions with 

imperfect interfaces are modeled and demonstrates how ultrasonic phase is expected to change 

with the modification of material properties of the adhesive bond. Then, the high-resolution single-

frequency ultrasonic phase measurement method developed as a part of this project is described 

and demonstrated in detail in Chapter 4. Chapter 5 demonstrates how the ultrasonic phase method 

is used to measure the interfacial stiffness between two media with different material setups. Next, 

the nondestructive evaluation of adhesive bond strength in single lap joints using ultrasonic phase 

measurements is demonstrated in Chapter 6, which was the primary goal from the outset of this 

project. Given the proof that the ultrasonic phase method is able to quantify adhesive bond quality, 

Chapter 7 discusses the limitations of the method as well as ideas for overcoming such challenges. 

Chapter 8 then investigates several additional applications of the ultrasonic phase method 

developed in this work with both theory and experimental results. Finally, Chapter 9 discusses 

general conclusions from this work as well as some interesting directions for future work using 

this method.  
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Chapter 2: Literature Review 

Traditionally, adhesive bonding has been nondestructively inspected by visual and sonic methods. 

Visual inspections rely on an experienced technician to identify potential damage sites of adhesive 

bonds that can be seen on the surface of the adherent, which means that only egregious bonding 

defects are identified. Still, visual inspections are by far the most-common inspection method for 

damage detection, used to find damage on automobiles, building structures, and small aircraft.  

 A simple and still commonly used sonic method, known as the Coin Tap Test, makes use 

of an experienced technician to identify sound differences between good and bad bonds after 

tapping the adherent with a coin [3]. In a sufficiently damaged bond, the local structural stiffness 

is affected by the defect, and the characteristic amplitude and time response of the sound of the 

coin tap will be observable to the trained ear. These simple methods can only detect extremely 

damaged bonded joints and are highly susceptible to human error, so quantitative NDE methods 

have been developed to interrogate adhesively bonded joints in critical applications.   

2.1 Destructive Methods 

While destructive methods do not work for parts in service, destructive testing is still the most 

reliable method of adhesive bond strength validation for as-manufactured structures. Coupon-scale 

testing of new adhesives, surface preparation process, and bonded structures also make extensive 

use of destructive tests for bond strength assessment. For coupon-scale tests, there are a variety of 

destructive test methods, depending upon the desired information and mode of loading. For 

purposes of narrowing the scope of all destructive bond strength tests, only methods for SLJs are 

discussed. The American Society for Testing and Material (ASTM) defines standard test setups 

and methods for destructive adhesive bond strength tests, which are generally used or referenced 

throughout the literature. After destructive testing, visual inspection of the adherent surfaces is 
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conducted to determine the failure mechanism. Figure 1.2 gives examples of adhesive and cohesive 

failure in metal/epoxy SLJs after destructive testing.  

 Destructive tests are generally classified by the mode of loading being applied. Figure 2.1 

displays loading in each mode on a crack in a material. In Mode I, opening or tensile load is 

applied; in Mode II, shear or sliding load is applied; and in Mode III, out-of-plane shear or tearing 

load is applied. Modes I and II are most often used for loading in adhesive bonds strength 

evaluation. While there are numerous test methods for adhesively-bonded joints, only lap shear 

test for Mode II loads and the double cantilever beam (DCB) test for Mode I loads are highlighted 

here, as they are most often used for adhesive bond strength evaluation in the literature and for 

validation of NDE methods.  

 
Figure 2.1: Three modes of loading in fracture mechanics 

 

For testing SLJs under shear or Mode II load, the lap shear test is very commonly used, especially 

with metal adherents. As defined by the ASTM D1002 standard, long metal adherents are bonded 

together with a thin overlap region and placed within a load frame with wedge grips [50]. The 

joints are then slowly pulled with shear loading until failure, the maximum load is determined, and 

the maximum shear stress of the joint is calculated from the failure load divided by the bonded 

area. To make sure the loading is aligned through the bondline, shims are used on each side of the 

adherent where gripped. This promotes loading of the joint in only the shear mode and minimizes 
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tensile or peeling forces. Figure 2.2 shows an image of a typical lap shear testing setup using a 

load frame. Typical load vs. displacement curves from lap shear tests are shown in Figure 8.3.  

 
Figure 2.2: Image of lap shear testing setup 

 

The lap shear destructive test produces only one bond strength value for the entire SLJ and gives 

no information about how bond strength might vary across the bonded region. While quite simple 

in setup, this method is often criticized for use in bonded joint design, because as the joint is loaded 

and deformed, the load path crosses the adhesive layer and causes out-of-plane loading [51]. This 

effect is magnified for thin adherents which bend more drastically when the SLJ is under high 

shear loads. Regardless, numerous theoretical and experimental studies have used lap shear testing 

to compare different bonded joint preparation methods [52] [53] [54] [19] [20] [28].  
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 The double cantilever beam (DCB) test investigates tensile or Mode I bond strength, 

especially in composite specimens. As defined by ASTM D3433 standard [55], the SLJ specimen 

configuration is quite different for DCB testing than for lap shear testing, as shown in Figure 2.3. 

Rather than long adherents with a thin overlap region, the bonded joint has a short pre-cracked 

region followed by a long bonded overlap region. As tensile stress is applied to the pre-cracked 

end of the joint, the bonded region begins to break. Ideally, the bond breaks in discrete increments, 

and the crack length is tracked by optical methods from observing the side of the joint. A parameter 

called the fracture toughness of the adhesive bond is calculated using beam theory from the applied 

load, crack length, and joint geometry [56]. The parameter called 𝐺1𝑐, or the fracture toughness 

from load to start of crack, is often of primary interest. Unlike lap shear tests, however, DCB tests 

give information about the bond strength across the length of a SLJ specimen rather than just a 

single measurement for the entire joint.  

 
Figure 2.3: Double cantilever beam testing setup 

 

Numerous studies have used DCB tests to understand crack formation and propagation in adhesive 

bonds from a fracture mechanics perspective [56] [57] [58]. Additionally, DCB tests are often 

employed to test surface preparation methods for adhesive bonding [26] [59], as well as 

manufacturing-induced and in-service defects [12] [60].  
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2.2 Ultrasonic NDE Methods 

The focus of most research into bonded joints have used specialized ultrasonic methods to 

mechanically interrogate the bonded joint on the atomic level. Conventional pulse-echo ultrasonic 

testing can detect large bonding flaws, such as delaminations and missing adhesive, but are unable 

to detect kissing bonds. Several advanced ultrasonic methods have claimed sensitivity to the 

quality of the adhesive/adherent interface of bonded joint (i.e. the ability of the bond to transmit 

stresses). These methods often make use of a modelled mass-spring system. 

A massless spring model for imperfect adhesion was originally proposed by Tattersall [61], 

while a more fully developed model of ultrasonic interactions with imperfect interfaces included 

a mass-spring system derived by Baik and Thompson [62]. For many commonly encountered 

adhesive interfaces, including a thin array of interfacial cracks, the interfacial mass contribution is 

negligible. As such, a massless spring interface model has been used in several studies of adhesive 

bond evaluation with ultrasound. Recent theoretical work investigated the interfacial spring model 

in single lap joints for the conditions under which a bonded joint can be modeled by a single 

interface, a single interlayer, and a double interface with an interlayer [63].  

Analysis by Cantrell into adhesive bonding in alumina-epoxy [64] and carbon fiber-epoxy 

[65] bonded joints has related interfacial spring stiffness models to the number of intact bonds per 

unit area at the interface, which is directly related to mechanical bond strength. Further work by 

Cantrell links measured amplitude and phase data from ultrasonic tone-bursts to mechanical 

strength at the adhesive/adherent interface via a physico-chemical model [66].  

Research into both linear [67] and modulated [68] angle beam ultrasonic spectroscopy 

(ABUS), supports Cantrell’s analysis. In ABUS, the frequency-domain characteristics of a 

reflected ultrasonic pulse measures the bonded joint’s interfacial properties. These methods relate 
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the shift in frequency of the amplitude minimum of both the normal and oblique incidence 

ultrasonic reflection coefficients of a bonded joint to the normal and shear interfacial stiffness 

moduli. A method developed by Nagy estimates the normal and shear interfacial stiffness constants 

from the characteristic frequency of the ultrasonic reflection coefficient, which is identified by the 

transition between low and high frequency regions of the amplitude response [69]. Additional 

ultrasonic techniques making use of similar normal and transverse stiffness models have been 

demonstrated using lamb waves [70], shear-horizontally polarized guided waves [71], non-linear 

ultrasound [72], a combination of compression and shear waves during adhesive cure [73], and 

anisotropy observed in ultrasonic plane wave transmission coefficients [74]. 

While most work investigating adhesive bond strength with ultrasound has focused on lap 

joints with multiple adherent/adhesive interfaces, some research has been conducted into adhesion 

quality assessment at a single adherent/adhesive interface. In the single-interface case, diffusion 

bonds, where the same material is on both sides of the interface, have been invested with both 

amplitude and phase-based ultrasonic methods. By observing changes in the amplitude of the 

normal-incidence ultrasonic reflection coefficient, diffusion bond quality is assessed [75]. Further 

theoretical analysis can then infer information about the size of interfacial crack [76]. Recent work 

using the phase of ultrasonic pulses reflected from a diffusion bond have shown success in 

measuring bond quality by using double-sided [77] and single-sided [78] interrogation methods. 

These results also find that high signal-to-noise ratio is essential, and the standard deviation of 

phase measurements must be small enough to identify the diffusion bond as good or bad. Other 

studies have investigated coating/substrate adhesion quality using laser ultrasound [79], [80].  

In addition to adhesive bonding, interfacial stiffness has been studied extensively by the 

tribology community to determine how two solid surfaces are interacting and to evaluate imperfect 
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interfaces [81]. Similar to the adhesive/adherent interface, the solid/solid interface as distributed 

spring system, with the key measurement parameters being the normal and tangential interfacial 

stiffness. This approach to solid/solid interface quality assessment has been demonstrated with a 

variety of ultrasonic methods, including zero-group velocity lamb wave modes [82], normal and 

angular longitudinal ultrasound [83], and a combination of bulk and interface waves [84]. Other 

ultrasonic methods have used the phase response of a bonded joint to estimate adhesion quality. 

Królikowski and Szczepek used the pulse-echo overlap method to measure the phase of the 

reflection coefficient of an ultrasonic pulse in simulated kissing bonds. Kissing bonds are 

simulated by rough surface coupons in dry-contact held together by compressional stress. They 

found ultrasonic phase is sensitive to both interfacial stiffness and real surface area fractional 

contact [85].  

2.3 Non-Ultrasonic NDE Methods 

Numerous other NDE methods have been investigated for sensitivity to weak adhesion and kissing 

bonds, including shearography [86], thermography [87], digital image correlation (DIC) [88], 

radiography [3], and nuclear magnetic resonance (NMR) [89]. Broadly, these methods can detect 

large bonding defects such as complete disbonds and adhesive voids, but do not have the resolution 

to detect weak interfacial bonding or identify kissing bonds.  

The most successful non-ultrasonic method of evaluating adhesive bonds is the Laser 

Shock Adhesion Test (LASAT) [90] [91]. LASAT is one of the few bond quality assessment 

methods to be developed into a commercial instrument, as Laser Bond Inspection (LBI) it is 

currently pursued by Boeing for use in the aerospace industry. By interrogating a bonded joint 

with a shock wave introduced by a pulsed laser, the strength of the bond can be evaluated. The 

shock wave will completely break weak bonds, causing a complete disbond that can be later 
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viewed using conventional broadband pulse ultrasound. Bonds with strengths over the threshold 

of the shock wave are supposedly unaffected and considered sufficiently strong for service. The 

laser shock adhesion requires very expensive and bulky laser shock wave generation equipment, 

making it unfeasible to use in many practical applications. The method generally requires 

conventional ultrasonic inspection after the shock waves have interrogated the bond to inspect for 

broken bonds, requiring further time and testing equipment. Adhesion tests using laser shock 

waves have also been demonstrated on the bonding between coatings and substrates [92] [93].  

2.4 Conclusions 

Despite showing some sensitivity to adhesion quality, no ultrasonic method has yet become an 

industry-accepted method of quantifiably measuring adhesion strength. In fact, only a few studies 

have shown experimentally validated correlations between measured ultrasonic data and actual 

mechanical strength [94], [74], [95], [96], [97]. Conventional amplitude vs. time ultrasonic 

measurements are not sensitive enough to weak interfacial bonding and kissing bonds without 

gross bonding defects. Angle-beam spectroscopic ultrasonic methods show sensitivity to interface 

quality – especially using shear waves – yet utilize complex and time-consuming experimental 

setups, which makes it challenging to use in a manufacturing or repair-facility setting. Recent use 

of ultrasonic phase in single-interface diffusion bonds have shown excellent interfacial stiffness 

sensitivity; however, the high signal-to-noise ratio required for interface characterization are, in 

many cases, difficult to obtain with broadband pulse analysis.  

In this work, an ultrasonic adhesion quality evaluation method is demonstrated, by combining 

the advantages of frequency-based with phase-based ultrasonic methods, while overcoming some 

of the challenges of previous techniques. Additionally, the interfacial stiffness model of weak 

adhesive bonding has been successfully used with ultrasonic amplitude measurements, but little 
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validation and testing of this model has been conducted using ultrasonic phase. This method uses 

a tone-burst from a constant frequency pulsed phase-locked-loop (CFPPLL) instrument to measure 

the phase of a single-frequency – rather than broadband – ultrasonic pulse. By measuring ultrasonic 

phase at a single frequency and using narrowband filtering to suppress noise at unwanted 

frequencies, high signal-to-noise ratios and consequently, low phase measurement noise, is 

obtained with commercially-available damped transducers. By sweeping the frequency over a 

desired range and correcting for transducer phase response, a high-resolution ultrasonic phase vs. 

frequency spectrum – as opposed to the amplitude spectrum used in many previous studies – is 

obtained for characterization of adhesion quality. This method has advantages over amplitude-

based techniques, by being insensitive to attenuation changes and other amplitude-based sources 

of uncertainty.   
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Chapter 3: Modeling of Ultrasonic Interactions with Imperfect 

Interfaces 

Prior to discussing the method by which ultrasonic phase measurements are experimentally 

conducted in this work, a thorough understanding of the ultrasonic interactions with imperfect 

interfaces is developed. This work investigates the reflection of ultrasonic waves from imperfect 

interfaces and weak adhesive bonds by modeling theses interfaces by a linear distributed spring 

system. In contrast with the bulk of previous research, which has focused on how ultrasonic 

amplitude changes with interfacial stiffness, this work is entirely focused upon phase shifts.  

 In the linear distributed spring system model for imperfect interfaces, interface quality and 

adhesive bond quality are modeled by an interfacial spring stiffness, 𝐾, when interrogated by 

ultrasonic waves. For a perfect interface, 𝐾 approaches infinity; while for a complete disbond, 𝐾 

approaches zero. In this chapter on modeling, 𝐾 is referred to as a measure of bond quality, but 

the exact relationship between 𝐾 and bond strength is not established until Chapter 6. For now, 

however, it can be safely assumed that bond quality has a monotonic, positive correlation with 

interfacial stiffness. 

First, a model of ultrasonic interactions with a single imperfect interface is developed. 

Examples are provided to show how the ultrasonic phase of the reflection will change based on 

interfacial stiffness and the acoustic impedance of the interfacing media. Additionally, there is a 

section on modeling imperfect interfaces as a thin layer rather than a distributed spring boundary, 

and the conditions under which these two models are equivalent are determined.  

Second, ultrasonic interactions with imperfect interfaces in tri-layer structures are modeled. 

As this work is targeted at characterizing adhesively bonded joints, it is prudent to understand how 
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ultrasound interacts with one of the most simple and common bonded joint setups: the single lap 

joint (SLJ). SLJs consist of two adherents bonded together with an adhesive layer in between, 

creating a tri-layer structure. In practice, it is often difficult to time-resolve ultrasonic echoes from 

the two adhesive/adherent interfaces in a SLJ, so the total reflection coefficient after a number of 

internal echoes have been received (i.e. the steady-state response) is modeled. From modeling, it 

is shown how the phase vs. frequency response around the adhesive layer’s acoustic resonance 

frequency changes depending upon interface quality. It is from this model of the reflection 

coefficient that a curve-fitting algorithm is later developed to determine interface stiffness from a 

measured phase vs. frequency response curve.   

3.1 Ultrasonic Interactions with a Single Imperfect Interface 

3.1.1 General Model 

The reflection coefficient from a single adherent/adhesive interface is derived by assuming the 

imperfect interface is represented by a distributed spring system, as proposed by Baik and 

Thompson [98]. Assume an ultrasonic particle displacement plane wave, expressed in Equation 1, 

is excited into the adherent of a bonded joint at normal incidence. In Equation 3.1, 𝑇𝑖 is the wave 

amplitude, 𝑖 = √−1, 𝜔 is angular frequency, 𝑡 is time, 𝑘1 is the complex wavenumber in the 

incident medium, and 𝑥 is the distance travelled by the wave. The complex wavenumber in a given 

medium is defined 𝑘𝑛 = 𝜔/𝑐𝑛 + 𝑖𝛼𝑛, where 𝛼𝑛 is the acoustic attenuation coefficient, and 𝑐𝑛 is 

the longitudinal wave velocity – often referred to as the sound velocity.  

𝑢𝑖(𝑥, 𝑡) = 𝑇𝑖𝑒
𝑖(𝜔𝑡−𝑘1𝑥) (3.1) 

Consider the configuration shown in Figure 3.1, which could be representative of an 

adherent/adhesive joint with imperfect bonding. In Figure 3.1, 𝑇𝑖 is the input wave amplitude, 𝑅1 

is the reflection coefficient from the interface, 𝑇2 is the transmission coefficient through the 
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interface, 𝐸𝑛 is the elastic modulus in each medium, and 𝐾 is the interfacial stiffness per unit area 

– otherwise known as the stiffness constant flux. Assume the adherent and adhesive layers are 

half-spaces so that secondary echoes from the front-wall of the adherent and back wall of the 

adhesive are not observed. Also, the input amplitude is assumed unity for simplicity (i.e. 𝑇𝑖 = 1).  

 
Figure 3.1: Joint configuration representing adherent/adhesive interface 

 

From the incident ultrasonic displacement wave expressed in Equation 3.1, the reflection and 

transmission coefficients at the interface are found by applying the appropriate boundary 

conditions to the displacement and stress in each medium. Table 3.1 shows the ultrasonic 

displacement and stress wave equations in each medium as a function of position. The incident 

plane wave amplitude, 𝑇𝑖, is assumed unity in this derivation for simplicity, and the boundary 

between adhesive and adherent is taken to be at the position of 𝑥 = 0. The ultrasonic stress was 

found from the displacement equations from the relation, 𝜎𝑛 = 𝐸𝑛 𝜕𝑢𝑛/𝜕𝑥, where 𝑢𝑛 is ultrasonic 

displacement, 𝑥 is position, 𝜎𝑛 is stress, and 𝐸𝑛 is the longitudinal elastic modulus. The 

longitudinal elastic modulus used here is approximated as 𝐸𝑛 ≈ 𝜌𝑛𝑐𝑛
2, where 𝜌𝑛 is the mass density 

and 𝑐𝑛 is the sound velocity within the medium.  

Table 3.1: Ultrasonic wave displacement and stress equations in single-interface bonded joint 

Medium 

(Subscript) 
Displacement Stress 

Adherent (1) 𝑢1(𝑥) = 𝑒−𝑖𝑘1𝑥 + 𝑅1𝑒
𝑖𝑘1𝑥 𝜎1(𝑥) = −𝑖𝐸1𝑘1(𝑒

−𝑖𝑘1𝑥 − 𝑅1𝑒
𝑖𝑘1𝑥) 

Adhesive (2) 𝑢2(𝑥) = 𝑇2𝑒
−𝑖𝑘2𝑥 𝜎2(𝑥) = −𝑖𝐸2𝑘2(𝑇2𝑒

−𝑖𝑘2𝑥) 

 

With perfect bonding, the boundary conditions at the interface consist of continuity of 

displacement and stress. After applying such boundary conditions, solving for the reflection 
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coefficient, and assuming acoustic attenuation is zero, the well-known acoustic reflection 

coefficient of 𝑅1 = (𝑍1 − 𝑍2)/(𝑍1 + 𝑍2), shown in Equation 1.1, is found. 𝑍𝑛 = 𝜌𝑛𝑐𝑛 is the 

acoustic impedance of each medium. With imperfect bonding, however, the distributed spring 

boundary modifies the continuity of displacement boundary condition, while leaving the continuity 

of stress boundary condition intact [98]. The spring boundary condition is found by setting the 

interfacial spring constant equal to the average stress at the interface divided by the difference in 

displacement at the interface, and it is shown in Equation 3.2.  

(𝜎1(0) + 𝜎2(0))/2 = 𝐾(𝑢2(0) − 𝑢1(0)) (3.2) 

By combining the spring boundary condition with continuity of stress at the interface (i.e. 𝜎1(0) =

𝜎2(0)) the combined boundary condition at the interface is written in Equation 3.3.  

𝜎1(0) = 𝜎2(0) = 𝐾(𝑢2(0) − 𝑢1(0)) (3.3) 

Using Equation 3.3, an equation is found for the stress and displacement in the adhesive and 

adherent at position 𝑥 = 0, as shown in Table 3.2. Note, the only unknown parameters in the four 

displacement and stress equations at the interface are the reflection and transmission coefficients.   

Table 3.2: Ultrasonic wave displacement and stress at the interface (i.e. 𝑥 = 0) 

Medium 

(Subscript) 
Displacement Stress 

Adherent (1) 𝑢1(0) = 1 + 𝑅1 𝜎1(0) = −𝑖𝐸1𝑘1(1 − 𝑅1) 

Adhesive (2) 𝑢2(0) = 𝑇2 𝜎2(0) = −𝑖𝐸2𝑘2(𝑇2) 

 

After applying the boundary conditions from Equation 3.3 to the interfacial stress and 

displacement equations in Table 3.2, a system of coupled equations is found in terms of unknowns 

𝑅1 and 𝑇2. The system of coupled equation is expressed in matrix form in Equation 3.4.  

𝐴𝑥 = 𝑏 (3.4) 

𝐴 = [
𝐾 + 𝑖𝐸1𝑘1 −𝐾

−𝐾 𝐾 + 𝑖𝐸2𝑘2
] , 𝑥 = [

𝑅1

𝑇2
] , 𝑏 = [

−𝐾 + 𝑖𝐸1𝑘1

𝐾
] 
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The reflection and transmission coefficients at the interface are found by the inverse matrix 

method. After simplification, the reflection coefficient 𝑅1 is expressed in Equation 3.5, and the 

transmission coefficient 𝑇2 is expressed in Equation 3.6.  

𝑅1 =
𝐸1𝑘1 − 𝐸2𝑘2 +

𝑖𝐸1𝑘1𝐸2𝑘2

𝐾

𝐸1𝑘1 + 𝐸2𝑘2 +
𝑖𝐸1𝑘1𝐸2𝑘2

𝐾

 (3.5) 

𝑇2 =
2𝐸1𝑘1

𝐸1𝑘1 + 𝐸2𝑘2 +
𝑖𝐸1𝑘1𝐸2𝑘2

𝐾

 (3.6) 

In the case that the acoustic attenuation in each medium is negligible, 𝛼𝑛 = 0 and the reflection 

coefficient reduces to the form shown in Equation 3.7, and the transmission coefficient reduces to 

the form shown in Equation 3.8. 

𝑅1 ≈
𝑍1 − 𝑍2 + 𝑖𝜔

𝑍1𝑍2

𝐾

𝑍1 + 𝑍2 + 𝑖𝜔
𝑍1𝑍2

𝐾

 (3.7) 

𝑇2 ≈
2𝑍1

𝑍1 + 𝑍2 + 𝑖𝜔
𝑍1𝑍2

𝐾

 (3.8) 

In both Equations 4.5 and 4.7, it can be seen that the reflection coefficient is modified by the 

distributed spring boundary with the addition of a complex, frequency-dependent term to both the 

numerator and denominator. This complex term induces measurable phase shifts of interest to this 

work. For large values of 𝐾, where bond quality is good, the complex term is small in comparison 

to the other terms, which depend on the acoustic impedance mismatch at the interface. As the bond 

quality decreases, however, 𝐾 becomes small enough to have a large impact on the overall 

reflection coefficient, inducing changes in amplitude and phase that would not be observed with 

perfect bonding. At the limit where 𝐾 → 0, the bond line reflection coefficient approaches unity, 

depicting total acoustic reflection from the interface.  
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In the simplified case where attenuation is negligible, shown in Equation 3.7, the phase of 

the ultrasonic displacement wave reflection coefficient can be found by expressing 𝑅1 as a complex 

number. In polar form, the reflection coefficient is written 𝑅1 = |𝑅1|𝑒
𝑖𝜙𝑅1 , where |𝑅1| is the 

magnitude and 𝜙𝑅1
 is the phase. After simplification, the phase of the reflection coefficient is 

expressed in Equation 3.9, which is used to model the phase response from single 

adhesive/adherent interfaces.  

𝜙𝑅1
= tan−1 (

2𝜔𝑍1𝑍2
2𝐾

𝐾2(𝑍1
2 − 𝑍2

2) + (𝜔𝑍1𝑍2)2
) (3.9) 

3.1.2 Examples of Ultrasonic Phase of Reflection Coefficient 

The general shape of the phase of the reflection coefficient as a function of frequency and 

interfacial stiffness depends on the relationship between 𝑍1 and 𝑍2. Figure 3.2 shows examples of 

the phase response of the reflection coefficient with a driving frequency of 10 MHz for the three 

cases of acoustic impedance mismatch at the interface: 𝑍1 > 𝑍2, 𝑍1 < 𝑍2, and 𝑍1 = 𝑍2. For these 

three cases, material properties of aluminum 6061 (Al 6061) and epoxy adhesive are used such 

that an interface of Al/epoxy represents the 𝑍1 > 𝑍2 case, epoxy/Al represents the 𝑍1 < 𝑍2 case, 

and Al/Al represents the 𝑍1 = 𝑍2 case.   
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Figure 3.2: Ultrasonic phase at 10 MHz of reflection coefficient vs. interfacial stiffness flux with 

different acoustic impedance mismatch conditions 

 

While Figure 3.2 is useful in understanding how different interface conditions change the phase of 

ultrasonic reflections, it only portrays part of the information about what is occurring, because it 

shows the phase at a constant frequency. To show how the phase spectrum varies for different 

interfacial stiffness values, the phase vs. frequency response of the reflection coefficient under 

different acoustic impedance mismatch conditions is plotted in Figure 3.3.  

For the case where the acoustic impedances of each medium match and when the acoustic 

impedance of the first medium is smaller than that of the second medium, the phase varies from 

0° with poor bonding to a much higher value for good bonding. In both of these cases, the phase 

is a monotonically increasing function of interfacial stiffness, and there is a high dynamic range of 

phase shift between good and bad bonding. Conversely in the case of 𝑍1 > 𝑍2, the phase shift is 

0° for both good and bad bonding, with a small peak phase at some value of 𝐾. While having a 

much lower phase shift range in comparison to the other interface configurations, it is this 𝑍1 > 𝑍2 

case that occurs in a wide variety of applications and is of interest to this work. The acoustic 

impedance in one medium is greater than that of the underlying medium in most adhesively bonded 

joints, such as those with metal adherents and epoxy adhesive; in coated or painted metal 

structures; and in thermal protection barriers.  
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a) 

 
b) 

.  

c) 

Figure 3.3: Phase vs. frequency response for different interfacial stiffness constants with 

different acoustic impedance mismatch conditions: a) 𝑍1 > 𝑍2, b) 𝑍1 < 𝑍2, and c) 𝑍1 = 𝑍2 
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To further analyze the phase response in the case 𝑍1 > 𝑍2, the position of the peak phase shift is 

determined by taking a partial derivative of the phase with respect to interfacial stiffness flux. After 

simplification, the partial derivative of 𝜙𝑅1
 with respect to 𝐾 is shown in Equation 3.10.  

𝜕𝜙𝑅1

𝜕𝐾
=

(2𝜔𝑍1𝑍2
2)[(𝜔𝑍1𝑍2)

2 − (𝑍1
2 − 𝑍2

2)𝐾2]

2𝜔𝑍1𝑍2
2𝐾 + [(𝜔𝑍1𝑍2)2 + 𝐾2(𝑍1

2 − 𝑍2
2)]2

 (3.10) 

The interfacial stiffness constant that produces the peak phase of the reflection coefficient is found 

by setting 𝜕𝜙𝑅1
/𝜕𝐾 = 0 and solving for 𝐾. From this procedure, the interfacial stiffness of 

maximum phase is found and denoted 𝐾0, as expressed in Equation 3.11. It is further noted from 

Equation 3.11 that a local maximum only occurs when 𝑍1 is greater than 𝑍2, as other cases result 

in infinite or complex values of 𝐾0, which are physically unrealizable. Additionally, it is noted that 

the interfacial stiffness producing maximum phase depends on acoustic frequency. Consequently, 

by choosing appropriate driving frequency, ultrasonic phase monitoring can be used to find when 

the interface quality passes some threshold value, 𝐾0. 

𝐾0 =
𝜔𝑍1𝑍2

√𝑍1
2 − 𝑍2

2
 (3.11) 

The maximum phase of the reflection coefficient for a given bonded joint configuration is found 

by setting 𝐾 = 𝐾0 in Equation 3.9. The resulting maximum phase is denoted max (𝜙𝑅1
) and 

expressed in Equation 3.12.  

max(𝜙𝑅1
) = tan−1 (

𝑍2

√𝑍1
2 − 𝑍2

2
) (3.12) 

Of note in Equation 3.12 is that the maximum phase shift is not a function of frequency or 

interfacial stiffness flux. Only the relationship between the acoustic impedances of the two media 

affect the value of maximum phase. This relationship is advantageous in cases where the acoustic 

impedance of one medium may change at the same time interfacial stiffness changes, such as in 



33 

 

the case of bonded joints undergoing degradation in the adhesive due to environmental aging. For 

example, when the peak phase shift is observed at a particular frequency, the acoustic impedance 

of the adhesive is determined from the maximum phase value and the acoustic impedance of the 

adherent. Then the acoustic frequency and both acoustic impedance values at maximum phase of 

the reflection coefficient are used to find the interfacial stiffness flux at that time.  

3.1.3 Modeling Thin Layer as Distributed Spring Interface 

In many applications of interest, such as adhesively bonded single lap joints, there exists a thin 

layer embedded between two much thicker surrounding media. Additionally, instead of using the 

distributed spring model of weak interfacial bonding, some researchers have modeled the interface 

region in bonded joints as an interphase layer. With this approach, the region where adhesive and 

adherent meet is treated as its own separate layer with ultrasonic properties such as acoustic 

impedance modeled as a combination of the properties of the surrounding media. 

Consequently, before continuing with using the distributed spring model in practice, it is 

important to consider under what conditions a thin layer between two solids acts as an interfacial 

spring boundary. First, consider an incident ultrasonic particle displacement wave in the same form 

as Equation 3.1 is incident on the tri-layer structure shown in Figure 3.4. Unlike in Section 3.1.1 

and later in Section 3.2, assume there is perfect bonding at both interfaces in the tri-layer structure. 

Again, assume the amplitude of the incident plane wave is unity for simplicity (i.e. |𝑇𝑖| = 1).  

 
Figure 3.4: Configuration of ultrasonic interactions within thin layer between two solids 
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In Figure 3.4, 𝑇𝑖 is the input wave amplitude, 𝑅1 is the reflection coefficient of the entire thin layer, 

𝑇2 and 𝑅2 are the total transmission and reflection coefficients within Medium 2, and 𝑇3 is the 

transmission coefficient through the entire thin layer. The thickness of the thin layer, Medium 2, 

is denoted 𝐿2. As this layer is assumed thin with respect to the surrounding layers, it is assumed 

that the reflected ultrasonic waves within the layer cannot be separated individually in the time-

domain. As a result, the net effect of multiple internal reflections in Medium 2 is considered, which 

could also be referred to as the steady-state response of the reflection coefficient from the thin 

layer between two half-spaces.  

To find the reflection and transmission coefficients at the two interfaces, apply the 

continuity of displacement and stress boundary conditions at each interface. Table 3.3 shows the 

displacement and stress waves in each medium as a function of position. It is assumed that the 

boundary between Medium 1 and Medium 2 is at position 𝑥 = 0 . As previously defined in Section 

3.1.1, the ultrasonic stress is found from the displacement equations by using the relation, 𝜎𝑛 =

𝐸𝑛 𝜕𝑢𝑛/𝜕𝑥, where 𝑢𝑛 is ultrasonic displacement, 𝑥 is position, 𝜎𝑛 is stress, and 𝐸𝑛 is the 

longitudinal elastic modulus. The longitudinal elastic modulus used here is approximated as 𝐸𝑛 ≈

𝜌𝑛𝑐𝑛
2, where 𝜌𝑛 is the mass density and 𝑐𝑛 is the sound velocity within the medium.  

Table 3.3: Displacement and stress equations in each medium of a tri-layer structure with a thin-

layer between two half-spaces 

Medium Displacement Stress 

Medium 1 𝑢1(𝑥) = 𝑒−𝑖𝑘1𝑥 + 𝑅1𝑒
𝑖𝑘1𝑥 𝜎1(𝑥) = −𝑖𝐸1𝑘1(𝑒

−𝑖𝑘1𝑥 − 𝑅1𝑒
𝑖𝑘1𝑥) 

Medium 2 𝑢2(𝑥) = 𝑇2𝑒
−𝑖𝑘2𝑥 + 𝑅2𝑒

𝑖𝑘2𝑥 𝜎2(𝑥) = −𝑖𝐸2𝑘2(𝑇2𝑒
−𝑖𝑘2𝑥 − 𝑅2𝑒

𝑖𝑘2𝑥) 

Medium 3 𝑢3(𝑥) = 𝑇3𝑒
−𝑖𝑘3(𝑥−𝐿2) 𝜎3(𝑥) = −𝑖𝐸3𝑘3𝑇3𝑒

−𝑖𝑘3(𝑥−𝐿2) 

 

With perfect bonding assumed at each interface, the boundary conditions are simply continuity of 

displacement and stress, as written in Table 3.4.  
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Table 3.4: Boundary conditions in tri-layer structure with a thin layer between two half-spaces 

Interface 
Continuity of 

Displacement 

Continuity of 

Stress 

Medium 1/Medium 2 𝑢1(0) = 𝑢2(0) 𝜎1(0) = 𝜎2(0) 

Medium 2/Medium 3 𝑢2(𝐿2) = 𝑢3(𝐿2) 𝜎1(𝐿2) = 𝜎2(𝐿2) 

 

After applying the boundary conditions from Table 3.4 to the displacement and stress equations in 

Table 3.3, a system of equations is found with unknown reflection and transmission coefficients. 

The system of equations is displayed in matrix form in Equation 3.13. 

𝐴𝑦 = 𝑏 (3.13) 

𝐴 = [𝐴1 𝐴2 𝐴3 𝐴4] 

𝐴1 = [

1
𝐸1𝑘1

0
0

] , 𝐴2 = [

−1
−𝐸2𝑘2

𝑒𝑖𝑘2𝐿2

𝐸2𝑘2𝑒
𝑖𝑘2𝐿2

] 

𝐴3 = [

−1
𝐸2𝑘2

𝑒−𝑖𝑘2𝐿2  
−𝐸2𝑘2𝑒

−𝑖𝑘2𝐿2

] , 𝐴4 = [

0
0

−1
𝐸3𝑘3

] 

𝑦 = [

𝑅1

𝑅2

𝑇2

𝑇3

] , 𝑏 = [

−1
𝐸1𝑘1

0
0

] 

The system of equations in Equation 3.13 is solved by the inverse matrix method to find a closed-

form solution for the reflection coefficient from the thin layer. The reflection coefficient is shown 

in Equation 3.14.  

𝑅1 =
(𝐸2𝑘2)(𝐸1𝑘1 − 𝐸3𝑘3) cos(𝑘2𝐿2) + 𝑖(𝐸1𝑘1𝐸3𝑘3 − 𝐸2

2𝑘2
2) sin(𝑘2𝐿2)

(𝐸2𝑘2)(𝐸1𝑘1 + 𝐸3𝑘3) cos(𝑘2𝐿2) + 𝑖(𝐸1𝑘1𝐸3𝑘3 + 𝐸2
2𝑘2

2) sin(𝑘2𝐿2)
 (3.14) 

To find when a thin layer between two half spaces behaves as an interfacial spring boundary, 

several assumptions made about the thin layer. First, let the middle layer be thin with respect to 

the wavelength of ultrasound or more generally, let |𝑘2𝐿2| ≪ 1. This assumption means 
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sin(𝑘2𝐿2) ≈ 𝑘2𝐿2, cos(𝑘2𝐿2) ≈ 1, and 𝑒−𝑖𝑘2𝐿2 ≈ 1 based on their complex Taylor’s series 

approximations. The resulting reflection coefficient approximation is shown Equation 3.15.  

𝑅1 ≈
(𝐸2𝑘2)(𝐸1𝑘1 − 𝐸3𝑘3) + 𝑖(𝐸1𝑘1𝐸3𝑘3 − 𝐸2

2𝑘2
2)𝑘2𝐿2

(𝐸2𝑘2)(𝐸1𝑘1 + 𝐸3𝑘3) + 𝑖(𝐸1𝑘1𝐸3𝑘3 + 𝐸2
2𝑘2

2)𝑘2𝐿2

 (3.15) 

Next, assume the thin middle layer is much less stiff than the surrounding media, or more 

specifically, assume |𝐸1𝑘1𝐸3𝑘3| ≫ |𝐸2𝑘2|. Without attenuation considered, this assumption is the 

same as assuming the acoustic impedances in the surrounding media are much greater than the 

acoustic impedance of the intermediate layer (i.e. 𝑍1𝑍3 ≫ 𝑍2
2). Under this assumption, 

𝐸1𝑘1𝐸3𝑘3 ± 𝐸2
2𝑘2

2 ≈ 𝐸1𝑘1𝐸3𝑘3, and the resulting approximations for 𝑅1 is written in Equation 

3.16.  

𝑅1 ≈
(𝐸2𝑘2)(𝐸1𝑘1 − 𝐸3𝑘3) + 𝑖(𝐸1𝑘1𝐸3𝑘3)𝑘2𝐿2

(𝐸2𝑘2)(𝐸1𝑘1 + 𝐸3𝑘3) + 𝑖(𝐸1𝑘1𝐸3𝑘3)𝑘2𝐿2
 (3.16) 

By dividing the numerator and denominator of Equation 16 by 𝐸2𝑘2 and making the substitution 

𝐾 = 𝐸2/𝐿2, the reflection coefficient is re-written in the form shown in Equation 3.17.  

𝑅1 ≈
𝐸1𝑘1 − 𝐸3𝑘3 + 𝑖

𝐸1𝑘1𝐸3𝑘3

𝐾

𝐸1𝑘1 + 𝐸3𝑘3 + 𝑖
𝐸1𝑘1𝐸3𝑘3

𝐾

 (3.17) 

The approximation of 𝑅1 in Equation 3.17 matches the reflection coefficient from a spring 

boundary derived in Section 3.1.1 and shown in Equation 3.7. As such, the acoustic reflection 

coefficient from an embedded thin layer behaves like a simple spring boundary when |𝑘2𝐿2| ≪ 1 

and |𝐸1𝑘1𝐸3𝑘3| ≫ |𝐸2𝑘2|. Without attenuation considered, these assumptions simplify to 𝐿2 ≪

𝜆2 and 𝑍1𝑍3 ≫ 𝑍2
2. The interfacial stiffness of the thin layer is directly proportional to the elastic 

modulus in the layer and inversely proportional to the thickness of the layer.  

 Consider several practical adhesively bonded single lap joint material setups used 

throughout the rest of this work. A single lap joint contains a relatively thin adhesive layer 
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embedded between two adherents. For these examples, attenuation will be assumed negligible for 

simplicity, as this exercise is just to provide an idea of whether or not a spring boundary assumption 

for the adhesive layer joint is even close to valid.  

 First, consider an aluminum/epoxy single lap joint setup, where the acoustic impedance in 

the adherents are 𝑍1 = 𝑍3 = 17.1 𝑀𝑅𝑎𝑦𝑙 and the acoustic impedance of the adhesive is 𝑍2 =

5.44 𝑀𝑅𝑎𝑦𝑙. For the acoustic impedance condition, these values give 𝑍2
2 ≈ 0.101 ∗ 𝑍1𝑍3, which 

is very close to the common convention that a fraction of 1/10th satisfies the “much less than” 

requirement. Next, consider the wavelength of epoxy, which is about 215 𝜇𝑚 for the ultrasonic 

driving frequency of 10 MHz commonly used in this work. From this wavelength, the adhesive 

layer would need to be at least thinner than about 21.5 𝜇𝑚 to satisfy the 𝐿2 ≪ 𝜆2 requirement. In 

practice, bond line thicknesses in aerospace applications are usually in the hundreds of microns, 

so this condition is not likely to be met in practice and is not met in the Al/epoxy single lap joints 

throughout this work. Consequently, an epoxy adhesive layer between Al adherents can only be 

reasonably approximated as a spring interface when the bond line is very thin or if a much lower 

frequency is used, and even then, it is not a good approximation as acoustic impedance condition 

is only barely satisfied.  

 Next, consider a single lap joint made with borosilicate glass adherents and adhesive 

curable via ultraviolet light, such as Norland Optical Adhesive 63. The acoustic impedance of the 

adherents is 𝑍1 = 𝑍3 = 12.3 𝑀𝑅𝑎𝑦𝑙, and the acoustic impedance of the adhesive is 2.86 𝑀𝑅𝑎𝑦𝑙. 

Thus, 𝑍2
2 ≈ 0.054 ∗ 𝑍1𝑍3 in this case, and the 𝑍2

2 ≪ 𝑍1𝑍3 condition is satisfied. Now consider the 

acoustic wavelength of the UV-curable adhesive, which is 𝜆2 = 229 𝜇𝑚. Similar to the epoxy 

adhesive in the previous example, the adhesive layer would need to be at least thinner than about 
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22.9 𝜇𝑚 to satisfy the 𝐿2 ≪ 𝜆2 condition. In this work, the bond line thickness is a little over 

100 𝜇𝑚, so it is not reasonable to treat the UV-curable adhesive as a single spring interface.   

3.2 Ultrasonic Interactions with Single Lap Joints 

3.2.1 General Model 

Starting again with quasi-static model for ultrasonic interactions with imperfect interfaces 

developed by Baik and Thompson [98], the normal-incidence particle displacement wave 

reflection coefficient from imperfect bonding within a tri-layer adhesive joint is found. A particle 

displacement plane wave is excited into the bond line at a normal incidence, represented by 

Equation 3.17, where 𝑇𝑖 is the wave amplitude, 𝑖 = √−1, 𝜔 is angular frequency, 𝑡 is time, 𝑘1 is 

the complex wavenumber in the incident medium, and 𝑥 is the distance travelled by the wave.  

𝑢𝑖(𝑥, 𝑡) = 𝑇𝑖𝑒
𝑖(𝜔𝑡−𝑘1𝑥) (3.17) 

Using the SLJ configuration in Figure 3.5, the incident ultrasonic plane wave amplitude 

transmitted into the bond line, 𝑇𝑖, is assumed to be unity for simplicity. For the purposes of this 

derivation, the Adherent 1 and Adherent 2 media are assumed semi-infinite half-spaces and only 

the area around the adhesive bond line is considered. Interfacial adhesive bond quality is 

represented by the distributed mass-spring system defined by Baik and Thompson, with stiffness 

per unit area constant 𝐾𝑛 – also referred to as the spring constant flux -- and mass per unit area 𝑚𝑛 

at each adhesive/adherent interface [98].  
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Figure 3.5: Normal-incidence ultrasonic reflections within thin-adhesive tri-layer structure 

 

In Figure 3.5, 𝑥 is the distance from the first adherent interface, 𝐿𝐵𝐿 is the bond line thickness, 

𝑅𝑎𝑑ℎ and 𝑇𝑎𝑑ℎ are respectively the reflection and transmission coefficients within the adhesive, 𝑇𝑜 

is the ultrasonic transmission coefficient through the bond line, and 𝑅𝐵𝐿 is the bond line reflection 

coefficient. The reflected particle displacement waves within the bond line are separated by a time-

of-flight (ToF) of 2𝐿𝐵𝐿/𝑐𝑎𝑑ℎ, where 𝑐𝑎𝑑ℎ is the sound velocity within the adhesive. Assuming the 

adhesive ToF is small with respect to the incident tone-burst duration, the net effect of multiple 

decaying reflections within the bond line is considered.  

 The ultrasonic reflection coefficient of the tri-layer structure with two imperfect interfaces 

is found by applying the appropriate boundary conditions at each interface and simultaneously 

solving coupled equations for the bond line particle displacement wave reflection coefficient, 𝑅𝐵𝐿.  

Table 3.5 shows the assumed ultrasonic displacement and stress equations in each medium as a 

function of position. The time dependence portion of the equations is omitted throughout this 

derivation. The ultrasonic stress was found from the displacement equations from the relation, 𝜎 =

𝐸 𝜕𝑢/𝜕𝑥, where 𝑢 is ultrasonic displacement, 𝑥 is position, 𝜎 is stress, and 𝐸 is the longitudinal 

elastic modulus. The longitudinal elastic modulus used here is defined as 𝐸 = 𝜆 + 2𝐺 = 𝜌𝑐2, 

where 𝜆 is Lamé’s first parameter, 𝐺 is the shear modulus, 𝜌 is the mass density, and 𝑐 is the sound 

velocity within the medium. 
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Table 3.5: Ultrasonic wave displacement and stress equations in each medium 

Medium 

(Subscript) 
Displacement Stress 

Adherent (1) 𝑢1(𝑥) = 𝑒−𝑖𝑘1𝑥 + 𝑅𝐵𝐿𝑒
𝑖𝑘1𝑥 𝜎1(𝑥) = −𝑖𝐸1𝑘1(𝑒

−𝑖𝑘1𝑥 − 𝑅1𝑒
𝑖𝑘1𝑥) 

Adhesive 

(adh) 

𝑢𝑎𝑑ℎ(𝑥) = 

𝑇𝑎𝑑ℎ𝑒−𝑖𝑘𝑎𝑑ℎ𝑥 + 𝑅𝑎𝑑ℎ𝑒𝑖𝑘𝑎𝑑ℎ𝑥 

𝜎𝑎𝑑ℎ(𝑥) = 

−𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ(𝑇𝑎𝑑ℎ𝑒−𝑖𝑘𝑎𝑑ℎ𝑥 − 𝑅𝑎𝑑ℎ𝑒𝑖𝑘𝑎𝑑ℎ𝑥) 

Adherent (2) 𝑢2(𝑥) = 𝑇𝑜𝑒
−𝑖𝑘2(𝑥−𝐿𝐵𝐿) 𝜎2(𝑥) = −𝑖𝐸2𝑘2𝑇𝑜𝑒

−𝑖𝑘2(𝑥−𝐿𝐵𝐿) 

 

In Table 3.5, 𝑘𝑛 = 𝜔/𝑐𝑛 + 𝑖𝛼𝑛 is the complex ultrasonic wavenumber in each medium given input 

angular frequency 𝜔, sound velocity 𝑐𝑛, and as attenuation coefficient 𝛼𝑛; and 𝐸𝑛 = 𝜌𝑛𝑐𝑛
2 is the 

longitudinal elastic modulus in each medium given mass density 𝜌𝑛 and sound velocity. While the 

attenuation coefficient is nominally frequency dependent, it is assumed constant in this study, as 

small frequency ranges are used. The imperfect interface boundary conditions from Baik and 

Thompson [98] are applied to each interface, as given in Table 3.6.  

Table 3.6: Imperfect interface boundary conditions in tri-layer model 

Interface 
Interfacial Stiffness 

Boundary Condition 

Interfacial Mass 

Boundary Condition 

Upper Adherent – 

Adhesive (𝒙 = 𝟎) 

𝜎1(0) + 𝜎𝑎𝑑ℎ(0) = 

2𝐾1(𝑢𝑎𝑑ℎ(0) − 𝑢1(0)) 

−𝑚1𝜔
2(𝑢𝑎𝑑ℎ(0) + 𝑢1(0)) 

= 2(𝜎𝑎𝑑ℎ(0) − 𝜎1(0)) 

Lower Adhesive – 

Adherent (𝒙 = 𝑳𝑩𝑳) 

𝜎𝑎𝑑ℎ(𝐿𝐵𝐿) + 𝜎2(𝐿𝐵𝐿) = 

2𝐾2(𝑢2(𝐿𝐵𝐿) − 𝑢𝑎𝑑ℎ(𝐿𝐵𝐿)) 

−𝑚2𝜔
2(𝑢2(𝐿𝐵𝐿) + 𝑢𝑎𝑑ℎ(𝐿𝐵𝐿)) 

= 2(𝜎2(𝐿𝐵𝐿) − 𝜎𝑎𝑑ℎ(𝐿𝐵𝐿)) 

 

 After applying each of the four boundary conditions in Table 3.6 to the displacement and 

stress equations from Table 3.5, the resulting system of equations is written in terms of the four 

unknown reflection and transmission coefficients, displayed in matrix form in Equation 3.18.   

𝐴𝑦 = 𝑏 (3.18) 

𝐴 = [𝐴1 𝐴2 𝐴3 𝐴4] 

𝐴1 = [

2𝐾1 + 𝑖𝐸1𝑘1

−𝑚1𝜔
2 + 2𝑖𝐸1𝑘1

0
0

] , 𝐴2 =

[
 
 
 
 

−2𝐾1 + 𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ

−𝑚1𝜔
2 − 2𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ

(2𝐾2 + 𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ)𝑒𝑖𝐿𝐵𝐿𝑘𝑎𝑑ℎ

(−𝑚2𝜔
2 + 2𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ)𝑒𝑖𝐿𝐵𝐿𝑘𝑎𝑑ℎ]
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𝐴3 =

[
 
 
 
 

−2𝐾1 − 𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ

−𝑚1𝜔
2 + 2𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ

(2𝐾2 − 𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ)𝑒−𝑖𝐿𝐵𝐿𝑘𝑎𝑑ℎ

(−𝑚2𝜔
2 − 2𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ)𝑒−𝑖𝐿𝐵𝐿𝑘𝑎𝑑ℎ]

 
 
 
 

, 𝐴4 = [

0
0

−2𝐾2 − 𝑖𝐸2𝑘2

−𝑚2𝜔
2 + 2𝑖𝐸2𝑘2

] 

𝑦 = [

𝑅𝐵𝐿

𝑅𝑎𝑑ℎ

𝑇𝑎𝑑ℎ

𝑇𝑜

] , 𝑏 = [

−2𝐾1 + 𝑖𝐸1𝑘1

𝑚1𝜔
2 + 2𝑖𝐸1𝑘1

0
0

] 

The coupled system in Equation 3.18 is solved by the inverse matrix method to find a closed-form 

solution for 𝑅𝐵𝐿. After simplification, omitted here for brevity, the bond line reflection coefficient 

is displayed in Equation 3.19. The ultrasonic transmission coefficient of the bond line, 𝑇𝑜, can also 

be found from this coupled system of equations if through-transmission measurements of an 

adhesive bond line are desired. In this work, pulse-echo measurements are the focus so only the 

reflection coefficient is developed in detail.  

𝑅𝐵𝐿 =
𝐶𝑁 cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑖𝑆𝑁 sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)

𝐶𝐷 cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑖𝑆𝐷 sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)
 (3.19) 

𝐶𝑁 = 𝐺𝑎𝑑ℎ [(𝐺1 − 𝐺2)𝐹 +
4

𝐾𝑒
(
4𝐺1𝐺2

𝑚1𝑚2
− 𝜔4) −

4𝜔2

𝑚𝑒
(
𝐺1𝐺2

𝐾1𝐾2
− 4) − 16𝜔2 (

𝐺1

𝐾1𝑚1
−

𝐺2

𝐾2𝑚2
)] 

𝐶𝐷 = 𝐺𝑎𝑑ℎ [(𝐺1 + 𝐺2)𝐹 +
4

𝐾𝑒
(
4𝐺1𝐺2

𝑚1𝑚2
+ 𝜔4) −

4𝜔2

𝑚𝑒
(
𝐺1𝐺2

𝐾1𝐾2
+ 4) − 16𝜔2 (

𝐺1

𝐾1𝑚1
+

𝐺1

𝐾2𝑚2
)] 

𝑆𝑁 = (𝐺1𝐺2  − 𝐺𝑎𝑑ℎ
2 )𝐹 + 4 (

𝐺1

𝐾1
−

𝐺2

𝐾2
) (

4𝐺𝑎𝑑ℎ
2

𝑚1𝑚2
+ 𝜔4) − 4𝜔2 (

𝐺1

𝑚1
−

𝐺2

𝑚2
) (

𝐺𝑎𝑑ℎ
2

𝐾1𝐾2
+ 4)

+ 16(
𝐺𝑎𝑑ℎ

2 𝐺1𝐺2

𝐾1𝐾2𝑚1𝑚2
− 𝜔4) 

𝑆𝐷 = (𝐺1𝐺2 + 𝐺𝑎𝑑ℎ
2 )𝐹 + 4 (

𝐺1

𝐾1
+

𝐺2

𝐾2
) (

4𝐺𝑎𝑑ℎ
2

𝑚1𝑚2
+ 𝜔4) − 4𝜔2 (

𝐺1

𝑚1
+

𝐺2

𝑚2
) (

𝐺𝑎𝑑ℎ
2

𝐾1𝐾2
+ 4)

+ 16 (
𝐺𝑎𝑑ℎ

2 𝐺1𝐺2

𝐾1𝐾2𝑚1𝑚2
+ 𝜔4) 
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𝐹 =
16

𝑚1𝑚2
+

𝜔4

𝐾1𝐾2
− 4𝜔2 (

1

𝐾2𝑚1
+

1

𝐾1𝑚2
) 

𝐺1 = 𝑖𝐸1𝑘1, 𝐺2 = 𝑖𝐸2𝑘2 

𝐺𝑎𝑑ℎ = 𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ 

𝐾𝑒 = (𝐾1
−1 + 𝐾2

−1)−1, 𝑚𝑒 = (𝑚1
−1 + 𝑚2

−1)−1 

While Equation 3.19 is useful in modeling the theoretical ultrasonic amplitude or phase response 

of nearly any given tri-layer material system, the complexity of the reflection coefficient can be 

simplified in many common situations. In most SLJ configurations and in each bonded joint in this 

work, the same material is used for both upper and lower adherent. Additionally, Baik and 

Thompson found that interfacial mass loading can be neglected in adhesive bonds without large 

interfacial inclusions or cracks, which is assumed true for thin-interface bonded joints. Under this 

condition, the interfacial mass at each interface is zero. Given the previous assumptions, 𝐸1 =

𝐸2, 𝑘1 = 𝑘2, and 𝑚1 = 𝑚2 = 0 𝑘𝑔/𝑚2. The resulting 𝑅𝐵𝐿 approximation, shown in Equation 

3.20, keeps the same form as Equation 3.19, but the coefficients in front of the sine and cosine 

terms are simplified.  

𝑅𝐵𝐿 =
𝐶𝑁 cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑆𝑁 sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)

𝐶𝐷 cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑆𝐷 sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)
 (3.20) 

𝐶𝑁 =
𝐸1

2𝑘1
2𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ

(𝐾1
−1 + 𝐾2

−1)−1
 

𝐶𝐷 = 𝐸1𝑘1𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ (2 +
𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ

(𝐾1
−1 + 𝐾2

−1)−1
) 

𝑆𝑁 = (𝐸1
2𝑘1

2 − 𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 ) + 𝐸1𝑘1𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 (
1

(𝐾1
−1 − 𝐾2

−1)−1
+

𝐸1𝑘1

𝐾1𝐾2
) 

𝑆𝐷 = (𝐸1
2𝑘1

2 + 𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 ) + 𝐸1𝑘2𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 (
1

(𝐾1
−1 + 𝐾2

−1)−1
+

𝐸1𝑘1

𝐾1𝐾2
) 
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3.2.2 Examples of Ultrasonic Phase vs. Frequency Response 

around Bond line Resonance 

Of particular interest in this work is the frequency range surrounding the ultrasonic anti-resonance 

frequency (𝑓𝑎𝑟) of bond line reflections. Assuming perfect interfacial bonding – where 𝐾1, 𝐾2 →

∞ -- the ultrasonic anti-resonance of the reflection coefficient occurs when the bond line thickness 

is one-half wavelength thick, corresponding to 𝑓𝑎𝑟 = 𝑐𝑎𝑑ℎ/2𝐿𝐵𝐿. At the anti-resonance frequency, 

the amplitude of 𝑅𝐵𝐿 attains a local minimum and the phase of 𝑅𝐵𝐿 undergoes an inversion from 

negative to positive values.  

However, weak bonding at the adhesive/adherent interface causes a shift of the anti-

resonance frequency, as well. This effect can be thought of as the stiffness of the interfaces slightly 

changing the effective stiffness of the entire adhesive layer, including its interfaces. For very poor 

bonds, a dampening of the reflection coefficient is produced. The complex reflection coefficient 

in Equation 3.20 is used to model the phase vs. frequency response of bond line reflection 

coefficient to extract unknown adhesive bonding parameters. The amplitude and phase spectra are 

computed for a given set of material properties by expressing 𝑅𝐵𝐿 in complex polar form as a 

function of input acoustic frequency (i.e.𝑅𝐵𝐿(𝑓) = |𝑅𝐵𝐿(𝑓)|𝑒𝑖𝜙(𝑓)).  

Figure 3.6 shows the modeled phase spectra of the reflection coefficient of a 100 𝜇𝑚 thick 

bond line aluminum/epoxy SLJ where both interfacial stiffness constants are assumed equal. In 

this scenario, low interface quality drops the anti-resonance and zero-crossing frequency, but it 

has little effect on the slope of the phase shift during phase inversion.  

While the exact relationship between interfacial stiffness and bond strength depends on the 

material properties and surface chemistry of the particular adhesive and adherent in use, it can be 

safely assumed that interfacial stiffness is generally a monotonically increasing function of bond 
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strength. To put the stiffness values shown into perspective, Cantrell found that interfacial stiffness 

in aluminum/epoxy joints is linearly related to interfacial bond strength, with extreme values of 

𝐾 ≈ 3.8 × 1017 𝑁/𝑚3 for a perfect bond and 𝐾 ≈ 3.8 × 1014 𝑁/𝑚3 for a disbond [64]. 

 
Figure 3.6: Example phase vs. frequency response around ultrasonic resonance of bond line with 

both interfaces of same stiffness and changing quality 

 

In contrast, Figure 3.7 shows the phase response of the reflection coefficient of the same Al/epoxy 

bonded joint setup but with different interfacial stiffness constants on either side of the bond line. 

In particular, the upper interfacial stiffness constant flux, 𝐾1, is allowed to change while the lower 

interface stiffness is assumed perfect and held fixed at 𝐾2 = 3.8 × 1017 𝑁/𝑚3. In this scenario, 

reducing the interfacial stiffness causes a measureable effect on the “sharpness” of the phase 

inversion in addition to reducing the anti-resonance frequency.  

 
Figure 3.7: Example phase vs. frequency response around ultrasonic resonance of bond line with 

upper interface changing quality and perfect lower interface  
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The modeled phase response of bonded joints in Figure 3.6 and Figure 3.7 show how the ultrasonic 

resonance properties of phase spectra are effected by interfacial stiffness. In particular, it is noted 

that the anti-resonance frequency is generally reduced from its nominal value by poor bonding. 

Furthermore, a difference in interfacial stiffness on either side of the bond line produces a 

dampening of the phase inversion. These conclusions indicate the maximum slope of phase shift 

and the frequency at which maximum phase slope occurs (i.e. the anti-resonance frequency) may 

be used to determine the two unknown interfacial stiffness constants in a SLJ.   

To further show how interface stiffness and bond strength affect the resonance properties, 

an Al/epoxy SLJ is again modeled under different interfacial stiffness conditions with a bond line 

thickness of 110 𝜇𝑚. First, the resonance frequency shift is calculated for the case of the upper 

interface quality changing while the lower interface remains pristine. Second, the resonance 

frequency shift is calculated for the case that both interfaces are of equal stiffness but are varying 

in value. Third and finally, the phase slope maximum occurring at the resonance frequency is 

determined in the case that the upper interface quality varies while the lower interface remains 

pristine. The results of this modeling study are shown in Figure 3.8.  

The approximate interfacial bond strength at each given interfacial stiffness are also 

denoted on the x-axis of Figure 3.8 based on the theoretical relationship between interfacial 

stiffness and bond strength in alumina/epoxy joint by Cantrell [64]. It is noted that this is only 

showing the approximate bond strength, not the actual predicted bond strength by Cantrell. For 

instance, 𝐾 = 1015 𝑁/𝑚3 is not predicted to occur at a bond strength of exactly 10−1 𝑀𝑃𝑎, but 

each bond strength on the x-axis is the same order of magnitude as the predicted bond strength. 

This extra x-axis is meant only to provide a general idea of how ultrasonic phase resonance 

properties may be affected by interfacial bond strength.  
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Figure 3.8: Theoretical changes in resonance frequency and maximum phase slope of reflection 

coefficient from a SLJ due to interface stiffness changes  

 

For the both resonance frequency curves, there is an observable drop in resonance frequency below 

stiffness values of about 1016 𝑁/𝑚3. In real bonding between Al and epoxy, the interfacial bond 

strength is in the range of 30 − 40 𝑀𝑃𝑎. As such, an order of magnitude loss of bond strength will 

be difficult to detect without very accurate knowledge of material properties of the adhesive layer, 

which also affect the resonance frequency. Of additional note in the resonance frequency curves 

is the sharper drop and overall greater dynamic range of resonance frequency change in the case 

of 𝐾1 = 𝐾2 as opposed to only the upper interfacial stiffness changing. This makes sense, as a drop 

in stiffness at two interfaces should have a larger effect on the overall resonance of the adhesive 

layer than a drop in stiffness at only one interface. This result implies that an ultrasonic phase 

measurement method will have greater sensitivity to bond strength changes in cases where both 

interfaces are affected. Additionally from Figure 3.8, there is not an apparent drop in maximum 

phase slope until about 𝐾 = 1015 𝑁/𝑚3. It therefore concluded that assessment of 𝑑𝜙/𝑑𝑓𝑚𝑎𝑥 may 

only be sensitive to kissing bonds and not intermediate bond strengths.  



47 

 

3.3 Conclusions 

A mathematical model for ultrasonic interactions with imperfect adherent/adhesive interfaces has 

been developed. Weak bonding is modeled as a distributed spring system at the interface, and 

changes in the interfacial stiffness flux have an impact on the phase of ultrasonic reflections. At a 

single interface, it is shown how the phase response of interfacial reflections is dependent upon 

the acoustic impedance values on either side of the interface. For 𝑍1 < 𝑍2 and 𝑍1 = 𝑍2 the phase 

of the ultrasonic reflection coefficient varies from 0 𝑑𝑒𝑔 for low interface stiffness to a much 

higher value for high interface stiffness. Meanwhile for 𝑍1 > 𝑍2, both low and high interface 

stiffness constants display a phase of ultrasonic reflection of 0 𝑑𝑒𝑔, and the phase response rises 

to some maximum value at some interfacial stiffness value in between. Additionally, it is discussed 

that a thin layer behaves like an interfacial spring boundary when the layer thickness is small with 

respect to the wavelength and the acoustic impedance in  the layer is much smaller than the 

surrounding media.  

 For double-interface joints, or SLJs where a thin adhesive layer is sandwiched between two 

adherents, the phase response of ultrasonic reflections is much more complicated. As it is difficult 

to time-resolve individual echoes within the adhesive layer, the sum of all internal reflections are 

modelled, and the adhesive layer acts as a resonance cavity when the bond line thickness is equal 

to half the acoustic wavelength. It is shown that changes in the interfacial stiffness affect the shape 

and location of the phase inversion around the resonance frequency in a predictable way. 

Therefore, by assessing the phase spectra around acoustic resonance of the bond line, interfacial 

stiffness constants are measurable.  

 

 



48 

 

Chapter 4: The Constant-Frequency Ultrasonic Phase 

Measurement Method 

In this chapter, the novel method to obtain high-resolution ultrasonic phase measurements is 

presented, discussed in detail, and demonstrated. The design, building, and testing of this 

instrument was one the first major parts of this project. Using a digitally controlled constant 

frequency pulsed phase-locked-loop (CFPPLL) design, this method is capable of obtaining high-

resolution, low-uncertainty ultrasonic phase measurements at a single frequency. Additional 

development on this instrument made it possible to change the driving frequency while 

maintaining phase information, enabling the use of swept-frequency ultrasonic phase 

measurements for the characterization of adhesive bond quality. 

In the first section, a background on ultrasonic phase measurement methods from the 

literature is presented. Next, the basic operation of the CFPPLL ultrasonic phase measurement 

instrument and its capabilities are explained in detail, followed by a section discussing 

considerations affecting the time it takes to obtain these phase measurements. Then, the swept-

frequency ultrasonic phase measurement method is demonstrated in an application of thickness 

gaging and compared to conventional broadband ultrasonic time-of-flight thickness gaging 

methods. Finally, the effect of pressure on the ultrasonic transducer during contact measurements 

is analyzed before concluding remarks.  

4.1 Background 

The phase or time-delay of an ultrasonic wave has been used for many years to measure absolute 

and relative material properties. The phase, rather than amplitude, of ultrasonic waves is ideally 

suited for these measurements due to its sensitivity to the wavelength and thickness of a material 
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specimen. Methods of accurately determining the time delay between received ultrasonic echoes 

date back as far as the 1960s with the pulse-superposition method by McSkimin [99] and the pulse-

echo-overlap method by Papadakis [100]. Several improvements to broadband time-domain 

ultrasonic velocity-change measurements with damped transducers have been made throughout 

the years [101], [102], [103], [104]. Other pulse-echo methods involve finding the resonance 

frequency of the material [105], [67] or utilize continuous-wave sources to introduce standing 

waves rather than broadband sources [106]. A comprehensive overview of high-resolution 

ultrasonic velocity measurement methods in liquids was compiled by Kaatze, Eggers, and 

Lautscham [107]. 

Another method of measuring ultrasonic time delays focuses on the cross-correlation 

between transmitted and received ultrasonic pulses, where the peak of the cross-correlation 

function indicates the time-of-flight (ToF) of the ultrasonic signal within the specimen [108]. 

Cross-correlation ToF measurements can be setup entirely digitally to monitor ultrasonic 

propagation changes within a system, and it is well-suited for cases where signal amplitude may 

vary significantly due to attenuation and scattering. The cross-correlation method has been applied 

to cases of ultrasonic velocity measurements [109] [110] [111] [112], flow monitoring [113], 

distance measurements [114], and material crack and flaw identification [115]. Liang, et. al. 

investigated the fundamental limits of cross-correlation-based phase measurements, describing 

phase errors introduced by quantization as well as non-integral sampling [116]. While improving 

ToF accuracy and precision over conventional methods, cross-correlation suffers from the time 

and computational expense needed for post-processing of the transmitted and received signals to 

find the ToF, limiting its ability to provide inexpensive real-time ToF monitoring for certain 

applications.  
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For high-accuracy measurements, single frequency gated continuous wave (i.e. tone-burst) 

ultrasonic techniques increase the signal-to-noise ratio of their broadband counterparts. By 

comparing a received ultrasonic wave signal with a reference signal and adjusting the driving 

frequency until the waves are in quadrature (π/2 phase difference), a highly-sensitive measurement 

of changes in sound velocity or material thickness is obtained [117]. The phase comparison 

technique has since spawned several variations of pulsed phase-locked loop (PPLL) ultrasonic 

phase measurement methods.  

The initial variable-frequency PPLL systems were used in applications of bolt tension 

monitoring [118] , as well as detecting changes in sound velocity [119]. A major drawback of 

variable-frequency phase measurement methods is their sensitivity to frequency-dependent 

sources of phase error in the instrumentation electronics, transducers, and material. Furthermore, 

variable-frequency methods can only measure relative phase changes within a solid specimen, as 

they rely on changing frequency to make a single-phase measurement. Consequently, the constant-

frequency PPLL (CFPPLL) provides a major improvement for conducting ultrasonic phase 

measurements [119].  

The original CFPPLL design utilized a single driving frequency, a voltage-controlled phase 

shifter, and a phase detector to lock the transmitted and reference waves in quadrature [120]. This 

instrument measured absolute phase velocities in liquids by tracking the phase shift induced when 

changing the ultrasonic path length; however, only changes in ultrasonic velocity due to external 

stimuli, such as pressure or temperature, were measurable in solids. Nonetheless, in comparison to 

the variable frequency PPLL counterpart, the CFPPLL provided very high accuracy and 

sensitivity.  
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A digitally controlled CFPPLL instrument capable of real-time ultrasonic tracking of phase 

and swept-frequency phase measurements on both solids and liquids is explored. This instrument 

offers significant improvements in ease-of-use due to digital control and data collection 

capabilities. Whereas previous PPLL-based instruments required the changing of path-length to 

conduct absolute sound velocity measurements in liquids, both constant-frequency phase tracking 

and phase vs. frequency measurements of this CFPPLL instrument permit other experimental 

approaches.  

To illustrate its flexibility, experimental measurements of small differences in path-length 

in borosilicate glass via the CFPPLL instrument are shown and compared with conventional pulse-

echo time-of-flight (ToF) measurements for thickness measurement accuracy and precision.  

To obtain high accuracy phase measurements, the internal and external sources of uncertainty with 

this method were examined in detail.  

While simple pulse-echo ToF measurements are often sufficient for ultrasonic velocity 

measurements for flaw detection in large industrial parts, high accuracy phase measurements are 

extremely important in the measurement of ultrasonic velocity for other disciplines, including the 

aerospace, automotive, material science, and medical industries. In particular, high-resolution 

ultrasonic velocity measurements have been used to measure clamping force in bolts under high 

tension [121], gas and liquid flow metering [113], phase diagrams of superconductors [122], grain 

size estimation in steel [123], human bone quality [124], and molecular relaxation processes [125]. 

Additionally, high-resolution ultrasonic phase measurements have proved able to noninvasively 

measure intracranial pressure, which has classically only been measurable invasively [126]. 

Without corrections for commonly encountered external factors, such as transducer coupling and 

temperature variations, the accuracy of these highly sensitive techniques are greatly affected.  
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4.2 The Digitally-Controlled Constant-Frequency Pulsed 

Phase-Locked Loop 

4.2.1 Basic Operation of the Ultrasonic Phase Measurement 

Instrument 

All PPLL devices consist of two signal paths along which the first, an ultrasonically transceived 

tone-burst, is phase-compared to a reference wave. On Path 1, the transducer generates an 

ultrasonic tone-burst that traverses a material specimen. In a pulse-echo arrangement, the same 

transducer receives and converts the tone-burst back into an electrical signal. However, in a pitch-

catch arrangement, a second transducer is used to receive the tone-burst. On Path 2, the reference 

wave is phase-compared to the transceived tone-burst from the first path. In a variable-frequency 

PPLL, the frequency of the transceived tone-burst is varied until the signals are in quadrature. 

However, in a CFPPLL, the relative phase of the transceived signal is changed until quadrature. 

The system is then considered to be in a locked state, and quadrature is maintained through 

continual updates to frequency or relative phase of the transceived signal.  

In the digitally controlled CFPPLL instrument, a pair of direct digital synthesizers (DDSs) 

generate sine waves with a repeatable constant phase offset, permitting absolute ultrasonic phase 

measurements. While the system is in a locked state, the voltage output of a phase-detector is 

sampled by a microcontroller, which commands the DDS to adjust the transceived tone-burst’s 

phase to maintain quadrature with the reference wave. A field-programmable gate array (FPGA) 

controls timing parameters and gating within the system.  

A block diagram of the developed CFPPLL-based ultrasonic phase measurement 

instrument is shown in Figure 4.1. Using a computer terminal, the user adjusts waveform and 
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system parameters such as sample-and-hold (S/H) position, number of tone-burst cycles, repetition 

rate of the tone-burst, and number of sampled data points to average when taking phase 

measurements. After initial setup, the user locks the system, which outputs the phase adjustments 

to the computer.  

 
Figure 4.1: Block diagram of digitally-controlled CFPPLL instrument 

 

The twin DDSs generate sine waves at the frequency, amplitude, and phase set by the 

microcontroller. The same 1 GHz input timing clock is used for both DDSs, and upon system 

startup, the microcontroller synchronizes their output via a simultaneous reset command. The 

DDSs use lookup tables to generate the frequency and phase of the ultrasonic waves, which provide 

absolute frequency and phase adjustment resolution limits. The DDSs have 14 bits of phase 



54 

 

resolution and 48 bits of frequency resolution, resulting in a minimum phase shift of 2𝜋/214 ≈

0.00038 [𝑟𝑎𝑑] ≈ 0.022° and a minimum frequency shift of ~3.55 μHz. Based on the timing 

information set by the microcontroller, the FPGA uses a transmit enable (TX EN) signal to gate 

the transceived wave in Path 1, forming a tone-burst of a set number of cycles.  

The tone-burst in Path 1 is amplified and sent to a transducer, which ultrasonically 

interrogates a material specimen through a coupling medium. After being reflected off the back 

wall of the test specimen, the acoustic tone-burst is received by the same transducer in the pulse-

echo setup, as shown in Figure 4.1. Material property variations due to external stimuli such as 

pressure, temperature, elasticity, or path length are then detectable via ultrasonic phase shifts. After 

receiving the ultrasonic reflection, the transducer converts the tone-burst into an electrical signal. 

The FPGA timing ensures signals are continuously received using a receive enable (RX EN) 

signal, except for the short duration during tone-burst transmission.  

The received tone-burst is amplified and band-pass filtered to reduce signal noise, and the 

reference wave passes through an identically designed band-pass filter. Currently, the instrument 

operates with center frequency around 10 MHz, and the band-pass filtering circuits were both 

measured to have a -6 dB pass-band of 8.8-11.0 MHz. In practice, commercial damped transducers 

have displayed wider bandwidths than the band-pass filtering circuits, providing a minimal change 

to system bandwidth but providing a measurable phase response, which must be characterized for 

high accuracy phase measurements.  

After filtering, the received and reference signals pass into the phase detector. The phase 

detector outputs a voltage dependent on the phase difference between the two signals, using π/2 

offset at the 0 V reference. The output voltage is low-pass filtered to minimize non-DC noise and 

is subsequently sampled and held using an analog-to-digital converter (ADC), whose output passes 
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into the microcontroller. The S/H position on the received phase detector output signal is set by 

the FPGA and is user-specified.  

Table 4.1: Major components used in CFPPLL instrument 

Component Model 

Microcontroller ATMEL ATmega644 

FPGA FreeForm/104 board with Xilinx Spartan 3E FPGA 

DDS Analog Devices AD9912 

Transducer ¼” Diameter 10 MHz, Olympus V112-RM 

 

Each time the phase output is received by the microcontroller, the voltage output of a temperature 

probe -- typically adhered to the material test specimen -- is also sampled. With oversampling and 

decimation, the temperature measurement resolution of the system reaches 0.008°𝐶.  

4.2.2 Example of Ultrasonic Phase Measurement System in 

Operation 

To monitor the system, the S/H pulse from the FPGA, the amplitude of the transceived tone-burst 

after band-pass filtering, and the phase detector output voltage are all viewed on an oscilloscope. 

Figure 4.2 shows an example of the oscilloscope CFPPLL signal display. The SYNC signal output 

from the FPGA, mentioned in Figure 4.1, represents the beginning of each tone-burst transmission 

and is the trigger for the oscilloscope (not shown in Figure 4.2). The filtered amplitude signal, or 

video signal in Figure 4.1, is used to observe ultrasonic reflections and helps the user determine 

waveform parameters. Often, the number of transmitted cycles is chosen to minimize the gap 

between successive reflections without overlapping. The phase and S/H signals are used to set the 

S/H position, typically in the portion of the received tone-burst where the phase appears flat. It 

should be noted there is a slight time delay between the video amplitude signal and the output of 

the phase detector; thus, the S/H position occurs slightly earlier than it appears on the amplitude 

signal.  
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The “bleed-thru” portion of the waveform is never actually transceived ultrasonically, but 

instead stays within the circuit. While the RX EN signal is off during the transmission period, 

some small amplitude leaks through and is amplified like the received ultrasonic reflections. It was 

first thought that this “bleed-thru” signal was undesirable; however, it has since proved useful in 

measuring the phase response of the filtering circuits. 

 
Figure 4.2: Typical waveforms seen on oscilloscope when using ultrasonic phase measurement 

instrument 

 

4.2.3 Additional System Capabilities 

Figure 4.3 shows a typical setup of the CFPPLL ultrasonic phase measurement system in the 

laboratory. The laboratory used for most experiments in this work is environmentally controlled 

to keep relative humidity near 50% and temperature near 20°𝐶. Additionally, a custom-built 

environmental chamber is used for some experiments. The environmental chamber has both 

heating and cooling capabilities controlled by an Omega CN7823 proportional-integral-derivative 

(PID) controller. Near room temperature, it can hold temperature to a standard deviation of 

±0.01°𝐶 over one hour.  
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Figure 4.3: Ultrasonic phase measurement laboratory setup 

 

The CFPPLL system is capable of using both undamped, bare piezoelectric element crystal 

transducers and commercially available damped transducers. Figure 4.4 shows ultrasonic 

transducer mounting optioned developed for this system. For use with bare-element piezoelectric 

crystals, the setup in Figure 4.4a contains of two spring-loaded contacts which can be lowered onto 

the transducer on a surface using an adjustable-height stage. The setup in Figure 4.4b has an 

adjustable-height stage, as well, operated by a screw clamp. The use of a load cell in line with the 

ultrasonic transducer allows the load on the transducer to be controlled, as well.  

 
a) 

 
b) 

Figure 4.4: Images of ultrasonic transducer mounting capabilities with a) un-damped, bare-

element PZT transducer and b) commercially-available damped transducer 
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4.3 Detection Limits of Ultrasonic Phase Measurements 

4.3.1 Theoretical Limits 

Unlike other time-delay measurement methods, the phase resolution and phase quantization error 

of the CFPPLL method is not frequency dependent. Set by the constant phase shift resolution by 

the DDSs regardless of frequency of the generated tone-burst, the relative phase between the 

generated sine waves can only be changed in multiples of 0.022°. In contrast to conventional time-

delay methods, a consequence of constant phase resolution with this method is that time resolution 

will be worse for lower frequencies and better for higher frequencies, based on the relationship 

between time delay and phase: Δ𝑡 = Δ𝜙/360𝑓.  

 In the absence of changing external variables, such as temperature or couplant layer 

thickness, the phase measurement error of the system will have a lower limit of the quantization 

error of the DDSs. One least significant bit (LSB) of phase shift within the DDSs is 360/214 ≈

0.0220°. Thus, the standard deviation of phase due to quantization error within the DDS is 

𝐿𝑆𝐵/√12 = 0.0063°. 

4.3.2 Measured Limits 

A set of experiments was performed to examine the error of the constant-frequency ultrasonic 

phase measurements in the absence of external variables. A 5.08 cm x 5.08 cm, 11 mm thick 

specimen made of Schott Borofloat® 33 was monitored for phase shifts from its first back wall 

echo. A nominally 10 MHz, Olympus V112 ultrasonic transducer was coupled to the glass 

specimen with Sono 600 commercial couplant. To maintain consistent couplant layer thickness 

between measurements, a screw clamp was used to hold constant pressure and a load cell was 

placed in the path between the clamp and ultrasonic transducer. The transducer clamping setup 
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was placed within a custom-built environmental chamber with temperature stability of 

± 0.01°C over one hour.  

While holding pressure steady at ~2.8 MPa, the temperature was held constant at 21°C, and 

the ultrasonic phase response of the first back wall echo was monitored at a driving frequency of 

10 MHz. While transducer pressure and temperature were held constant, the standard deviation of 

phase was measured over a 30 minute period. To view the effect of averaging, the number of phase 

measurements averaged when making phase adjustments within the microcontroller was varied in 

powers of four from 40 = 1 to 44 = 256, with a single phase measurement obtained every 6 ms.  

Figure 4.5 displays one standard deviation of phase measurements over a 30 minute period 

with the temperature and transducer pressure held constant. The signal-to-noise ratio (SNR) for 

the first back wall echo after narrowband filtering was measured to be 26.1 dB in this experiment.  

 
Figure 4.5: Phase error over 30 minute period vs. number of samples averaged  

 

The standard deviation of phase error due to quantization within the DDS, calculated to be 

0.0063°, is much lower than the measured phase errors seen in Figure 4.5. As such, white noise 

seems to contribute much more to the phase error than ADC quantization noise. It is thought that 

better suppression of the transmitted wave during the receiving period of the circuit and more 

narrowband filtering may help improve SNR. Also shown in Figure 4.5, averaging over as few as 

16 samples has a large effect on the phase measurement error, bringing the uncertainty below the 
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phase adjustment resolution of the DDS of 0.0220°. Averaging over more samples continues to 

drop the phase measurement uncertainty to below 0.01° at 256 samples. 

The CFPPLL-based method outperforms high-resolution cross-correlation ToF methods in 

terms of phase error due to white noise and quantization error. As the effects of changing 

environmental factors were removed in this experiment, the phase measurement uncertainty over 

a long period of time should only be due to ADC quantization error and random noise. Thus, it 

should be comparable to the phase error in cross-correlation methods due to quantization error and 

white noise. By comparing Figure 4.5 in this work with FIG. 2 of [116] by Liang, et al, the 

improvement in phase error for smaller SNRs can be seen. In this work, the measured SNR of 26.1 

dB and 14 bit ADC produced a standard deviation of phase error of under 0.02° with 16 samples, 

while the cross-correlation method in [116] requires much higher SNRs or samples averaged to 

obtain similar phase errors. Using the same SNR of 26.1 and assuming phase error due to white 

noise and quantization error are approximately equal, the standard deviation of phase error with 

256 samples for cross-correlation is 0.251° according to Equation 22 in [116], compared to 0.008° 

measured with the CFPPLL-based method.  

4.4 Demonstration of High-Resolution Thickness 

Measurements via Swept-frequency Ultrasonic Phase 

4.4.1 Method Description 

Assume an ultrasonic displacement plane wave is propagating within a non-dispersive medium of 

finite thickness, Medium 1. After reflection off the boundary with some half-space, Medium 2, 

and being received, as shown in Figure 4.6, the phase of the ultrasonic wave is expressed in 

Equation 4.1, where 𝑘1 = 𝜔/𝑐1 is the wavenumber in Medium 1 with sound velocity 𝑐1, 𝜔 =
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2𝜋𝑓 [𝑟𝑎𝑑] = 360𝑓 [𝑑𝑒𝑔] is the driving angular frequency with driving frequency 𝑓, and 𝐿1 is the 

thickness of Medium 1. 

𝜙𝑢𝑅
= −2𝑘1𝐿1 = −

720𝑓𝐿1

𝑐1

[𝑑𝑒𝑔] (4.1) 

The factor of two occurs due to the propagation through the thickness of Medium 1 twice. It is 

assumed in Equation 4.1 that the acoustic impedance of Medium 1 is greater than in Medium 2 or 

else the reflected wave would be 𝜋 out of phase with the incident wave, as the normal-incidence 

ultrasonic particle displacement wave reflection coefficient is 𝑅 = (𝑍1 − 𝑍2)/(𝑍1 + 𝑍2) where 𝑍𝑗 

is the acoustic impedance of each medium. 

 
Figure 4.6: Representation of ultrasonic wave reflections at boundary between Medium 1 and 

Medium 2 as well as couplant layer 

 

4.4.1.1 Swept-Frequency Phase Measurements 

The phase of the reflected wave is used to measure either sound velocity or thickness of a material, 

given the other parameter. In non-dispersive media, the group velocity, 𝑐𝑔 = 𝑑𝜔/𝑑𝑘, is equal to 

the phase velocity, 𝑐𝑝 = 𝑑𝑥/𝑑𝑡 [119]. Thus, single-frequency phase measurements can find group 

velocity as well as phase velocity in non-dispersive media.  

As constant-frequency phase measures relative fractions of a wavelength, expressed 

between – 𝜋 and 𝜋, it is difficult to obtain absolute thickness or sound velocity measurements since 

the total number of propagating wavelengths is unknown. Previous PPLL-based methods could 

measure absolute sound velocity in fluid media, where the acoustic path length was varied and 



62 

 

𝜕𝜙𝑢𝑅
/𝜕𝐿1 measured [119], [120]. In solid media, only changes in sound velocity are measured as 

path length cannot be changed.  

With the digitally controlled CFPPLL instrument, the ultrasonic driving frequency can be 

altered while maintaining the phase relationship between the transceived and reference signals, 

allowing for a measurement of 𝜙𝑢𝑅
(𝑓). By sweeping the driving frequency and measuring the 

phase response, the sound velocity or path length is extracted by the relation in Equation 4.2. 

𝜕𝜙𝑢𝑅

𝜕𝑓
= −

720𝐿1

𝑐1
 [𝑑𝑒𝑔/𝐻𝑧] (4.2) 

4.4.1.2 Pulse-Echo Time-of-Flight Measurements 

Traditional pulse-echo ultrasound can measure sound velocity or material thickness given 

knowledge of one of the parameters. After sending a broadband ultrasonic pulse through a 

material, the time-of-flight (ToF) of the received pulse is measured. Given the material setup in 

Figure 4.6, the ToF for reflected waves is found by substituting the relation between time delay 

and phase, Δ𝑡 = 𝜙/𝜔, into Equation 4.1 to find the equation for ToF shown in Equation 4.3. As 

the ToF does not suffer from a limited range of possible values like a constant-frequency phase 

measurement, a single ToF value can be used to measure sound velocity or specimen thickness.  

𝑇𝑜𝐹 = −
2𝐿1

𝑐1
 [𝑠] (4.3) 

4.4.1.3 Characterizing External Sources of Phase Shifts/Time Delays 

In a practical direct-contact ultrasonic measurement system, the electronic circuitry, ultrasonic 

transducer, and ultrasonic couplant layer each provide time delays or phase shifts to ultrasonic 

waves. To minimize these errors, different methods are used to reduce or negate their effect. In 

conventional pulse-echo ToF measurements, a primary method for negating external time delays 

is to measure the ToF difference between successive back wall echoes from a material. Delays due 
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to the instrumentation, transducer, and double-transmission through the couplant layer affect 

successive echoes in the same way, so subtracting successive echoes will remove the circuit-based 

time-delays.  

This technique can also be applied to constant-frequency phase measurements. 

Considering external phase shift sources for ultrasonic echoes from the material system, the 

measured phase for the 𝑛𝑡ℎ echo can be described by Equation 4.4. 

𝜙𝑛 = 𝜙𝑖𝑛𝑠𝑡𝑟. + 𝜙𝑡𝑟𝑎𝑛𝑠. + 2𝜙𝑐𝑜𝑢𝑝.𝑇 + 𝜙𝐷
(𝑛)

 + 𝜙𝑈𝑅
+ (𝑛 − 1)(𝜙𝑈𝑅

+ 𝜙𝑐𝑜𝑢𝑝.𝑅) (4.4) 

In Equation 4.4, 𝜙𝑖𝑛𝑠𝑡𝑟. is the phase shift from the instrumentation, 𝜙𝑡𝑟𝑎𝑛𝑠. is the phase shift from 

the ultrasonic transducer, 𝜙𝑐𝑜𝑢𝑝.𝑇 is the phase shift from transmission through couplant layer, 

𝜙𝑐𝑜𝑢𝑝.𝑅 is the phase shift from reflection off the couplant layer occurring for secondary echoes, 

𝜙𝐷
(𝑛)

 is the phase shift due to ultrasonic wave diffraction, and 𝜙𝑈𝑅
 is the phase shift from the 

material under investigation as defined in Equation 4.1. Note, the superscript on the 𝜙𝐷 term 

corresponds to the diffraction phase shift from the 𝑛𝑡ℎ echo and is not 𝜙𝐷 to the 𝑛𝑡ℎ power. The 

phase difference between consecutive reflections from Equation 4.4 is written in Equation 4.5, 

where several of the external phase shift sources have been eliminated. Remaining in Equation 4.5 

is the phase shift of the reflection from the test material-couplant-transducer interface as well as 

the phase shift due to ultrasonic diffraction.  

Δ𝜙 = 𝜙𝑛+1 − 𝜙𝑛 = 𝜙𝐷
(𝑛+1)

− 𝜙𝐷
(𝑛)

+ 𝜙𝑈𝑅
+ 𝜙𝑐𝑜𝑢𝑝.𝑅 (4.5) 

4.4.1.4 Effect of Ultrasonic Couplant Layer  

There have been several treatments of the effect of the couplant layer on both the amplitude [127] 

[128] [129] [130] and time-delay [131] [132] on an ultrasonic wave. If using a bare-element 

piezoelectric transducer, the effect of the couplant layer on the reflected phase can be derived given 

the couplant thickness as well as the material properties of the active element, couplant, and 
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material under test [132]. Commercially available broadband ultrasonic transducers, however, 

contain additional layers that complicate analysis [131]. Furthermore, the internal setup of 

commercial transducers is often proprietary, which makes analysis of the ultrasonic reflection 

coefficient difficult without many assumptions.  

Despite difficulties with calculating the actual reflection coefficient from the couplant 

interface, it can be shown that as the couplant becomes thinner, its effect on ultrasonic amplitude 

and phase lessens. By assuming a thin fluid layer between two half-spaces, the effect of a thin 

couplant layer can be approximated [133]. Assuming a PZT5A transducer, water couplant, and 

borosilicate glass specimen, the phase of the ultrasonic reflection coefficient as a function of 

frequency for different couplant thicknesses is shown in Figure 4.7. The difference from the 180° 

phase shift for an infinitely thin couplant layer becomes more pronounced as the couplant layer 

thickness becomes larger with respect to wavelength. As the phase shift can vary dramatically for 

small differences in thickness, care must be taken to ensure a consistent couplant thickness to 

obtain high repeatability.  

 
Figure 4.7: Phase vs. frequency of ultrasonic reflection from couplant interface for different 

couplant thicknesses 

 

4.4.1.5 Effect of Ultrasonic Diffraction 

The phase of diffraction terms in Equation 4.5 are computed by modeling ultrasonic diffraction 

within the test specimen for the (𝑛 + 1)𝑡ℎ and 𝑛𝑡ℎ echoes. Due to the use of a finite-radius piston 
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source and receiver, ultrasonic signals do not, in practice, behave as a true plane wave within a 

specimen. Much research throughout the years has been completed into modeling the effect of 

diffraction on ultrasonic waves [134] [135] [136] [137].  

Depending on the unit-less parameter sometimes referred to as the Seki parameter, 

amplitude and phase shifts due to diffraction can be calculated. The Seki parameter is defined 𝑆 =

𝑧𝜆/𝑎2, where 𝑧 is the distance traveled, 𝜆 = 𝑐/𝑓 is the ultrasonic wavelength, and 𝑎 is the 

transducer radius. Numerous works have used corrections for diffraction to obtain more accurate 

ultrasonic velocity, time-delay, and attenuation measurements [100] [132] [138] [139] [140]. In 

this work, the exact phase shift due to diffraction due to different back wall echoes within the test 

specimen is determined by solving the exact Lommel diffraction correction integral found by 

Williams [136] and written in a different form by Rogers and Van Buren [141].    

4.4.2 Experimental Setup 

To demonstrate the capabilities of the CFPPLL-based ultrasonic phase measurement method, 

measurements of micrometer-scale thickness variations in ~11 mm thick smooth glass specimens 

were performed. Six 5.08 cm x 5.08 cm square specimens were cut from a plate of Schott 

Borofloat® 33, a float-glass version of borosilicate glass purchased from the S. I. Howard Glass 

Company. The specimens were cleaned in an ultrasonic bath of ethanol for 30 minutes prior to 

testing. Next, a 3 x 3 grid was marked off on each specimen using thin strips of tape to be used for 

thickness measurements.  

At each of the nine locations on the six test specimens, the thickness was measured using 

a calibrated Starrett micrometer. The micrometer was calibrated by using Starrett-Webber gage 

blocks in the thickness range of interest, 10.9-11.0 mm, in 1 μm increments. After correction, the 

micrometer measurements in the given range had a standard deviation of error of 1.05 μm.  
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To maintain consistent couplant layer thickness between measurements, a screw clamp is 

used to hold constant pressure and a load cell is placed in the path between the clamp and ultrasonic 

transducer, as shown in Figure 4.8. A similar measurement setup is shown in Figure 4.4b.  

 
Figure 4.8: Image of load cell in path between screw clamp and ultrasonic transducer 

 

Ultrasonic measurements for thickness estimation were taken at each of the nine locations on six 

test specimens. To maintain a consistent couplant thickness, the transducer was loaded with a 

pressure of ~2.8 MPa for each test. Water was used as a couplant for all measurements shown in 

this work due to its well-known material properties; however, other commercially available 

couplants produced similar results. A 6.35 mm diameter, highly damped, broadband Olympus 

V112 ultrasonic transducer nominally designed to operate at 10 MHz was used for most 

measurements, with the exception of some ToF measurements using a 50 MHz transducer.  

Using the CFPPLL-based ultrasonic phase measurement instrument, the phase of the 

received wave was tracked as the frequency of the input tone-burst varied from 9 MHz to 10 MHz 

with a 10 kHz resolution. At each frequency, the phase was averaged over 32 repeated tone-bursts 

to reduce the effect of noise. The phase vs. frequency response of both the first and second back 

wall reflections from the Borofloat specimens were measured.  

While still under pressure, the ultrasonic transducer was disconnected from the CFPPLL 

instrument and connected to a GE Panametrics Model 5900PR Pulser-Receiver to generate and 

receive broadband pulses for comparative ToF measurements. The generated pulse contained 1 μJ 
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of energy, and the received wave was amplified by 29 dB. The bandwidth of the generated pulse 

was chosen to be 1 kHz-200 MHz to make the ultrasonic transducer the bandwidth-limiting 

element of the system. After amplification, the received echoes from the specimens were displayed 

on a LeCroy WaveRunner 6200 oscilloscope with 0.1 ns timing resolution. ToF measurements 

were taken by measuring the difference in time of the peak amplitudes of the first two back wall 

reflections and averaging over 500 transmitted pulses.  

After the phase and ToF measurements, the 10 MHz ultrasonic transducer was replaced 

with a 6.35 mm diameter, highly damped, broadband Olympus V214 ultrasonic transducer 

designed to operate at 50 MHz. Conventional pulse-echo ToF measurements were obtained with 

the transducer, similar to the measurements taken with the 10 MHz transducer.  

4.4.3 Results and Discussion 

4.4.3.1 Correction for Time-Delay and Phase Offsets 

Prior to analysis, the phase shift due to diffraction was found and subtracted out of the phase vs. 

frequency measurements. As borosilicate glass should have no long-range crystal structure, it is 

assumed isotropic. Table 4.2 shows the parameters used to solve the diffraction correction integral 

at each frequency and for each echo. The nominal specimen thickness of 𝐿 = 11 𝑚𝑚 was used for 

each diffraction correction.   

Table 4.2: Parameters used in diffraction phase correction calculation 

Parameter Value 

Sound Velocity, 𝑐  5.640 [𝑚𝑚/𝜇𝑠] 
Distance Traveled, 2𝐿𝑛 (𝑛 is echo #)  22𝑛 [𝑚𝑚] 
Transducer Radius, 𝑎 3.175 [𝑚𝑚] 
Frequency, 𝑓 9.00 − 10.00 [𝑀𝐻𝑧] 

  

Figure 4.9 shows the computed diffraction phase correction curves for the first and second back 

wall echoes as well as the phase difference between the same echoes. These curves were used to 

correct the measured phase vs. frequency response of the first and second back wall echoes from 
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each specimen in the 9-10 MHz. The diffraction phase correction provided an effect of 

−0.854 𝑑𝑒𝑔/𝑀𝐻𝑧 on the slope of the first echoes and an effect of −1.567 𝑑𝑒𝑔/𝑀𝐻𝑧 on the 

difference between back wall echoes in the 9-10 MHz range.  

 
Figure 4.9: Diffraction phase correction and correction difference for multiple echoes  

 

After diffraction correction, the effect of couplant reflection was removed by applying a linear fit 

to the ToF or phase vs. the measured thickness curve. The y-intercept of the line-of-best-fit at zero 

thickness corresponds to the extrapolated phase or time-delay offset. In total, four parameters were 

extracted from the ToF and phase measurements to predict Borofloat glass thickness: ToF 

difference between echoes with 10 MHz transducer, ToF difference between echoes with 50 MHz 

transducer, slope of phase vs. frequency in 9-10 MHz range from first back wall echo, and slope 

of phase difference between back wall echoes vs. frequency in 9-10 MHz range.   

Figure 4.10 shows plots of two of the time-delay parameters as a function of the specimen 

thickness. Included in each plot is the line-of-best-fit for the data, which is used to interpolate the 

time-delay or phase offset at zero specimen thickness. Assuming the couplant thickness and quality 

is the same for each measurement, the offset measures the phase impact from all sources except 

for the test specimen. Comparing the phase difference between two consecutive echoes to the 

phase from the first echo, the phase offset dropped in magnitude, which is consistent with the 
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theory that the phase difference would subtract out some external phase shift sources present in 

each echo.  

 
Figure 4.10: Time delay parameter vs. thickness, including linear fit, for ToF with 10 MHz 

transducer and 𝑑Δ𝜙/𝑑𝑓  

 

As there is only a weak dependence of diffraction for the small ~100 𝜇𝑚 thickness difference 

range, the diffraction corrections only provided a constant offset to the 𝑑𝜙/𝑑𝑓 vs. thickness 

measurement curves. As such, diffraction corrections did not provide a measureable effect on the 

thickness predictions in this study. It should be noted, however, that the interpolation of the phase 

offset at zero thickness is only valid after diffraction correction have been applied, according to 

Equations 4.4 and 4.5. If gaging thickness over a greater range, the diffraction correction to 𝑑𝜙/𝑑𝑓 

will become more pronounced. 

4.4.3.2 Thickness Predictions from Ultrasonic Measurements 

After finding the phase or time-delay offset for each parameter, a thickness for each measurement 

was calculated from Equations 4.2 and 4.3. Figure 4.11 shows the difference between the 

ultrasonically measured thickness and micrometer-measured thickness at each location, for two of 

the time-delay parameters.  
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Figure 4.11: Difference between ultrasonically and micrometer measured thicknesses for ToF 

with 10 MHz transducer and 𝑑𝛥𝜙/𝑑𝑓 

Additionally, Figure 4.12 shows a box plot of the predicted thickness error from all of the 

parameters, displaying the median as well as the first and third quartiles of the data. Small plus 

signs in the box plot represent potential outlier data that fall outside of the quartiles by greater than 

1.5 times the interquartile range. Note, 𝑝ℎ𝑖_𝑑𝑖𝑓𝑓 is the Δ𝜙 phase difference between the first and 

second back wall echoes.   

 
Figure 4.12: Box plot of predicted thickness error for each time-delay or phase parameter 

 

From comparing predicted thicknesses with measurements with a calibrated micrometer, several 

conclusions can be drawn. The worst performing parameter tested was ToF measurements with 
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the 10 MHz transducer, with the most significant mean and standard deviation of error. Using the 

same ultrasonic transducer, the CFPPLL-based ultrasonic measurement parameters performed 

more accurately and displayed less uncertainty. As predicted, the 50 MHz transducer performed 

more accurately and precisely than its 10 MHz counterpart. It is thought that the longer pulse 

duration from the 10 MHz transducer in comparison to the 50 MHz transducer results in higher 

uncertainty.  

It is important to note that each of the CFPPLL-based phase parameters performed about 

the same or better in both accuracy and precision than the ToF measurements from the much higher 

frequency transducer. If the CFPPLL-based instrument was modified to have a pass-band around 

50 MHz rather than 10 MHz, its thickness measurement resolution would be dropped by a factor 

of five, since the phase resolution is constant with respect to frequency. Thus, the CFPPLL-based 

method should outperform conventional ToF if operated at 50 MHz. In many media, higher 

frequencies will attenuate very quickly, making a 50 MHz driving frequency more difficult to use. 

Additionally, 50 MHz transducers are often very thin and easy to break, often requiring protective 

coverings or delay lines. As such, it is significant that the CFPPLL-based phase measurement 

method obtains similar thickness gaging performance at 10 MHz that conventional ToF 

measurements obtain at 50 MHz.  

Additionally, the phase difference between consecutive echoes resulted in a decrease in the 

average error and uncertainty for the 𝑑𝜙/𝑑𝑓 parameter. This provided the lowest mean error and 

uncertainty in thickness of all parameters. The 𝑑Δ𝜙/𝑑𝑓 between the first and second back wall 

echoes provided a mean predicted thickness error of −0.04 𝜇𝑚 and standard deviation of predicted 

thickness error of 1.35 𝜇𝑚. 
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4.4.4 Sources of Phase Measurement Uncertainty 

In addition to the internal sources of uncertainty inherent to the ultrasonic phase technique itself, 

as described in Section 4.3, the external sources of uncertainty have also been analyzed. 

Measurements of pressure applied to the transducer and ambient temperature during testing 

allowed for the impact of these sources of uncertainty to be examined. From an experiment 

tracking the phase shift due to pressure on the ultrasonic transducer, the phase was found to level 

off around ~2 MPa, above which 𝜕𝜙/𝜕𝑓 varied linearly by 0.439 (deg/MHz)/MPa and the phase 

at 10 MHz varied 3.915 deg/MPa. During thickness gaging experiments, the mean pressure on the 

transducer was measured to be 2.754 MPa with a standard deviation of 0.031 MPa. Therefore, the 

phase measurement uncertainty due to applied pressure differences is 0.014 deg/MHz for 𝑑𝜙/𝑑𝑓 

and 0.112 deg for the phase at 10 MHz.  

To examine the effect of small temperature shifts, another experiment was performed on 

one a glass specimen to measure the phase response to temperature change near room temperature. 

The transducer clamping setup was placed within a custom-built environmental chamber with 

temperature stability of ± 0.01°C over one hour. While holding pressure steady at ~2.8 MPa, the 

temperature was cycled from 20°C to 25°C and the ultrasonic phase response of the first back wall 

reflection was monitored at a driving frequency of 10 MHz. The phase shift at 10 MHz in the glass 

specimens due small temperature variations was found to vary linearly 0.715 deg/°C in the 20°C-

25°C range, based on testing in an environmental chamber.  

The mean temperature during ultrasonic thickness gaging tests was measured to be 20.51°C 

with a standard deviation of 0.18°C. Using the relationship between phase and temperature found 

in an environmental chamber experiment, the phase measurement uncertainty at 10 MHz due to 

temperature uncertainty is 0.129 deg.  
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The standard deviation in phase measurements at 10 MHz due to external sources sums to 

0.171 deg. The internal phase measurement uncertainty at 10 MHz were found in Section 4.3 to 

be 0.017 deg while averaging over 16 samples as in this study. Combining external and internal 

sources of uncertainty yield a total phase uncertainty at 10 MHz of 0.172 deg. Conversion to 

thickness measurement uncertainty in Borofloat glass via Equation 4.2 gives a standard deviation 

of thickness measurement uncertainty of 0.14 µm due to transducer pressure and temperature 

variations. Combined with the measurement uncertainty of the calibrated micrometer in the 10.9-

11.0 mm thickness range, the thickness measurement uncertainty due to the micrometer 

uncertainty, temperature variations, and transducer pressure variations is 1.06 μm. Thus, most of 

the 1.35 μm uncertainty using the 𝑑Δ𝜙/𝑑𝑓 phase measurement method is attributed to known 

sources, the bulk of which is attributed to micrometer thickness measurements. Comparing the 

CFPPLL-based ultrasonic phase measurements with a more accurate method or using test 

specimens with thicknesses known to sub-micron tolerances should improve the predicted 

thickness uncertainty.  

Another potential source of uncertainty is the slight non-linearity of the phase response in 

the 9-10 MHz range introduced by the reflection off the couplant layer. Using the slope of the 

phase vs. frequency response of back wall reflections is dependent on the linear relationship 

between phase and frequency of the test specimen, as described by Equation 4.2. However, the 

reflection from the thin couplant layer has an upward concavity and can only be approximated as 

linear over a sufficiently small frequency range. Consequently, measurement accuracy and 

uncertainty could be further improved by sweeping over a smaller frequency range.  

A final source of uncertainty is inconsistent flatness and parallelism of the test specimens. 

As seen in the thickness values from Figure 4.10, the specimens varied in thickness across their 
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surfaces as much as 14 μm. Thus, the glass specimens do have some inherent lack of flatness or 

parallelism, which contributes to the uncertainties observed. No attempt to correct the phase 

measurements for flatness and parallelism issues was conducted in this work. 

4.5 Effect of Pressure on Transducer and Couplant Layer 

Thickness on Ultrasonic Phase 

As initially described in Section 4.4.1.4, it is extremely important to maintain a consistent couplant 

layer thickness between experiments to minimize differences in phase shifts due to the couplant 

interface. To maintain a consistent couplant layer thickness for each measurement a screw clamp 

was used to hold constant pressure during testing, and a load cell was placed in the path between 

the clamp and commercially available ultrasonic transducer so that a consistent pressure could be 

applied each time, as shown in Figure 4.8. An experiment was performed where the pressure on a 

1/4” diameter ultrasonic transducer was changed while measuring the resulting phase shift of 

reflection from the back wall of a ~11 mm thick glass specimen. Distilled water was used as 

ultrasonic couplant in this experiment. Figure 4.13 shows how the slope of the phase shift in the 

9-10 MHz range changes as the pressure on the transducer increases.  

 
Figure 4.13: Slope of phase shift of first back wall reflection on glass specimen vs. pressure on 

ultrasonic transducer 

 

As the phase slope varies only slightly for higher pressures, it was chosen to use a pressure above 

2 MPa in future contact-measurement experiments with the ultrasonic phase method. In the region 
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above 2 MPa, a linear fit of the curve implies a 0.439 (𝑑𝑒𝑔/𝑀𝐻𝑧)/𝑀𝑃𝑎 change due to small 

variations in applied pressure. From the same measurements at 10 MHz, the constant-frequency 

phase shift varied 3.915 𝑑𝑒𝑔/𝑀𝑃𝑎 above a pressure of 2 MPa. Based on this study, it is 

determined to use a consistent transducer pressure of ~2.7 MPa for most of the ultrasonic 

measurements throughout this work.  

 The fact that there exists a measured minimum in the phase slope near a pressure of 1 MPa 

can also be further investigated for information about the couplant layer thickness. By modeling 

the couplant interface by a PZT5A crystal/distilled water/Borosilicate glass layer stack as was done 

to produce Figure 4.7, a minimum in the phase slope is predicted at the couplant thickness 

described by Equation 4.6.  

𝐿𝑐𝑜𝑢𝑝𝑙 =
𝑐𝑐𝑜𝑢𝑝𝑙𝑍𝑐𝑜𝑢𝑝𝑙(𝑍𝑃𝑍𝑇 − 𝑍𝐺𝑙𝑎𝑠𝑠)

𝑍𝑃𝑍𝑇𝑍𝐺𝑙𝑎𝑠𝑠𝜔0
 (4.6) 

In Equation 4.6, 𝑐𝑐𝑜𝑢𝑝𝑙 is the sound velocity in the couplant, 𝑍𝑛 is the acoustic impedance in each 

layer, and 𝜔0 is the center angular frequency of the phase slope frequency range. At a center 

frequency of 9.5 𝑀𝐻𝑧, the predicted phase slope minimum occurs at 𝐿𝑐𝑜𝑢𝑝𝑙 = 3.7 𝜇𝑚. Thus, it is 

concluded that at an applied pressure of ~1 MPa on the ultrasonic transducer, a couplant layer 

thickness of ~3.7 𝜇𝑚 is produced.   

 It should be noted that it is difficult to model effect of the couplant layer on ultrasonic 

phase is only because contact ultrasonic measurements are used in this work. In many ultrasonic 

scanning applications, a water bath is used where the ultrasonic transducer is held at a fixed 

distance, multiple ultrasonic wavelengths away from the part under inspection. If this coupling 

layer is thick enough that echoes within the layer can be time-resolved from echoes within the part 

under inspection, then the analysis of phase shifts in the couplant layer is greatly simplified. Instead 

of the complicated layer stack modeled in Section 4.4.1.4, the phase shift through the coupling 
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medium can be simply modeled by Equation 4.1 using the sound velocity and thickness of the 

couplant.  

4.6 Conclusions 

A novel single-frequency ultrasonic phase measurement instrument has been built and tested to 

show its efficacy against conventional ultrasonic time-delay measurement methods. The 

instrument is digitally controlled and based on a CFPPLL design, which allows unprecedented 

frequency independent ultrasonic phase measurement resolution of to 0.00038 radians (0.022°) or 

one part in 6.1 × 10−5 of an ultrasonic wavelength. Ultrasonic phase can be tracked in real-time 

for measurement of material property changes due to external stimuli. Unlike previous PPLL-

based ultrasonic phase measurement instruments, the system can change driving frequency while 

also maintaining the previous phase relationship, so swept-frequency phase measurements can be 

conducted with resolution as low as 3.55 μHz. This new feature allows absolute sound velocity or 

thickness measurements to be obtained in solid media, opening up this instrument to many new 

applications beyond simple phase or sound velocity monitoring, like previous PPLL instruments. 

Using glass specimens, swept-frequency ultrasonic phase measurements from the CFPPLL 

instrument were compared with conventional, broadband ToF measurements from a pulser-

receiver. After correcting for diffraction effects and factoring out the time-delay offset due to 

external sources, the CFPPLL phase measurements outperformed conventional ToF measurements 

in both accuracy and precision. Furthermore, CFPPLL phase measurements near 10 MHz 

outperformed much higher frequency 50 MHz ToF measurements. The slope of the phase vs. 

frequency line taken with the CFPPLL instrument was able to predict thickness with an average 

error of −0.04 𝜇𝑚 and standard deviation of error of 1.35 𝜇𝑚, which was close to the calibrated 

micrometer’s 1.06 μm uncertainty. Given a mean thickness of about about 10.95 mm, the mean 
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thickness measurement error was -0.00037% of the total thickness and standard deviation of 

thickness measurement uncertainty was 0.012%. Additional studies showed the CFPPLL method 

produces a standard deviation of phase error of only 0.008° due to quantization error and system 

noise, in comparison to a phase error of 0.251° for high-resolution cross-correlation phase 

measurements using the same SNR as 26.1 dB and number of samples as 256. 

The CFPPLL-based phase measurement instrument provides high-resolution, low-

uncertainty ultrasonic time-delay measurements. Its digital control and waveform generation 

provide major improvements in both resolution and ease-of-use to previous PPLL-based ultrasonic 

phase measurement instruments. In addition to improving on conventional ToF methods of sound 

velocity or thickness measurements in solids or liquids, high-resolution swept-frequency phase 

measurements may have applicability in areas such as adhesive bond quality assessment, thin film 

characterization, and analysis of complex structures. Characterizing this method’s ability to assess 

adhesive bond quality is the basis for the remainder of this work. 
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Chapter 5: Interface Quality Assessment by Ultrasonic Phase 

Measurements 

In this chapter, the constant-frequency ultrasonic phase method is demonstrated for quality 

assessment of a single imperfect interface. First, the interface between a glass adherent and 

adhesive curable using UV light is monitored with ultrasonic phase throughout its cure process. 

From this assessment, two methods are developed for monitoring the change in interface quality 

at the interface between an adherent with high acoustic impedance and adhesive with lower 

acoustic impedance. Next, the dry-contact interface between metals are investigated with constant-

frequency ultrasonic phase measurements, and interface stiffness changes are determined. It is 

demonstrated that regardless of the acoustic impedance values of the materials at an interface, the 

interfacial stiffness can still be assessed with this method. The experimental results in this chapter 

are all matched with theory developed in Chapter 3. 

5.1 Single-Interface Adhesive Bond Strength Assessment 

5.1.1 Experimental Setup 

5.1.1.1 Bonded Joint Fabrication 

Several bonded joints are fabricated and ultrasonically interrogated to investigate single-interface 

characterization with the ultrasonic phase measurement method. Smooth glass adherents are 

chosen to minimize experimental uncertainty arising from surface roughness and internal 

scattering in this study. For high control over adhesion quality, adhesive curable with ultraviolet 

(UV) light is chosen. So that echoes from the adherent/adhesive interface are easily time-resolved 

from echoes from the back-wall of the adhesive, a thick adhesive layer is used.  
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Schott Borofloat® 33 glass cut into 5.08 cm wide x 5.08 cm long x 1.10 cm thick coupons 

were purchased from the S. I. Howard Glass Company to be used as adherents. Norland Optical 

Adhesive (NOA) 63, a UV-curable adhesive, was obtained from Norland Products Inc. to be used 

for bonding. NOA 63 cures optimally via UV light with wavelengths 350-380 nm and requires 

about 4.5 𝐽/𝑐𝑚2 of energy for full cure. NOA 63 is chosen because of its high transmission of UV 

light in the 350-380 nm range, meaning that thick layers of adhesive may be used without a strong 

gradient in degree-of cure throughout the thickness of the layer.  

The UV light source is a 5.08 cm x 15.24 cm Model 22-UV manufactured by Optical 

Engineering, Inc (now manufactured by Macken Instruments, Inc.) and uses a low-pressure 

mercury fluorescent bulb with UV phosphor and blue-tinted glass to suppress visible emission. 

The source emits light with a maximum intensity of 5 𝑚𝑊/𝑐𝑚2 and wavelengths primarily 

between 340 nm and 390 nm, with peak emission at 360 nm, according to the manufacturer. 

Assuming the full intensity of light reaches the adhesive layer, it is estimated that an exposure time 

of 15 minutes is required to fully-cure the NOA 63 adhesive at 4.5 𝐽/𝑐𝑚2. 

Prior to the application of adhesive, each glass coupon was cleaned with an ethanol wipe, 

a 60 minute ultrasonic cleaning bath in reagent grade ethanol, and vapor degreasing with ethanol. 

After drying, the adherent was placed into a special apparatus designed for this study so that the 

ultrasonic phase of the reflection coefficient could be monitored during UV light exposure. 

5.1.1.2 Ultrasonic Phase Measurement Setup 

The apparatus shown in Figure 5.1 is designed so the ultrasonic phase of the reflection coefficient 

at the adherent/adhesive interface could be monitored during the UV light curing process. The 

lower part of the apparatus, depicted in Figure 5.1a, holds the glass adherent in place with an 

ultrasonic transducer mounted underneath with Sono 600 ultrasonic couplant. A 6.35 mm 
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diameter, broadband Olympus V112 ultrasonic transducer is used throughout this study. While not 

clearly shown in the image, the height of the lower part is slightly less than the height of the 

ultrasonic transducer. When load is applied to the apparatus, the load is transferred from the glass 

to the transducer to the underlying metal substrate.  

 
a) 

 
b) 

Figure 5.1: Images of apparatus for monitoring phase shift during adhesive cure: a) lower part 

with ultrasonic transducer mounted underneath glass adherent, and b) UV-light source mounted 

on top of upper part resting on adherent 

 

On top of the glass adherent is the second part of the apparatus, shown in Figure 5.1b, which has 

two functions. First, it acts as a reservoir for the liquid adhesive until it begins to cure. The upper 

part provides a circular opening 1.27 cm in diameter on top of the adherent with a vertical lip 3 

mm in height. After the upper part is placed on the glass adherent surface, a reference ultrasonic 

measurement is obtained on the bare glass adherent. Next, drops of NOA 63 adhesive are applied 

to the glass surface until the height of the adhesive layer reaches the 3 mm lip of the upper part. 

Next, the UV light source is placed on top of the upper part. A load cell is placed in-line 

between the UV source and a screw clamp above, so that the load on the ultrasonic transducer is 

measured. A constant load of ~133 N is applied to the ultrasonic transducer throughout this study 

to minimize phase uncertainty due to ultrasonic couplant layer thickness variations between 

experiments. A shutter is used to block light from reaching the adhesive layer when desired, seen 

protruding from under the UV source on the right side of Figure 5.1b.  
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Ultrasonic phase measurements are obtained using the constant-frequency pulsed phase-

locked-loop (CFPPLL)-based method described in Chapter 4. After averaging over 64 phase 

samples, constant-frequency ultrasonic phase measurements are obtained every 0.384 s. The 

ultrasonic phase is sampled on the first echo from the adherent/adhesive interface. For each 

experiment, the ultrasonic phase is first measured on the bare glass adherent as a reference and 

then measured after the adhesive has been applied. 

Two sets of experiments are performed to demonstrate the constant-frequency ultrasonic 

phase measurement method’s ability to assess interfacial stiffness in the 𝑍1 > 𝑍2 case. First, 

broadband ultrasonic pulses are used to assess the acoustic time-of-flight (ToF) in the adhesive 

layer as a function of UV-light exposure time. At different time intervals during the cure process, 

the UV light source is blocked and the joint is evaluated with a broadband ultrasonic pulse from a 

GE Panametrics Model 5900PR pulser-receiver. A LeCroy WaveRunner 6200 oscilloscope 

captures echoes from the bonded joint. The broadband pulse has a pass-band of 1 𝑘𝐻𝑧 −

200 𝑀𝐻𝑧, a pulse energy of 4 𝜇𝐽, and is amplified by 42 𝑑𝐵 prior to being received.  

From the ToF, bulk sound velocity in the adhesive is computed to be later used to separate 

sound velocity and acoustic impedance induced phase shifts from interfacial stiffness induced 

phase shifts. To verify that the sound velocity in the adhesive during cure does not appreciably 

change for different bondline thicknesses due to UV-light passing through the adhesive layer, the 

experiment is conducted for three different bondline thicknesses. An additional experiment is 

performed with a block of acrylic in line between the UV-light source and adhesive layer to reduce 

the intensity of UV-light reaching the adhesive and slow the cure process.  

A study is also conducted to demonstrate the phase maximum’s dependence on 𝐾0. At 10 

MHz, the ultrasonic phase is tracked as a function of UV-exposure time. For comparison, a second 



82 

 

phase-tracking experiment is performed where a block of acrylic is used to reduce the UV light 

intensity reaching the adhesive layer during the curing process. It is predicted that this will result 

in an increase of the peak phase time, as the time it takes for the interfacial stiffness to reach 𝐾0 

will be increased.  

5.1.2 Results and Discussion 

5.1.2.1 Sound Velocity Measurement as Function of UV Exposure  

Figure 5.2 shows the measured amplitude vs. time data from broadband ultrasonic pulse echoes 

within one of the standard UV-light intensity bonded joints. Note, the back wall echoes from the 

adhesive layer both decrease in ToF and increase in amplitude as UV-light exposure time 

increases. The ToF decreases during cure because of an increase in the elastic modulus of the 

adhesive. Adhesive stiffening results in an increase of the sound velocity in the adhesive due to 

the relationship between sound velocity and elastic modulus, 𝑐 = √𝐸/𝜌, where 𝑐 is sound velocity, 

𝐸 is longitudinal elastic modulus, and 𝜌 is mass density.  

 
Figure 5.2: Amplitude vs. time of bonded joint reflections for varying UV-light exposure times 

with standard UV-intensity with 3.227 mm thick bond line 
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After the four bonded joints were cured, the bond line thickness of each joint was measured 

with a micrometer 8 times each and averaged. Table 5.1 shows the mean bond line thickness plus 

or minus one standard deviation for each bonded joint in this ToF measurement study.  

Table 5.1: Measured bond line thickness of each bonded joint used for time-of-flight assessment 

after 60 minutes of UV-light exposure 

Specimen 
Measured Bond line Thickness: 

𝑴𝒆𝒂𝒏 ± 𝑺𝒕𝒅.𝑫𝒆𝒗. (𝒎𝒎)  

Std. Intensity, #1 0.781 ± 0.010 

Std. Intensity, #2 1.383 ± 0.011 

Std. Intensity, #3 3.227 ± 0.021 

Lower Intensity 1.802 ± 0.006 

 

The ToF within the adhesive layer was determined from the time of the minimum amplitude of the 

first reflection from the NOA 63 back-wall minus the time of minimum amplitude from the first 

reflection from the glass/NOA 63 interface. For the thickest bond line, denoted “Std. Intensity, #3” 

in Table 5.1, it was difficult to obtain good ToF measurements for low UV-light exposure times, 

as the amplitude of  reflection of from the back-wall of the adhesive is initially very low for the 

first minute or two of cure. Consequently, the measured peak position of the echo from the back-

wall of the adhesive layer is more uncertain for these low UV-light exposure times but not for the 

remainder of the curing process. 

Combined with the measured bond line thicknesses, the relation 𝑐 = 2𝐿/𝑇𝑜𝐹 is used to 

compute the sound velocity in the adhesive as a function of UV exposure time, where 𝐿 is the bond 

line thickness and 𝑐 is the sound velocity. Figure 5.3 displays the computed sound velocity as a 

function of UV-light exposure time for each bonded joint.  
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Figure 5.3: Sound velocity vs. UV-light exposure time for different UV-light intensities: standard 

intensity with 0.78 mm bond line thickness (blue crosses), standard intensity with 1.38 mm bond 

line thickness (red asterisks), standard intensity with 3.23 mm bond line thickness (yellow 

squares), and lower intensity with 1.80 mm bond line thickness (purple triangles)  

 

From Figure 5.3, it is first noted that there is no noticeable difference in sound velocity depending 

on bond line thickness, as the standard intensity sound velocities are very similar throughout UV-

light exposure time. Also, it is noted that for both standard and lower UV-light intensities, the 

sound velocities begin around 1400 𝑚/𝑠 in the un-cured state, with the exception of the 3.23 𝑚𝑚 

thick bond line specimen, which is more easily seen in the inset of Figure 5.3.  

As previously mentioned, there is much uncertainty in ToF for the first minute or so of 

UV-exposure for the thickest bond line specimen, which results in uncertainty in the computed 

sound velocity. A higher bond line thickness allows for more attenuation of the ultrasonic waves 

passing through the adhesive layer, resulting in a lower magnitude of the reflection coefficient. It 

is thus theorized that the low amplitude of reflection from the back wall of the adhesive in the 

3.23 𝑚𝑚  thick bonded joint prevents the accurate measurement of sound velocity in the first 

minute or so of UV-light exposure. This results in the measured difference in sound velocity at 0 

minutes of UV-light exposure, where there should otherwise be no difference.  
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Throughout the curing process, the sound velocity in the lower intensity joint lags behind 

the sound velocity in the standard intensity joints. Within the first 10 minutes of UV-light 

exposure, the sound velocity under standard UV-light exposure increases much more quickly than 

in the bonded joint with acrylic blocking the light source. This is consistent with the acrylic block 

lowering the intensity of light reaching the adhesive and thus slowing the curing process.  

After 60 minutes of UV-light exposure, the 3.23 𝑚𝑚 thick standard intensity joint had an 

adhesive sound velocity of 2,285 𝑚/𝑠, and the lower intensity joint had an adhesive sound 

velocity of 2,167 𝑚/𝑠. As the lower intensity joint still had not reached the sound velocity of the 

standard intensity joints after 60 minutes, it was allowed to continue to cure. After 180 minutes of 

UV light exposure, the lower intensity joint finally displayed an adhesive sound velocity of 

2,259 𝑚/𝑠, meaning it had approximately reached the same degree-of-cure as the standard 

intensity bonded joint. 

5.1.2.2 Ultrasonic Phase Measurement Results 

Figure 5.4 shows the measured ultrasonic phase at 10 MHz of the first echo from the glass/adhesive 

interface throughout curing of the adhesive for the standard UV-light intensity joint as well as the 

lower UV-light intensity joint, where an acrylic block reduces the light intensity reaching the 

adhesive. The phase shown here is the phase measurement of the first echo from the 

adherent/adhesive interface minus the reference phase measurement on the un-bonded glass 

adherent to factor out the phase shift due to propagation through the adherent. Again, these 

measurements were obtained at every 0.384 𝑠 after averaging phase measurements over 64 

samples, which is why the measurements are plotted continuously. The inset of Figure 5.4 shows 

the peaks of the phase curves, showing how phase varies in the first 10 minutes of cure.  



86 

 

 
Figure 5.4: Measured phase at 10 MHz vs. UV exposure time for standard light intensity (blue, 

solid) and lower light intensity on adhesive (red, dotted) 

 

Notably, the phase at 0 minutes of UV-light exposure begins near −2 𝑑𝑒𝑔. The phase being below 

zero is likely caused by the presence of acoustic attenuation in one or both materials at the 

interface, as 𝜙𝑅1
≥ 0 𝑑𝑒𝑔 in Equation 3.9 when 𝑍1 > 𝑍2 for all values of 𝐾 without attenuation 

present. Additionally, the continued increase of ultrasonic phase after about 10 minutes of UV-

light exposure is not predicted by a steady increase of interfacial stiffness. It is thought that this 

increase is related to changing acoustic attenuation caused by additional molecular cross-linking 

in the adhesive as a function of UV-light exposure. Other processes taking place in the adhesive 

during cure, such as shrinkage, are not assessed with this measurement, because the received tone-

burst does not propagate through the adhesive layer.  

5.1.2.2.1 Interfacial Stiffness Threshold Assessment 

As predicted by theory in Section 3.1.2, there exists a peak phase at some point in the curing 

process at a particular interfacial stiffness value. Theory suggests the interfacial stiffness constant 

at which this peak occurs is a function of ultrasonic frequency and the acoustic impedances of the 
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materials in contact at the interface. Without using the measured acoustic sound velocity as a 

function of UV-exposure time, the acoustic impedance of the adhesive and the interfacial stiffness 

constant at the peak phase time is computed using Equations 3.11 and 3.12. First, Equation 3.12 is 

solved for the unknown 𝑍2, given by Equation 5.1.  

𝑍2 = 𝑍1 sin(𝑚𝑎𝑥(𝜙𝑅1
)) (5.1) 

From Equation 5.1, the acoustic impedance in the adhesive at the peak phase time is computed to 

be 𝑍2 = 2.46 𝑀𝑅𝑎𝑦𝑙 for the standard intensity joint and 𝑍2 = 2.04 𝑀𝑅𝑎𝑦𝑙 for the lower intensity 

joint. Next, Equation 3.11 is used to find unknown interfacial stiffness at the peak phase time: 

𝐾0 = 1.58 × 1014 𝑁/𝑚3 for the standard intensity bonded joint, and 𝐾0 = 1.30 × 1014 𝑁/𝑚3 for 

the lower intensity bonded joint. Using this method, ultrasonic phase tracking can be used to find 

when the interfacial stiffness – an analog for bond quality – has crossed some threshold value. This 

method also works in situations where the bulk properties of the adhesive layer are changing, as 

the acoustic impedance at the phase peak position can be computed given knowledge of the 

acoustic impedance of the adherent. Furthermore, the threshold interfacial stiffness can be chosen 

by the driving ultrasonic frequency. If a higher threshold is desired, a higher frequency tone-burst 

may be used; however, such higher frequencies may attenuate quickly in certain adherent media.  

5.1.2.2.2 Determination of Interface Stiffness from Phase Shifts 

To further study the ultrasonic phase measurement results, the measured adhesive sound velocity 

as a function of UV-exposure time is used to model how changing interfacial stiffness affects the 

ultrasonic phase. The acoustic impedance in the adhesive over time is computed, and the 

theoretical maximum phase of the reflection coefficient from Equation 3.11 is plotted in Figure 

5.5 as a function of UV-light exposure. Additionally, the measured maximum phase values from 
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the two bonded joints in this study are plotted in Figure 5.5. Figure 5.5 shows that the measured 

phase maximum values match closely with the calculated value.  

 
Figure 5.5: Calculated phase maximum vs. UV exposure time based on adhesive sound velocity 

measurements for standard light intensity (blue, solid) and lower light intensity (red, dotted), 

including measured phase maximum values (green crosses) 

 

Given knowledge of the acoustic impedance in the adhesive, the interfacial stiffness throughout 

the curing process can be estimated from the constant-frequency ultrasonic phase measurements. 

The phase response to different interfacial stiffness constants using the phase of Equation 3.5 is 

plotted as a function of UV-light exposure time in Figure 5.6 for both light intensity setups. Both 

surface plots appear similar, with the largest differences occurring for low UV-light exposure 

times.  
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a) 

 
b) 

Figure 5.6: Surface plot of theoretical phase vs. interfacial stiffness constant throughout adhesive 

cure process for a) standard light intensity bonded joint and b) lower light intensity bonded joint 

 

An inverse algorithm is used to find the interfacial stiffness from the phase curves in Figure 5.4, 

combined with the modeled phase responses in Figure 5.6. For each UV-light exposure time, the 

closest modeled phase to each measured phase value is found, and the corresponding interfacial 

stiffness producing that phase value is obtained. It is assumed that the interfacial stiffness constant 

below 𝐾0 from Equation 3.11 are possible values in the time before the measured phase reaches 

its peak and 𝐾 values above 𝐾0 are possible values in the time after the measured phase peak. This 
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assumption allows the algorithm to pick the more reasonable interfacial stiffness from the two 

possible 𝐾 values seen in Figure 6.6. The extracted interfacial stiffness values from the measured 

phase responses as a function of UV-light exposure are plotted in Figure 5.7. 

 
Figure 5.7: Predicted interfacial stiffness constants from measured phase at 10 MHz on 

glass/UV-curable adhesive joints with standard light intensity and lower light intensity 

 

As shown in Figure 5.7, the interface stiffness of the bonded joint with lower incident UV-light 

intensity lags behind the standard intensity bonded joint over the first few minutes of curing. It is 

also notable that the extracted interfacial stiffness of the lower-intensity bonded joint increases 

above the interfacial stiffness of the standard intensity bonded joint after about 6 minutes. This 

effect occurs due to the increase in phase shift after about 10 minutes of cure, as shown in Figure 

5.4. With only interface stiffness increasing, the phase continues to decrease down to 0 𝑑𝑒𝑔 as the 

adhesive continues to cure. However in both bonded joints, the phase has some minimum value, 

after which it begins to increase slowly. As previously postulated, this effect is thought to be caused 

by a change in acoustic attenuation in the adhesive during cure. It is not expected that the interfacial 

stiffness of the lower-intensity bonded joint passes that of the standard intensity joint, but it is 

instead thought to be caused by un-modeled changes in acoustic attenuation.  
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There are notable jump discontinuities seen in both interfacial stiffness curves: a horizontal 

period appears in the standard intensity joint and a vertical period appears in the lower intensity 

joint. These discontinuities are caused by the measured peak phase shifts being slightly above or 

below the modeled values, as shown in Figure 5.5. It is thought that the modeled peak phase values 

could be slightly off due to slight errors in sound velocity measurements at a given UV-exposure 

time. As the sound velocity changes very quickly in the initial few minutes of cure, very small 

differences in time cause a large shift in sound velocity.  

The sound velocity measurements in Figure 5.3 and interface stiffness measurements in 

Figure 5.7 both confirm the original predicted UV-exposure time of 15 minutes to reach full cure 

with the standard UV-light intensity. In both measurements, the values begin leveling off around 

10 minutes of cure and vary only slightly between 15 minutes and 60 minutes of UV-light 

exposure. This further confirms that the ultrasonic measurement results agree well with the 

adhesive manufacturer’s specifications on curing.  

Ultimately, the inverse method for determining interfacial stiffness from constant-

frequency ultrasonic phase monitoring could be improved by using a higher UV-exposure time 

resolution to improve the accuracy of sound velocity measurements at a given time. Additionally, 

a thorough treatment of acoustic attenuation in the adherent and adhesive would provide more 

accurate interfacial stiffness measurements. 

5.2 Single-Interface Dry-Contact Quality Assessment 

5.2.1 Background 

A study was devised to demonstrate the ability of the constant-frequency ultrasonic phase 

measurement method to assess interfacial stiffness in a variety of different material setups. In 

Section 5.1, adherent/adhesive interface stiffness was characterized from the adherent side of the 
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interface, making the acoustic impedance mismatch at the interface to be of the form 𝑍1 > 𝑍2. 

While practically applicable in a wide variety of scenarios, including bond quality of thick 

adhesive layers as well as coatings on a substrate, this is the most difficult material setup for 

interfacial stiffness characterization with ultrasonic phase, since good and bad bonds give the same 

phase shift of the reflection coefficient.  

 The other two acoustic impedance mismatch scenarios -- 𝑍1 < 𝑍2 and 𝑍1 = 𝑍2 – are 

encountered in practice, as well. First, the 𝑍1 < 𝑍2 scenario is applicable in bond quality 

assessment of coatings on a substrate when measuring from the coating side. Most often, the 

coating will be made from some polymer with a lower acoustic impedance than the usually metal 

underlying substrate. In this case, there is an expected 180° phase difference between good 

bonding and a complete disbond, as shown in Figure 3.2. This setup has been studied for coating 

adhesion quality by laser-ultrasonic methods [79], [80].  

Second, the 𝑍1 = 𝑍2 setup is found in diffusion bonds and in metal welds. Diffusion bonds, 

where two materials (commonly metals, especially titanium) are joined by applying heat and 

pressure to diffuse atoms from both materials together without melting, have been previously 

studied with broadband pulse-based ultrasonic measurement techniques [75], [76], [77], [78]. 

Similarly, inertia and friction welds have been studied with ultrasonic reflection measurements 

from both sides of the interface [69]. In another application with 𝑍1 = 𝑍2, a broadband pulse 

ultrasonic phase method was used to determine the thickness of an oil film layer between two glass 

plates by modeling the oil layer as a interfacial spring boundary [133].  

In this study, metal coupons are placed in contact and compressively loaded while the 

constant-frequency ultrasonic phase response of the interface between the two solids is monitored. 

As compressive load is increased, the interface between the two solids becomes more able to 
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transmit ultrasound, and the interfacial stiffness is varied from very low to very high values. This 

setup is sometimes called “simulated kissing bonds” in the literature. Here, aluminum and steel 

coupons are chosen for their different acoustic impedance values, and the ultrasonic phase method 

of interface characterization is demonstrated for all acoustic impedance mismatch conditions: 𝑍1 >

𝑍2, 𝑍1 < 𝑍2, and 𝑍1 = 𝑍2. Both rough and smooth coupons are used in this study, as smooth 

surfaces should more-easily transmit ultrasound when the coupons are under compressive load. In 

this simulated kissing bond study, the measurement of interfacial stiffness is simplified in 

comparison to the previous study involving bonding with a UV-curable adhesive, as the acoustic 

impedance of both media at the interface should stay constant throughout the experiment.  

5.2.2 Experimental Setup 

To examine interface stiffness with ultrasonic phase, two sets of 3.81 cm wide x 3.81 cm long Al 

6061-T651 and A36 steel coupons were fabricated. The first set is 3.81 cm in height and was left 

with the as-manufactured surface roughness, while the second set is 0.79 cm in height and was 

hand-sanded and polished to a near-mirror finish. It was hypothesized that the smooth coupons 

would transmit ultrasound more easily when placed in contact, and thus the measured interfacial 

stiffness would increase much more quickly as a function of compressive load.  

 The as-manufactured surfaces in this study were measured with an optical profilometer to 

have an RMS surface roughness of 2.45 𝜇𝑚 for the Al 6061 coupons and 3.70 𝜇𝑚 for the A36 

steel coupons. For the coupons that were hand-sanded and polished, the RMS surface roughness 

was 247 𝑛𝑚 for the Al 6061 coupons and 112 𝑛𝑚 for the A36 steel coupons. Figure 5.8 shows 

contour plots on the as-manufactured and polished coupons made from Al 6061 and A36 steel 

used in this study.  
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a) 

 
b) 

 
c) 
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d) 

Figure 5.8: Optical profilometry contour plots for a) as-manufactured Al 6061 coupon, b) as-

manufactured A36 steel coupon, c) polished Al 6061 coupon, and d) polished A36 steel coupon 

 

Compression loading of the Al 6061 and A36 steel surfaces were conducted in an MTS Alliance 

RT/100 electromechanical load frame. Each set of coupons were compressed at a displacement 

rate of 5 𝜇𝑚/𝑠 until a load of 90 𝑘𝑁 was reached, which is near the upper limit for the load frame. 

At 90 𝑘𝑁, the pressure at the interface is about 60 𝑀𝑃𝑎 based on the cross-sectional area of the 

coupons in this study.  

The ultrasonic phase of the reflection coefficient at the interface between the contacting 

solids is measured using the CFPPLL method described in Chapter 4. The phase of the reflection 

coefficient is monitored in real-time at a driving frequency of 9.0 MHz and with a phase sampling 

rate of 10.4 Hz after averaging. At the beginning of each experiment, the phase is locked to zero 

on the first echo from the interface. Then, any changes from zero are tracked as a function of 

interfacial loading.  

So that ultrasonic measurements could be obtained in-situ during compressional loading, a 

1.27 cm wide notch was milled into metal block with the same cross-sectional area of the metal 

coupons in this study. A rubber half-sphere was adhered within the notch to provide a highly 
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compressible resting point for the ultrasonic transducer. The height of the notch and rubber half-

sphere were chosen so that the ultrasonic transducer barely extends past the end of the notch with 

no load. After about 440 𝑁 of compressive load is applied, the rubber half-sphere has compressed 

enough that the path of the load is no longer passing through the transducer, and the load on the 

transducer no longer increases with higher compressive loads. As such, each experiment in this 

study begins with a 440 𝑁 pre-load to provide a consistent starting point for the ultrasonic phase 

measurements. Figure 5.9 shows a diagram and an image of the experimental setup, where the 

ultrasonic transducer is placed in-line with the compressive load so that the ultrasonic phase of the 

reflection coefficient from the interface can be monitored.  

 
a) 

 
b) 

Figure 5.9: a) Diagram of ultrasonic phase monitoring of metal coupons in dry contact during 

compressive loading, and b) Image of experimental setup with ultrasonic transducer monitoring 

phase of interface reflections during compression loading 

 

5.2.3 Results and Discussion 

5.2.3.1 Mechanical Testing  

Figure 5.10 shows the measured compressive load vs. displacement curves for each acoustic 

impedance mismatch setup, as well as for both rough and smooth contacting surfaces. Most notable 
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here is the fact that all load curves appear very similar for the same constant displacement rate of 

5 𝜇𝑚/𝑠. In each dry-contact joint, there is an initial region of slow load increase followed by a 

long linear region of load increase. There is no significant difference in the dry-contact joints 

detectable from the mechanical load vs. displacement curves.  

 
                   a) 

 
       b) 

Figure 5.10: Load vs. displacement curves for a) coupons with rough surfaces and b) coupons 

with smooth surfaces 

 

5.2.3.2 Ultrasonic Phase Monitoring  

Figure 5.11 shows the measured phase as a function of load for both the rough and smooth 

coupons. For the rough specimens, the measured phase response is mostly linear after about 10 

kN. When steel is directly probed with either steel or Al underneath, the linear phase response is 

essentially the same. Likewise, when Al is directly probed with either steel or Al underneath, the 

linear phase response is essentially the same. From this, it is concluded that the phase shifts on 

highly roughened specimens is almost entirely assessing the compressive strain in the coupons 

with no phase response due to the interface. An increase in phase of the reflection coefficient 

corresponds with a shortening of the path length traveled by the ultrasonic waves. With this 

conclusion in mind, it also makes sense that the phase slope when probing steel is less than the 



98 

 

phase slope when probing Al, since the elastic modulus of steel is much greater than the elastic 

modulus of Al.   

 
a) 

 
b) 

Figure 5.11: Measured phase at 9 MHz vs. load for each acoustic impedance mismatch scenario 

for coupons with a) rough surfaces and b) smooth surfaces 

 

In contrast to the rough surface coupons, in the phase responses from the smooth coupons vary in 

a non-linear way with respect to compressive load, as shown in Figure 5.11b. Note, the thickness 

of the smooth surface coupons is about 1/5 of the thickness of the rough surface coupons, so the 
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effect of strain on the phase measurement is suppressed in this data. It should be noted that for the 

Al/Al and steel/steel joints, there was very little amplitude of reflection as the load passed above 

50-60 kN. This makes sense, because as 𝐾 increases in the 𝑍1 = 𝑍2 case there is a higher intensity 

of ultrasound transmitted through the interface and a lesser amount reflected. As such, the phase 

data above about 60 kN is more uncertain than the rest of the plotted data for the smooth coupons.  

Of immediate interest is the fact that the phase response to load is shown to depend on the 

acoustic impedance mismatch of the material at the interface. To better factor out the measured 

phase shifts due to compressive strain from the phase shifts due to interfacial stiffness changes, 

the phase response from the rough coupons -- which exhibited phase shift almost entirely due to 

strain – were subtracted out of the phase response from the smooth coupons after scaling the phase 

responses for coupon thickness. The resulting phase responses, primarily due to interfacial 

stiffness changes during compression loading, are shown in Figure 5.12.  

 
Figure 5.12: Phase at 9 MHz of reflection coefficient vs. load for smooth surface coupons with 

phase response due to strain subtracted out 

 

5.2.3.3 Measurement of Interfacial Stiffness 

The measured results in Figure 5.12 are compared to the theoretical results in Figure 5.13 for 

constant frequency phase measurements of the reflection coefficient as a function interfacial 

stiffness in the three different acoustic impedance mismatch scenarios. Note, the location of peak 
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phase for the 𝑍1 > 𝑍2 case, seen in Figure 5.13, is higher than that of the 𝑍1 > 𝑍2 case for an 

Al/epoxy joint as shown in Figure 3.2 due to closer acoustic impedance matching between steel 

and Al.  

 
Figure 5.13: Theoretical phase of reflection coefficient vs. interfacial stiffness for interfaces 

between Al and steel 

 

First, the Al/steel joint undergoes about 180 𝑑𝑒𝑔 of phase shift over the course of compression 

loading as was predicted for the 𝑍1 < 𝑍2 case. At loads above about 50 kN, the phase increases 

above 180 𝑑𝑒𝑔, indicating there still may be a small amount of phase change due to strain 

remaining in the plotted data.  

Second, the Al/Al and steel/steel joints change from 0 𝑑𝑒𝑔 at no load to about 60 𝑑𝑒𝑔 for 

the Al/Al joint and about 120 𝑑𝑒𝑔 for the steel/steel joint. It was predicted that when 𝑍1 = 𝑍2, 

interfacial stiffness will increase from 0 𝑑𝑒𝑔 for no bonding to 90 𝑑𝑒𝑔 for good bonding. While 

on average the Al/Al and steel/steel joints ending phase was about 90 𝑑𝑒𝑔, there is much 

uncertainty in that number. As previously mentioned, there is very little amplitude of reflection for 

high loads in these two joints, which added phase measurement uncertainty. For the steel/steel 

joint that had its phase increase above the predicted value of 90 𝑑𝑒𝑔, it is thought that there is 

some leftover phase shift due to strain causing this phase shift. Meanwhile, it is thought that the 
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phase response of the Al/Al joint would continue to increase if the load frame were capable of 

higher compression loads in this study. To better study the 𝑍1 = 𝑍2 case, reflection phase 

measurements may be combined with amplitude measurements or through-transmission pitch-

catch phase measurements. Alternatively, reflection phase measurements from the back wall of 

the lower coupon may be used, which allows ultrasound to transmit through the interface twice 

before being received.  

Finally, in the steel/Al joint, a bad interface and a good interface both look very similar 

with a peak phase value, as predicted. The inset in Figure 5.12 shows a zoomed in version of the 

plot, highlighting the peak phase shift observed in the steel/Al joint where 𝑍1 > 𝑍2. After the peak 

phase, the phase slowly decreases toward 0 𝑑𝑒𝑔 as is predicted. This result supports the conclusion 

in Section 0 from the measured phase response during adhesive cure. In Figure 5.4, it was observed 

that the phase increased slowly after dropping after the initial phase peak, which was not predicted 

by the model assuming interfacial stiffness continues to increase with increased cure time. It was 

hypothesized that the phase increased in the adhesive joint, rather than dropping asymptotically 

toward 0 𝑑𝑒𝑔, due to un-modeled acoustic attenuation changes in the adhesive during cure. In this 

study where acoustic attenuation is not changing during compression loading, the phase is found 

to drop asymptotically toward 0 𝑑𝑒𝑔, as predicted.  

Rather than conducting a curve-fitting method of the measured phase curves in Figure 5.12 

to the theoretical phase curves in Figure 5.13, the interfacial stiffness for a given 𝜙𝑅 is found 

analytically so that the measured phase values can be substituted directly to find 𝐾. More 

specifically, Equation 3.9 is solved for 𝐾 in terms of 𝜙𝑅, which is then written in Equation 5.2 in 

the general form and in Equation 5.3 in the special case that 𝑍1 = 𝑍2. As 𝐾 used in this work must 

be logically positive and real-valued due to physics, the appropriate choice of plus or minus in 
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Equation 5.2 must be made to make sure 𝐾 ≥ 0 𝑁/𝑚3 and is not complex. Figure 5.14 shows the 

interfacial stiffness constant for a given measured phase of the reflection coefficient, as predicted 

by Equation 5.2 and Equation 5.3. 

𝐾 =
𝜔𝑍1𝑍2(𝑍2 ± tan(𝜙𝑅)√𝑍2

2 csc(𝜙𝑅) − 𝑍1
2

(𝑍1
2 − 𝑍2

2) tan(𝜙𝑅)
 (5.2) 

𝐾 =
𝜔𝑍1 tan(𝜙𝑅)

2
 (5.3) 

 
Figure 5.14: Theoretical interfacial stiffness vs. phase at 9 MHz of reflection coefficient for 

different Al and steel interfaces 

 

In the case of 𝑍1 > 𝑍2, there is a maximum predicted phase shift with respect to 𝐾 followed by a 

dropping phase shift for increasing 𝐾 at the value given by Equation 3.11. Consequently, there are 

two possible 𝐾 values for a given 𝜙𝑅 and the appropriate one must be chosen based on the context 

and knowledge of joint properties. To model the predicted interfacial stiffness as a function of 𝜙𝑅 

then, the phase range from 0 𝑑𝑒𝑔 to the peak phase value in Equation 3.11 is plotted with Equation 

5.2 with both the plus and the minus options. This gives the entire range of interfacial stiffness 

values for a given measured phase. Using Equation 5.2 and Equation 5.3, the interfacial stiffness 

is calculated from the measured phase curves in Figure 5.12 and then plotted in Figure 5.15. 
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Figure 5.15: Interfacial stiffness vs. load obtained from measured ultrasonic phase at 9 MHz of 

reflection coefficient at interface between two solids 

 

In Figure 5.15, both the Al/steel and steel/steel curves diverge toward infinite interfacial stiffness 

because the measured phase response passes above the theoretical phase maximum value of 

180 𝑑𝑒𝑔 for the Al/steel case and 90 𝑑𝑒𝑔 for the steel/steel case. Also of note is the discontinuity 

of 𝐾 in the steel/Al case, which is caused by the maximum phase value not reaching the theoretical 

maximum. Thus, it appears that the interface stiffness suddenly jumps from a point below the peak 

phase to one above the peak phase. More accurate interfacial stiffness assessment results could be 

obtained by better characterization of the phase shifts due to compressional strain in the probed 

medium and by using a load frame capable of much higher compressional loads to drive measured 

interfacial stiffness constants even higher than in this study.  

 As these are not actually bonded joints and this was only a proof-of-concept demonstration, 

it is unknown what the final interfacial stiffness constants should be with the applied load of 90 

kN. Research with a different ultrasonic phase method has proved able to determine more 

information about the interface, such as real surface area of contact, by modeling the morphology 

of the interfacing surfaces and their effect on the interfacial stiffness [85]. It is likely that with 
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further development this CFPPLL-based ultrasonic phase method could provide similar or better 

results, due to increased phase measurement resolution and accuracy. However, this study 

demonstrates a method by which the interfacial stiffness of two surfaces in contact can be 

evaluated for different the acoustic impedances of the interfacing media.  

5.3 Conclusions 

In this work, a constant-frequency ultrasonic phase measurement method is demonstrated for the 

assessment and monitoring of imperfect interfaces. The method is first demonstrated on an 

adherent/adhesive interface during the curing process. A glass adherent is bonded to an adhesive 

curable using UV light. During cure, an ultrasonic transducer is mounted directly under the bond 

line to monitor the ultrasonic phase of the reflection coefficient of the glass/adhesive interface. In 

the material setup in this study, the ultrasonic phase response of the interface is very close to zero 

for both good and bad bonding, rising to a peak value for some interfacial stiffness value in 

between. The peak phase was measured experimentally for a bonded joint with the standard UV-

light source as well as a second bonded joint that experienced lower UV-light intensity.  

From the ultrasonic phase response as a function of UV-light exposure, two key methods 

are demonstrated for assessing the quality of the adherent/adhesive interface. First, without a-priori 

knowledge of the adhesive sound velocity, the peak value of ultrasonic phase is used to determine 

the adhesive sound velocity and interfacial stiffness at the time of peak phase. The peak phase shift 

occurs at some value dependent upon acoustic impedances, ultrasonic driving frequency, and 

interface stiffness. This phenomenon is used here as a threshold to determine when the interfacial 

stiffness has crossed some value. This result is further validated by the lower UV-light intensity 

bonded joint, where ultrasonic phase measurements indicate a slower curing process and lower 

peak phase value. In practice, this method may be used to monitor an adhesive joint and determine 
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whether the interface quality has crossed some threshold value selectable by the driving ultrasonic 

frequency. Second, with separate measurement of adhesive sound velocity, an inverse algorithm 

is used to determine interfacial stiffness throughout the entire cure process. This method further 

demonstrated that the bonded joint cured with lower UV-light intensity indeed lagged behind the 

standard-intensity joint in degree-of-cure.  

In a second study, interface quality measurement is demonstrated in dry-contact joints 

under compressive load, sometimes referred to as “simulated kissing bonds”. The phase of the 

ultrasonic reflection coefficient from the imperfect interface is tracked as compressive loading is 

increased, which causes an increase in the interfacial stiffness flux. For different acoustic 

impedance values on either side of the interface, the ultrasonic phase method is able determine 

interface stiffness as a function of applied load.  

This work is the first demonstration of interfacial stiffness assessment on an 

adherent/adhesive single interface with ultrasonic phase and the first time the peak phase predicted 

by the interfacial spring model has been verified experimentally. This method has many practical 

NDE and SHM applications, including the assessment of thick-adhesive single lap joints and 

coating adhesion quality on a substrate. It may be used as a bond quality threshold assessment 

when the acoustic impedance of the adhesive is unknown or may be changing, may be developed 

into an adhesive cure monitoring method, and may be used to track small changes in interface 

quality when the acoustic impedance of the adhesive is well known. The ultrasonic phase method 

is also applicable when the same material is used on both sides of the interface, such as in the study 

of contact interfaces and diffusion bonds. Finally, the demonstrated phase method may be used to 

characterize interface quality of coatings on substrates where the acoustic impedance of the probed 

medium is lower than that of the underlying medium.  
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Chapter 6: Single Lap Joint Adhesive Bond Strength 

Evaluation with Ultrasonic Phase Measurements 

This chapter focuses on using the ultrasonic phase response of the reflection coefficient from the 

adhesive layer of a single lap joint (SLJ) to determine interfacial bond quality. In Section 6.1, an 

initial study is discussed, where constant frequency phase measurements from a SLJ are tracked 

as a function of small temperature changes. From these results, it was determined that obtaining 

steady-state phase vs. temperature measurements was very time-consuming and a more efficient 

bond quality assessment method should be explored.  

Next in Section 6.2, the swept-frequency ultrasonic phase measurement method is studied 

with Al/epoxy SLJs where one set of joints is pristine and another is interfacially contaminated 

with silicone. This study compares the ultrasonic phase method with conventional broadband 

ultrasound, and it is shown how the phase method is able to distinguish between pristine and 

contaminated joints where the amplitude method does not. This study also indicated that the 

frequency range around the acoustic resonance of the adhesive layer provides even better results.  

Interfacial bond quality determination from swept-frequency ultrasonic phase 

measurements around the resonance frequency of the bond line are demonstrated on ideal SLJ 

specimens in Section 6.3. Two major sets of experiments are performed on SLJs with smooth glass 

adherents and UV-curable adhesive. First, throughout the cure process, the phase response of the 

bond line is monitored. A curve-fitting algorithm is developed to solve inverse problem of 

determining interfacial stiffness from the measured phase spectra. Second, glass/UV-curable 

adhesive SLJs are cured to different degrees by varying UV-light exposure time. After curing, the 

SLJs are investigated with ultrasonic phase method and interface stiffness is determined using the 



107 

 

curve-fitting method. This study demonstrates how the ultrasonic phase method quantifies 

interface stiffness and correlates interface stiffness with mechanically measured bond strengths.  

Finally, the method of interfacial bond strength determination in ideal SLJ specimens is 

extended to Al/epoxy SLJs in Section 6.4. Rather than varying degree of cure, interfacial bond 

strength is modified by spray-coating Teflon-based contamination in different relative surface 

areas on one adherent surface prior to bonding. The SLJs are then interrogated with swept-

frequency ultrasonic phase measurements around the bond line resonance frequency, and a curve-

fitting method is used to determine interface stiffness from the measured phase spectra.  

6.1 Phase vs. Temperature Evaluation of Adhesive Bonding 

At the beginning of this project, one of the first ideas for investigating adhesive bonding with the 

ultrasonic phase was to track phase changes from ultrasonic echoes due to small temperature 

changes. By applying small temperature change to a bonded joint, thermal expansion will change 

the path length of sound through both the adherent and adhesive. This change in path length with 

temperature can be seen in the phase shift of an ultrasonic wave. Depending on the quality of the 

adhesive interfaces, different ultrasonic intensities will be reflected or transmitted at the interfaces, 

resulting in a change in the amount of phase shift coming from the adhesive layer.  

The potential effect of temperature on the interfacial stiffness constant must also be 

considered. From Cantrell’s theory on the physico-chemical relationship between interfacial 

stiffness and absolute interfacial bond strength, it is established that adhesive strength for alumina-

epoxy bonds can be expressed 𝜎𝑡𝑟𝑢𝑒 = 𝑃𝑏𝑜𝑛𝑑𝜎𝑚𝑎𝑥, where 𝑃𝑏𝑜𝑛𝑑 = (1 − 𝑃𝑛≥𝑚) is the probability 

a given bond is intact at a particular temperature [64]. The definition of 𝑃𝑛≥𝑚 from Cantrell is 

given in Equation 6.1.  
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𝑃𝑛≥𝑚 = 𝑒
−

ℎ𝜈(1+𝑚)
𝑘𝐵𝑇 (1 − 𝑒

−
ℎ𝜈
𝑘𝐵𝑇)

−2

 (6.1) 

The true bond strength is also related to interfacial stiffness by 𝜎𝑡𝑟𝑢𝑒 = (
𝐹𝑚𝑎𝑥

𝑘
)𝐾𝑁. Using Equation 

5.5 results in only a −0.00035% drop in 𝜎𝑡𝑟𝑢𝑒 and 𝐾𝑁 as temperature increases from 20°𝐶 to 

25°𝐶. As such, it is concluded that for the small applied temperature change in this study, the 

interfacial stiffness constants can be considered approximately constant. 

 The phase shift of the reflection coefficient from a SLJ with respect to temperature will be 

influenced by changes in the top adherent, the transducer itself, and the two imperfect interfaces 

mixed with the adhesive layer, leading to the relationship in Equation 6.2.  

Δ𝜙𝑅|𝑓=𝑓0 = Δ𝑇(Δ𝜙𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑡 + Δ𝜙𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟 + Δ𝜙𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒) (6.2) 

6.1.1 Example of Phase vs. Temperature of Ultrasonic Reflections 

To model how phase versus temperature measurements are used to quantitatively determine 

adhesion quality, consider Al 6061 bonded to an epoxy adhesive film of thickness 76 μm. The 

parameters in Table 6.1 are used in Equation 3.20 to model the phase response of the SLJ with a 

temperature change from 20°𝐶 to 25°𝐶.  

Table 6.1: Parameters used to model Al/epoxy SLJ phase vs. temperature response 

Parameter Adherents Adhesive 

Density, ρ 2681 𝑘𝑔/𝑚3 2530 𝑘𝑔/𝑚3 

Sound Velocity, c 6.428 𝑚𝑚/𝜇𝑠 2.149 𝑚𝑚/𝜇𝑠 

Frequency, f 10 𝑀𝐻𝑧 10 𝑀𝐻𝑧 

Thickness, L 6.549 𝑚𝑚 76.2 𝜇𝑚 

 

A plot of the expected phase shift derivative with respect to temperature for different interfacial 

stiffness values of each interface can be seen in Figure 6.1. As previously mentioned, good 

adhesive interfaces have high interfacial stiffness constants, while poor interfaces have low 

interfacial stiffness constants. Note the phase shift between high and low interface stiffness is 
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affected more by 𝐾1 than by 𝐾2. This implies phase versus temperature measurements are more 

sensitive to the quality of the first interface in a SLJ structure. From Figure 6.1, there is ~0.45 °/°𝐶 

difference between good and bad interfaces. The total temperature change can be raised to increase 

sensitivity to 𝑑𝜙/𝑑𝑇. Thus, a 5°𝐶 change will result in a ~2.25° phase difference between both 

interfaces being good and being bad, while a 10°𝐶 change will induce a ~4.5° phase difference 

between both good and bad interfaces assuming a continued linear response. With 0.022° phase 

resolution, this phase versus temperature technique should be able to quantitatively measure 

adhesion quality of imperfect interfaces.  

 

Figure 6.1: Modeled 𝑑𝜙𝑅𝐵𝐿
/𝑑𝑇 of Al/epoxy SLJ for 20°𝐶 to 25°𝐶 temperature change 

 

6.1.2 Experimental Setup 

As an initial test of the CFPPLL ultrasonic phase measurement method, a bonded joint was created 

using adherents made from a glass-ceramic known as CLEARCERAM-Z (CCZ) from Ohara. This 

material was chosen for its low thermal expansion properties, which could minimize the effect of 

adherent thermal expansion on phase shift with respect to temperature measurements. The 
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adhesive used for this specimen was the chemical, phenyl salicylate, also known as “salol”. Salol 

was chosen for ease of creation of bonded specimens due to its low melting point (~40°𝐶) and for 

reusability of adherents after bond destruction with simple cleaning. A cross-section depiction of 

the fabricated bonded joint is shown in Figure 6.2.  

 
Figure 6.2: CCZ-salol bonded joint setup 

 

The CCZ-salol bonded joint was formed by melting salol, applying some to a CCZ substrate, and 

applying the top adherent in place. Next, a small amount of crystallized (i.e. solid) salol was placed 

along the edges of the sample to seed salol crystallization during cooling. Bond line thickness was 

controlled with four ~6𝜇𝑚 metal film pieces used as spacers in the corners of the specimen. 

Pressure was applied to the joint during salol cooling to maintain uniform thickness. Liquid salol 

was purposefully placed on only one half of the joint in an attempt to create voided and porous 

regions as the salol spread across the region with pressure applied.  

After salol cooling, the bonded joint was examined visually for defects. As planned, 

approximately half of the joint appeared visually to be well-bonded without noticeable pores or 

voids. However, the other half of the joint had obvious regions of voids and pores. Ultrasonic 

phase measurements were carried out on different regions of the specimen while in a custom-built 

environmental chamber, described in Section 4.2.2 and shown in Figure 4.3. The chamber was 

programmed to start at ~20°𝐶 and ramp up in 0.5°𝐶, 20 minute long steps until 25°𝐶 was reached. 
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At each intermediate step, temperature was held constant for 85 minutes to ensure the specimen 

reached thermal equilibrium, as seen by both the temperature and phase signals flattening off near 

the end of each “soak” step.   

A thermistor adhered to the side of the specimen was connected to the CFPPLL circuit to 

measure temperature every time the phase signal was sampled. Figure 6.3 shows an example of 

how the phase shift in the bonded specimen varies over time while the bonded joint is heated.  

 
Figure 6.3: Phase shift and temperature vs. time CCZ-salol bonded joint while heating 

 

Figure 6.4 shows the phase vs. temperature during bonded joint heating, extracted from the data 

in Figure 6.3. As can be seen, the phase shift tracks very well with the temperature change, as 

should be expected since they should have a linear relationship. As CCZ has very low thermal 

expansion (0.0 ± 1.0 × 10−7/°𝐶),  the phase shift in the CCZ is negative for increasing 

temperature due to the sound velocity increasing for increasing temperature, an effect seen in some 

glasses but not usually in other materials such as metals. 
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Figure 6.4: Phase shift vs. temperature for CCZ-Salol bonded joint during heating 

 

6.1.3 Results and Discussion 

For measurement of the slope of the phase vs. temperature response, one phase and temperature 

data point was taken at the end of a “soak” cycle after the structure had reached thermal 

equilibrium. Then, linear fits were applied to the temperature versus phase shift curves to obtain 

𝑑𝜙/𝑑𝑇 values.  

Figure 6.5 shows the results from phase vs. temperature measurements at six locations on 

the CCZ-salol structure. These locations were picked out visually, as the glass was transparent 

enough to view macroscopic bonding issues such as large voids or porosity. Two tests were carried 

out at each location and the resulting 𝑑𝜙/𝑑𝑇 value is obtained from the linear fit of the phase 

versus temperature curve.  

First, 𝑑𝜙/𝑑𝑇 was measured on a bare, unbonded region of the CCZ to have a reference 

representative of a complete disbond. Next, tests were conducted on the edge of the bonded area 

of the joint so that approximately half the tested region was well-bonded and half was completely 

disbonded. Tests were also performed on a region that appeared to have a large void in the salol, 

as well as two different locations appearing to have porosity. Finally, tests were performed on a 

bonded region that visually appeared well-bonded.  
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Figure 6.5: 𝑑𝜙/𝑑𝑇 measurements from different locations on CCZ-salol-CCZ bonded joint 

 

It should be noted that the bonding defects in this experiment are not the exact same as the modeled 

situation in Section 6.1.1, where only the interfacial stiffness constants change. In this 

experimental setup, parts of the entire bond line are defective via porosity and voids, not just the 

adhesive/adherent interfaces. However, the measured phase responses still show the general trend 

of poor bonding increasing the magnitude of 𝑑𝜙/𝑑𝑇. Even though the qualitative bonding defects 

probed in this study do not directly reflect the modeled reflection coefficient response in Section 

6.1.1, it does demonstrate that the ultrasonic phase measurement method was indeed sensitive to 

adhesive bond quality and bonding defects.  

In practice, it is noted that this method has limited applicability due to the use of an 

environmental chamber and the length of testing. Each phase data point took 85 minutes to obtain, 

as the SLJ takes a long time to reach thermal equilibrium. Without a different heating mechanism 

and investigating thermal gradients or transient thermal responses, this approach is too slow for 

most practical applications. Adding further difficulty, reliably obtaining temperature-dependent 

material properties is found to be difficult in practice for many commonly encountered aerospace 
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adherents and adhesives. While it has merit and could be developed further, an investigation of the 

phase vs. temperature response of bonded joints is not continued in this work. Other bond strength 

assessment studies involve a faster and more practical phase vs. frequency approach. 

6.2 Swept-Frequency Ultrasonic Phase Evaluation of Adhesive 

Bonding below Bond line Resonance 

After developing the capability of maintaining the phase relationship between transceived and 

reference waves in the CFPPLL-based ultrasonic phase measurement method, a study was 

conceived to investigate how phase vs. frequency measurements could interrogate adhesive bond 

quality. Based on the massless spring model of adhesive bonding described by the reflection 

coefficient in Equation 3.20, this work assesses the phase vs. frequency response of metal/epoxy 

SLJs with contamination at one of the adhesive/adherent interfaces. Rather than observing the 

phase response around the resonance frequency of the bond line, this initial study focuses on a 

frequency range of 8.5-10.75 MHz, below the bond line resonance frequency of ~22 𝑀𝐻𝑧. Below 

the adhesive bond line acoustic resonance frequency, the phase vs. frequency response is linear. 

Consequently, a linear fit of the measured phase vs. frequency of the bond line reflection 

coefficient is used to detect reduced interfacial adhesion in this study.  

 To predict the phase slope responses expected in this study, the Al/epoxy SLJ is modeled 

using Equation 3.20. It is assumed that the lower interface is perfectly bonded, so 𝐾2 → ∞. In this 

configuration, the slope of the phase vs. frequency response curve from the bond line reflection 

coefficient is shown in Figure 6.6. For good bonding, 𝑑𝜙/𝑑𝑓 is between −5 𝑑𝑒𝑔/𝑀𝐻𝑧 and 

−6 𝑑𝑒𝑔/𝑀𝐻𝑧, while for poor bonding, 𝑑𝜙/𝑑𝑓 approaches 0 𝑑𝑒𝑔/𝑀𝐻𝑧. This trend can be 

understood by lower interface quality preventing ultrasound from passing into the bond line, 

reducing the influence of the adhesive layer on the measured phase shift.  
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Figure 6.6: Modeled slope of phase shift in 9-11 MHz range for bond line reflection coefficient 

vs. upper interfacial stiffness constant 

 

In this study, a comparison is made between ultrasonic phase results and broadband amplitude-

based ultrasonic testing results for the ability to detect interfacial contamination. Additionally, the 

bonded joints were mechanically tested until failure to find their shear strengths for comparison 

with the ultrasonic results. It was from this study that it was determined that the resonance 

properties of the adhesive layer may be more sensitive to reduced adhesion quality.  

6.2.1 Experimental Setup 

Metal adherents were chosen to provide a more simple material system than composites for these 

initial experiments. Two sets of six SLJs comprised of Al 6061-T651 adherents bonded together 

with unsupported, 76 µm thick FL901AO epoxy film adhesive from Master Bond were fabricated. 

First, the Al adherents were cut to size with a water jet and then hand wet-sanded with up to 400 

grit sandpaper. Next, each specimen was cleaned with a procedure consisting of a detergent wipe 

and rinse, ethanol wipe and rinse, 60 minute ultrasonic bath in ethanol, distilled water rinse, and 

vapor degreasing in ethanol. 

 After cleaning, the specimens in Set A were left pristine, while the specimens in Set B 

spray coated with polydimethylsiloxane (PDMS), a silicone-based contaminant, on one of the 

adherents prior to bonding. The coupons to be contaminated were spray-coated with one pass of 

0.5% PDMS dissolved in hexanes and placed in an oven to evaporate away the solvent. A previous 
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experiment with this process produced a 14.8 ± 4.8 nm layer of PDMS, as measured by 

ellipsometry. Next, the adherents were bonded with the film adhesive and held together with 

spring-based tension clips during cure for 2 hours at 125°C. The size specifications for these lap 

joints can be seen in Figure 6.7. Note, the adherents were 1” wide and were bonded together with 

1” overlap, making the bonded region a 1”x1” square. While the nominal adhesive film thickness 

is 0.003”, it is believed the actual bond line thickness is closer to 0.002” due to adhesive squeezing 

out of the sides of SLJ.  

 
Figure 6.7. SLJ coupon specifications for sub-resonance ultrasonic phase evaluation study 

 

After curing, both sets of bonded joints were ultrasonically evaluated with conventional broadband 

ultrasonic pulses as well as with the CFPPLL instrument. A comparison was then carried out 

between the two techniques for their abilities to detect the silicone contamination layer causing 

reduced adhesion strength.  

 The pulse-echo experiments were conducted with an ultrasonic transducer with a nominal 

center frequency of 50 MHz. The transducer was excited with a broadband pulse from a GE 

Panametrics Model 5900PR Pulser-Receiver, and the received reflection from the adhesive bond 

line was amplified to be viewed on an oscilloscope. In addition to each side of the lap joint, 

experiments were conducted on the un-bonded bare Al adherents as reference measurements for 

each SLJ coupon. Frequency domain analysis was conducted on the reflected pulses by taking a 

Fast Fourier Transform (FFT) of the time-domain data.  
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 An analysis of the phase vs. frequency response of the bonded joints in Sets A and B was 

conducted. The CFPPLL instrument was used to sweep the frequency of an input ultrasonic tone-

burst from 8.5 MHz to 10.75 MHz and measure the phase of the first echo from bond line. 

Additionally, the phase response over the same frequency range was extracted from the FFT data 

from the pulser-receiver experiments for comparison. After ultrasonic testing, the SLJs were 

mechanically tested under shear loading to failure by an MTS 810 Test System. The bonded joints 

were quasi-statically loaded at a rate of 200 lbs/min until bond failure.   

A pristine witness specimen was also fabricated to determine the approximate bond line 

thickness of these SLJs. After bonding, the SLJ was cut in half through the middle of the adhesive 

layer with a band saw, and then the resulting face was sanded to view the cross section of the bond 

line. Figure 6.8 shows an optical micrograph of the bond line cross section, along with 

measurements showing the bond line thickness is approximately 55 µm. 

 
Figure 6.8: Optical micrograph at 20x magnification of bond line cross section in Al/epoxy SLJ 
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X-ray computed tomography (CT) was also conducted on a pristine witness bonded joint. Four CT 

images are shown in Figure 6.9 at different thicknesses within the plane of the adhesive layer, 

showing there is some unintentional porosity throughout the adhesive. The porosity seems to 

sweep across the layer due to a slight misalignment in the CT images normal to the plane of the 

adhesive layer, so in reality, the porosity exists across the layer and not as a function of thickness 

as these images make it seem. Later mechanical testing results find that the shear strength is close 

to the manufacturer’s stated value, so this porosity does not significantly affect bond strength.  

 
 

 

  
Figure 6.9: X-ray CT images showing porosity within adhesive layer 
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6.2.2 Results and Discussion 

First the amplitude-based broadband pulse echoes from the bond line are analyzed. As an example 

of the shape of the signals received from joints, the time-domain results from the pulse-echo 

experiments on the top side of Set A can be seen in Figure 6.10. The colors in each figure 

correspond to measurements taken on each of the six SLJs in Set A. The reduction in amplitude of 

the lap joint reflections is caused by some of the incident energy being lost to transmission into 

the joint and bottom adherent rather than being completely reflected.  

When the top side of a bonded joint is referenced in this study, it is referring to 

measurements from the adherent closest to the contaminated adhesive/adherent interface in Set B, 

as referenced in Figure 6.7, while in Set A (Pristine) the designation of the top side is arbitrary.  

 
Figure 6.10: Amplitude vs. time of broadband ultrasonic pulse reflections for top side of Set A 

(Pristine); a) Reference measurements on bare Al, b) SLJ measurements 

 

The peak power reflected from the bond line relative to the peak power reflected from the bare Al 

reference of each lap joint is shown in Figure 6.11. Analysis of variance showed there was not a 

significant difference between the relative maximum power of bond line reflections from Set A 

and Set B, meaning conventional time-domain amplitude analysis was unable to distinguish the 

pristine joints from the contaminated joints, no matter which side of the bond line was assessed.  
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Figure 6.11. Relative peak power for each SLJ in a) Set A (Pristine) and b) Set B (PDMS 

Contaminated) 

 

The amplitude vs. frequency spectra of reflections from the top side of each SLJ can be seen in 

Figure 6.12. As in Figure 6.10, the colors in each figure correspond to measurements taken on each 

of the six SLJs in each set. 

 
Figure 6.12. Relative amplitude vs. frequency of top side bond line reflections for a) Set A 

(pristine) and b) Set B (PDMS contaminated) 

 

As previously mentioned in Section 3.2, the adhesive layer creates a resonant cavity which 

transmits ultrasound very well and reflects very little ultrasound when the incident wavelength is 

equal to twice the adhesive thickness. Theoretically, a layer of contamination or a weak adhesive 

interface will appear to decrease the effective stiffness of the entire adhesive layer, resulting in a 

decrease in frequency at which the minimum amplitude occurs. Analysis of the frequency 

minimum, however, does not reveal a statistically significant difference between Set A and Set B. 
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It is hypothesized that changes in frequency minimum due to the contamination layer are masked 

by variations in bond line thickness. 

 From the CFPPLL and pulse-echo measurements, the phase response of the reference bare 

Al measurements were subtracted out of the phase response on the lap joints in an attempt to 

observe the response of the bond line only. Below the resonance frequency of the bond line, such 

as here, the phase vs. frequency response from bond line echoes are linear with respect to 

frequency. As such, a linear fit on the phase vs. frequency response of each bonded joint was 

conducted, and the resulting slope was obtained, as it should be related to adhesion quality. The 

slope of linear fit of Δ𝜙(𝑓) = 𝜙𝑆𝐿𝐽(𝑓) − 𝜙𝑅𝑒𝑓(𝑓) from lap joint reflections is plotted in Figure 

6.13 for each specimen, for both the CFPPLL and broadband pulse-echo method, and for 

measurements on each side of the bond line.  

  
Figure 6.13. Slope of linear fit of bond line reflections for a) Set A (Pristine) and b) Set B 

(PDMS Contaminated) 

 

From this data, it should be noted that no significant difference in slope between Sets A and B is 

seen in the pulser-receiver data. Conversely, the CFPPLL measurements show a clear difference 

in 𝑑𝜙/𝑑𝑓 between Set A and Set B. Notably, the 𝑑𝜙/𝑑𝑓 measurements on the top side of Set B 

are much closer to 0 deg/MHz than the other measurements, which is consistent with the 

contamination layer causing a lower adhesion quality at the interface between the adherent and 
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adhesive. At the limit where contamination causes a complete disbond, there will be no 

contribution to phase by the adhesive bond line. 

  To verify the PDMS contamination truly affected interfacial bonding and for comparison 

to the ultrasonic data, the quasi-static load vs. displacement curves for each SLJ can be seen in 

Figure 6.14a, and the ultimate failure load of each SLJ can be seen in Figure 6.14b.  

 
a) 

 
b) 

Figure 6.14. a) Quasi-static loading results for pristine and contaminated SLJs; b) Max Load for 

Each Set (error bars denote 1 standard deviation) 

 

For Al-Al bonding, the adhesive is rated for >1,500 psi, so the pristine specimens had strength 

well above that rating. In addition, from the final failure loads, it is clear that the PDMS 

contamination layer caused a significant decrease in adhesion strength, retaining ~24% of the 

pristine strength. Figure 6.15 shows an image of both adherents from one specimen from each set 

of SLJs after failure. Consistent with these images, it is worth noting that each of the pristine SLJs 

failed cohesively, with significant adhesive residue left on each adherent after failure. Conversely, 

each of the coupons from Set B failed completely adhesively at the contaminated interface.  
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a) 

 
b) 

Figure 6.15: Images of bonded joints after failure; a) Specimen 1 from Set A (Pristine), and b) 

Specimen 1 from Set B (PDMS Contaminated) 

 

From the time-domain, frequency-domain, and phase analysis of conventional normal incidence 

longitudinal ultrasonic pulses, no significant difference between the uncontaminated and 

contaminated bonded joints in this experiment can be observed. Conversely, the CFPPLL phase 

measurement method proved to be able to detect a ~20 nm silicone contamination layer at one of 

the interfaces. It is theorized that the high phase measurement resolution and high signal-to-noise 

ratio of the CFPPLL phase measurement method promote the phase sensitivity to distinguish the 

contamination layer where the conventional wideband ultrasonic pulse could not.  

These initial results demonstrated the possibility of combining the ultrasonic phase and 

frequency response of bond line reflections to measure adhesion quality. While phase 

measurements below the ultrasonic resonance frequency of the joint are somewhat sensitive to 

reduced interfacial bond strength, it was hypothesized that phase measurements around the 

resonance frequency are much more sensitive to interfacial bond strength.  
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6.2.3 Repetition of Study with Different Adherent Surface 

Roughness 

Extending the study of sub-resonance ultrasonic phase analysis of adhesive bonding in Al/epoxy 

SLJs, the effect of adherent surface roughness was studied. The surfaces of the adherents in the 

initial study were sanded with 400 grit sandpaper prior to bonding. It was thought that some of the 

measurement uncertainty in the original study could have been caused by the hand sanding process, 

inducing surface irregularities or a lack of parallelism that was not present in the as-manufactured 

coupons. It was thought that the adherent material thickness uncertainty could contribute to 

adhesive bond line thickness uncertainty, ultimately resulting in ultrasonic phase measurement 

uncertainty.  

 To test the theory that hand sanding introduced experimental uncertainty into the ultrasonic 

phase measurements, two sets of un-sanded Al/epoxy lap joints were fabricated for comparison 

with their sanded counterparts from the initial study. The SLJs were fabricated using the same 

process as in the initial study, described in Section 6.2.1, with the exception of the hand-sanding 

process that was excluded for these new SLJs. Figure 6.16 displays contour plots from optical 

profilometry of the sanded and un-sanded Al surfaces. The measured RMS surface roughness 

average was 0.57 𝜇𝑚 for the sanded surface and 2.40 𝜇𝑚 for the un-sanded surface. Again, a set 

of six pristine SLJs and a set of PDMS contaminated SLJs were fabricated.  
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a) 

 
b) 

Figure 6.16: Optical profilometry contour plots for Al adherent coupons a) sanded with 400 grit 

sandpaper and b) un-sanded (i.e. as manufactured) 

 

After bonding, the SLJs were ultrasonically evaluated with both conventional broadband pulse-

echo ultrasound and the swept-frequency ultrasonic phase measurement method. Just as in the 

sanded SLJs, time-domain ultrasonic amplitude analysis was unable to distinguish pristine bonds 

from contaminated bonds.  
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Frequency domain analysis of the received ultrasonic pulses was carried out to find the 

frequency at the minimum amplitude or the acoustic resonance frequency of the bond line. Figure 

6.17 shows the measured resonant frequency from each pristine specimen for both sanded and un-

sanded SLJs. The spread in frequency minimums between specimens was less in the un-sanded 

specimens, implying less variation in bond line thickness in the un-sanded specimens. 

Additionally, the un-sanded specimens show generally lower frequency minimums, implying the 

un-sanded joints are slightly thicker than the sanded joints on average. Micrometer measurements 

of bond line and adherent thicknesses across each lap joint corroborated these results by showing 

less thickness variation in un-sanded specimens.  

 

Figure 6.17: Frequency at amplitude minimum (i.e. resonant frequency) of ultrasonic reflections 

for pristine bonded joints with sanded and un-sanded adherents 

 

Just as in sanded lap joints, the phase vs. frequency response of ultrasonic reflections from the un-

sanded lap joints was able to detect reduced bond strength caused by PDMS contamination at one 

adhesive/adherent interface. Figure 6.18 shows the mean and standard deviation of 𝑑𝜙/𝑑𝑓 for 

each set of SLJs tested in this study. Seen in Figure 6.18, the top and bottom side measurements 

for the pristine lap joints show no noticeable difference in 𝑑𝜙/𝑑𝑓. Conversely, in the contaminated 

specimens, the top side measurements – nearest to the contaminated interface – are much closer to 

0 𝑑𝑒𝑔/𝑀𝐻𝑧 than the bottom side measurements. This implies the upper interface is acting more 
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like a disbond than a well-bonded interface. Note, this effect is seen in both the sanded and un-

sanded lap joints.   

 
a) 

 
b) 

Figure 6.18: Average of 𝑑𝜙/𝑑𝑓 in 8.5-10.75 MHz range over 6 specimens in each set of pristine 

and contaminated SLJs which were a) left un-sanded and b) hand-sanded 

 

After ultrasonic evaluation, all un-sanded Al/epoxy lap joints were pull tested with shearing loads 

until failure in the same manner as in the initial study. The lack of sanding in the bonded joints 

was found to reduce the mean pristine shear strength by ~23% of the pristine shear strength of the 

sanded joints. Unfortunately, each of the un-sanded, contaminated joints failed at the contaminated 

interface when installing into the load frame, preventing quasi-static shear loading but implying 

very low interfacial bond strengths. 

 Ultimately, the hand-sanding process did seem to increase the variability in the bond line 

thickness of each SLJ, resulting in increased ultrasonic measurement uncertainty. For both sanded 

and as-manufactured adherents, the slope of phase shift was able to distinguish pristine bonding 

from poor bonding when probing on the side of the bond closest to the contaminated interface. 

However, the pristine and contaminated joints were more-easily distinguished with ultrasonic 

phase when the adherents had been sanded prior to bonding. It is theorized that a lower surface 

roughness from sanding as well as a more consistent bonding surface result in a more consistent 

and reliable interfacial stiffness. It was also found that sanding the adherents resulted in an increase 
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in the ultimate bond strength for pristine joints. This result is consistent with other studies in the 

literature, which show that mechanical surface modification of adherents prior to bonding can 

increase bond strength [19] [20] [21] [22] [23].  

6.3 Evaluation of Ideal Bonded Joints during Adhesive Cure 

In this study, a swept-frequency ultrasonic phase measurement method for the assessment of 

adhesive bond strength is demonstrated. This method combines the advantages of frequency-based 

and phase-based ultrasonic inspection methods, while overcoming some of the limitations of 

previous techniques. The swept-frequency ultrasonic phase measurement method is used to 

examine adhesive bonding properties of tri-layered bonded joints around the acoustic resonant 

frequency of the bond line.  

 Single lap joints are fabricated with smooth glass adherents and adhesive curable with 

ultraviolet (UV) light. To distinguish between adhesive and cohesive properties in the bonded 

joint, changes in elastic modulus of the adhesive layer during cure are measured using a broadband 

pulse-echo time-of-flight technique. The sound velocity at a UV-light exposure time is then used 

in an inverse algorithm for determining interfacial stiffness from the measured phase spectrum of 

the bond line reflection. Finally, ultrasonically measured interfacial stiffness values are correlated 

to destructive mechanical testing results. 

6.3.1 Theory 

The reflection coefficient from a glass/UV-curable adhesive SLJ is found using the same model 

for ultrasonic interactions within SLJs established in Section 3.2. While the bond line ultrasonic 

reflection coefficient in Equation 3.20 is applicable in this case, where the both adherents are the 

same material, 𝑅𝐵𝐿 can be further simplified. In this study, no modification or contamination is 

added to either adhesive/adherent interface to cause different bond strengths, so it is assumed both 



129 

 

interfaces have the same properties. Under this additional assumption, 𝐾 = 𝐾1 = 𝐾2, and 𝑅𝐵𝐿 

keeps the same form as Equation 3.20, but the coefficients in front of the cosine and sine terms are 

simplified. The simplified reflection ultrasonic reflection coefficient for this study is shown in 

Equation 6.3. Again, the frequency range surrounding the ultrasonic reflection coefficient anti-

resonance frequency (𝑓𝑎𝑟) is of particular interest to this study.  

𝑅𝐵𝐿 ≈
𝐶𝑁 cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑖𝑆𝑁 sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)

𝐶𝐷 cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑖 𝑆𝐷sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)
 (6.3) 

𝐶𝑁 ≈
2𝐺1

2𝐺𝑎𝑑ℎ

𝐾
 

𝐶𝐷 ≈ 2𝐺1𝐺𝑎𝑑ℎ (1 +
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𝐾
) 
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𝑆𝐷 ≈ 𝐺1
2 + 𝐺𝑎𝑑ℎ

2 +
𝐺1𝐺𝑎𝑑ℎ

2

𝐾
(2 +

𝐺1

𝐾
) 

𝐺1 = 𝑖𝐸1𝑘1,    𝐺𝑎𝑑ℎ = 𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ 

6.3.2 Experimental Setup 

To investigate the ability of swept-frequency ultrasonic phase measurements to interrogate 

adhesive properties, several sets of experiments were performed. Idealized lap joints made with 

smooth glass adherents were chosen to minimize experimental uncertainty arising from surface 

roughness and internal ultrasonic scattering in this proof of concept study. Transparent adherents 

also permit visual inspection of bonding defects and allow for the use of adhesives curable with 

UV light. By varying the exposure time to UV light, the adhesive and cohesive properties of the 

lap joint are precisely controlled without the need for high temperatures, allowing for in-situ 

adhesive bond evaluation with commercial ultrasonic transducers.  
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 Schott Borofloat® 33 glass cut into 5.08 cm wide x 5.08 cm long x 1.10 cm thick coupons 

were purchased from the S. I. Howard Glass Company to be used as adherents. The glass coupons 

were bonded together with Norland Optical Adhesive (NOA) 60, a UV-curable adhesive, obtained 

from Norland Products Inc. NOA 60 does not continue to cure at room temperature when not 

exposed to UV light, allowing for correlation between ultrasonically and mechanically evaluated 

bond strengths without a change in degree-of-cure.  

 Prior to bonding, each glass coupon was cleaned with an ethanol wipe, a 60 minute 

ultrasonic cleaning bath in reagent grade ethanol, and vapor degreasing with ethanol. After drying, 

a single drop of room temperature NOA 60 was applied to one of the adherents. Three small pieces 

of stainless steel shim stock were then placed on the adherent to hold a uniform bond line thickness 

between joints. The shim stock thickness was 204 µm for an experiment measuring the sound 

velocity measurement in the adhesive and 102 µm for the adhesive bond quality evaluation 

experiments. Next, a second glass adherent was placed on top of the other to form a single lap 

joint. Two 2.54 cm thick clamps on opposite sides of the joint held the thickness during cure. In 

each specimen, a dial micrometer was used to measure the adherent thicknesses before cure and 

lap joint thickness after cure to determine the bond line thickness. An example image of a fully 

cured lap joint is shown in Figure 6.19a.  
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a) 

 
b) 

Figure 6.19: a) Post-cure image of Borofloat/NOA 60 single lap joint; b) UV light curing setup 

for bonded joints 

 

The joints were placed under a UV light source to cure, as shown in Figure 6.19b. NOA 60 cures 

optimally via UV light with wavelengths of 350-380 nm and requires about 3 𝐽/𝑐𝑚2 of energy for 

full cure [142]. The UV light source is a 5.08 cm x 15.24 cm Model 22-UV manufactured by 

Optical Engineering, Inc (now manufactured by Macken Instruments, Inc.) and uses a low-pressure 

mercury florescent bulb with UV phosphor and blue tinted glass to suppress visible emission [143]. 

The source emits light with a maximum intensity of 5 𝑚𝑊/𝑐𝑚2 and wavelengths primarily 

between 340 nm and 390 nm, with peak emission at 360 nm. The transmission spectrum of Schott 

Borofloat® 33 is only given by the manufacturer for thicknesses up to 5 mm but is assumed ~ 80% 

in the 350-380 nm range [144]. Assuming an intensity of 2.5 𝑚𝑊/𝑐𝑚2 in the 350-380 nm range 

reaches the top of the adherent and 80% of that light transmits through the adherent, it is 

conservatively estimated that a cure time of 25 minutes is required to fully-cure the adhesive with 

3 𝐽/𝑐𝑚2 of energy. 

6.3.2.1 Sound Velocity Measurements via Ultrasonic Time-of-Flight  

As both sound velocity and interfacial stiffness flux shift the frequency of anti-resonance of 

ultrasonic bond line reflections, it is necessary to independently determine the adhesive sound 

velocity as a function of cure. A 12.7 mm diameter, nominally 50 MHz damped ultrasonic 
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transducer (model V214BA from Olympus) was adhered under a Borofloat glass/NOA 60 lap joint 

with Sono 600 ultrasonic couplant (obtained from Magnaflux) during cure. The shim thickness 

was made to easily separate ultrasonic reflections coming from each interface within the bond line. 

 At 27 different time intervals within cure process, the UV light source was blocked and the 

bonded joint was evaluated with a broadband ultrasonic pulse from a GE Panametrics Model 

5900PR pulser-receiver. The time-of-flight between consecutive reflections within the bond line 

was measured with a LeCroy WaveRunner 6200 oscilloscope. The broadband pulse had a 

passband of 1 kHz – 200 MHz and a pulse energy of 1 μJ. The received echo was amplified by 38 

dB prior to viewing on the oscilloscope.  

6.3.2.2 In-Situ Ultrasonic Bond Evaluation During Cure 

A glass/UV-curable adhesive lap joint was fabricated and ultrasonically evaluated in-situ 

throughout its cure process. A 6.35 mm diameter, broadband Olympus V112 ultrasonic transducer 

was mounted underneath the bonded joint during cure and was coupled into the bottom adherent 

with Sono 600 ultrasonic couplant.  

 At different time intervals throughout the cure process, the UV light source was blocked 

so that swept-frequency phase measurements were made with the CFPPLL instrument. The phase 

of the first reflection from the bond line was measured as a function of frequency. As the adhesive 

layer is thin with respect to the acoustic tone-burst duration, multiple reflections from inside the 

adhesive layer are combined within the received tone-burst. The ultrasonic driving frequency was 

swept in 0.01 MHz increments through the 8.5-11.75 MHz range. Using the CFPPLL instrument 

to provide the same input phase offset used in the bond line reflection measurement, a reference 

phase vs. frequency measurement was obtained from the first back wall reflection of an un-bonded 
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section of the lower glass adherent. This measurement is used to account for the phase response 

caused by the adherent, instrumentation, ultrasonic transducer, and ultrasonic couplant. 

6.3.2.3 Post-Cure Ultrasonic and Mechanical Bond Evaluation 

To correlate ultrasonic measurements with mechanical bond strength, a set of 10 Borofloat/NOA 

60 bonded joints were fabricated with UV-light exposure times varying from 3-60 minutes. The 

diameter of the circular adhesive cross-section was determined to a tolerance of ±1 mm.  

 In this study, a load cell and screw clamp were placed in-line with the lap joint/transducer 

setup, providing a compressive bias of ~178 N to the transducer during each measurement. 

Ultrasound is coupled into the adherent of the joint under test via Sono 600 ultrasonic couplant.  

In this setup, the phase of the first reflection from the bond line of each bonded joint was evaluated 

with the CFPPLL instrument through the 8.5-11.75 MHz range with an Olympus V112 transducer. 

A reference phase vs. frequency measurement was also obtained from the first back wall reflection 

of an unbonded section of the structure, using the same load-cell, compressive bias, and ultrasonic 

phase offset. The purpose of the reference measurement is to subtract out the phase spectra due to 

the adherent, instrumentation, ultrasonic transducer, and ultrasonic couplant layer. 

After ultrasonic testing, metal angle brackets and sheet stock were bonded to the lap joints 

with room-temperature-curing Hysol 9394 epoxy, as shown in Figure 6.20a. Spring-based clamps 

applied pressure during cure. The metal sheets on each end of the structure were placed within the 

grips of an MTS Alliance RT/100 load frame during mechanical tensile testing, as shown in Figure 

6.20b. Each SLJ was pull-tested where a constant load rate of 267 N/min was applied until failure. 
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Figure 6.20: a) Tensile testing structural arrangement for Borofloat/NOA 60 lap joints; b) Image 

of Borofloat/NOA 60 joint within grips of load frame 

 

6.3.3 Results and Discussion 

After fabrication, the bonded were optically inspected. Most fabricated joints displayed no visual 

defects in the adhesive, although several presented small bubbles introduced in the liquid adhesive 

deposition process. Figure 6.21 shows an optical micrograph showing the few bubbles seen in one 

of the bonded joints. It was determined that the few bubbles were relatively small in comparison 

to the ultrasonic transducer diameter and size of the bonded region, and so they were unlikely to 

cause major inspection or bonding issues.  

a) b) 
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Figure 6.21: Optical micrograph at 5x magnification of bubbles seen in adhesive layer of 

Borofloat/NOA 60 bonded joint  

 

6.3.3.1 Sound Velocity Measurement via Ultrasonic Time-of-Flight 

The amplitude vs. time responses from ultrasonic pulse echoes within the bond line were examined 

as a function of UV-light exposure. Bond line reflection measurements from several different 

degrees of cure are plotted in Figure 6.22, which shows three typical measured response curves. 

The first echo is from the upper adherent/adhesive interface, and the second echo is from the lower 

adhesive/adherent interface. A trend is observed of the peak amplitude of the second reflection to 

decreasing in time as a function of cure. A slight increase in amplitude of the second reflection as 

a function of cure is also visible, due to a decrease in ultrasonic attenuation within the adhesive as 

it cures.  
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Figure 6.22: Selected ultrasonic pulse reflections from bond line with different UV-light 

exposure times: 1 minute (solid orange), 5 minutes (dotted blue), and 35 minutes (dashed green) 

 

The ToF of each pulse within the bond line was found by taking the difference in time of maximum 

amplitude between the first and second bond line reflections. Adhesive longitudinal wave velocity 

was calculated from Equation 3.3 using the ToF and measured bond line thickness of 206.6 ±

 3.6 𝜇𝑚. The measured ToF within the bond line and the computed adhesive longitudinal wave 

velocity are plotted in Figure 6.23. The velocity measurements are used later in modeling the 

ultrasonic phase and amplitude vs. frequency responses of the bond line as a function of UV light 

exposure. Additional velocity measurements may not be necessary to measure interfacial stiffness 

flux in applications where the adhesive properties are well known and the cure-cycle is well 

controlled. 
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Figure 6.23: Measured time-of-flight of ultrasonic pulses within bond line (blue dots) and 

calculated longitudinal wave velocity (red crosses) vs. adhesive UV light exposure time 

 

6.3.3.2 In-Situ Ultrasonic Bond Evaluation During Cure 

To obtain the phase vs. frequency response of only the adhesive bond line reflection coefficient, 

the measured reference phase from the back wall of the un-bonded adherent is subtracted from the 

measured phase from the tri-layer structure at each UV-exposure time. For displacement waves, 

the acoustic reflection coefficient for a glass/air interface can be simply modeled as 𝑅𝑔𝑙𝑎𝑠𝑠/𝑎𝑖𝑟 =

(𝑍𝑔𝑙𝑎𝑠𝑠 − 𝑍𝑎𝑖𝑟)/(𝑍𝑔𝑙𝑎𝑠𝑠 + 𝑍𝑎𝑖𝑟), where 𝑍𝑔𝑙𝑎𝑠𝑠 and 𝑍𝑎𝑖𝑟 are the acoustic impedances of glass and 

air, respectively. Near 20°C, air has an acoustic impedance of 𝑍𝑎𝑖𝑟 = 415 𝑅𝑎𝑦𝑙 [145], whereas 

the glass used in this work has a measured acoustic impedance of 𝑍𝑔𝑙𝑎𝑠𝑠 = 12.3 × 106 𝑅𝑎𝑦𝑙. As 

a result, 𝑅𝑔𝑙𝑎𝑠𝑠/𝑎𝑖𝑟 ≈ 1, and the phase shift at the glass/air interface at the back wall of the 

unbonded adherent is zero. This makes it straightforward to subtract out the measured reference 

phase to obtain the phase of the bond line reflection coefficient.  

 The total measured reference phase from the back wall of the adherent is expressed in 

Equation 6.4, where 𝜙𝑎𝑑ℎ𝑒𝑟(𝑓) is the phase shift caused by acoustic waves traveling through the 

adherent, 𝜙𝑡𝑟𝑎𝑛𝑠 (𝑓) is the phase response of the transducer, 𝜙𝑖𝑛𝑠𝑡𝑟(𝑓) is the phase response of the 
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CFPPLL instrumentation, and 𝜙𝑐𝑜𝑢𝑝(𝑓) is the phase shift caused by acoustic waves traveling 

through the transducer/couplant/adherent interface when being transmitted and received. 

𝜙𝑎𝑑ℎ𝑒𝑟
𝑚𝑒𝑎𝑠 (𝑓) = 𝜙𝑎𝑑ℎ𝑒𝑟(𝑓) + 𝜙𝑡𝑟𝑎𝑛𝑠(𝑓) + 𝜙𝑖𝑛𝑠𝑡𝑟(𝑓) + 𝜙𝑐𝑜𝑢𝑝(𝑓) (6.4) 

Equation 6.5 describes the measured phase vs. frequency response of the first reflection from the 

adherent/adhesive/adherent interface in the tri-layer structure, where 𝜙𝑅𝐵𝐿
(𝑓) is the phase response 

of the bond line reflection coefficient and 𝜙𝑑𝑖𝑓𝑓(𝑓) accounts for unknown phase shifts caused by 

differences in the adherent material properties and thickness between measurement points as well 

as differences in acoustic couplant thickness between tests.  

𝜙𝑡𝑟𝑖−𝑙𝑎𝑦𝑒𝑟
𝑚𝑒𝑎𝑠 (𝑓) = 𝜙𝑎𝑑ℎ𝑒𝑟(𝑓) + 𝜙𝑅𝐵𝐿

(𝑓) + 𝜙𝑡𝑟𝑎𝑛𝑠(𝑓) + 𝜙𝑖𝑛𝑠𝑡𝑟(𝑓) + 𝜙𝑐𝑜𝑢𝑝(𝑓) + 𝜙𝑑𝑖𝑓𝑓(𝑓) (6.5) 

 By subtracting 𝜙𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑡
𝑚𝑒𝑎𝑠 (𝑓) from 𝜙𝑡𝑟𝑖−𝑙𝑎𝑦𝑒𝑟

𝑚𝑒𝑎𝑠 (𝑓), the result is primarily the phase of the 

bond line reflection coefficient. This new phase, hereafter referred to as the measured phase 

response of the adhesive bond line, is expressed in Equation 6.6. The unknown phase shifts 

encompassed by 𝜙𝑑𝑖𝑓𝑓(𝑓) should be relatively small, as the smooth glass adherents used in this 

study are uniform in both composition and thickness. Additionally, care is taken to avoid variations 

in acoustic couplant thickness by providing a consistent compressive load to the transducer across 

ultrasonic tests. The resulting bond line phase responses at selected cure times are displayed in 

Figure 6.24.  

𝜙𝐵𝐿
𝑚𝑒𝑎𝑠(𝑓) = 𝜙𝑡𝑟𝑖−𝑙𝑎𝑦𝑒𝑟

𝑚𝑒𝑎𝑠 (𝑓) − 𝜙𝑎𝑑ℎ𝑒𝑟𝑒𝑛𝑡
𝑚𝑒𝑎𝑠 (𝑓) = 𝜙𝑅𝐵𝐿

(𝑓) + 𝜙𝑑𝑖𝑓𝑓(𝑓) (6.6) 
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Figure 6.24: Phase vs. frequency responses of bond line reflections, 𝜙𝐵𝐿

𝑚𝑒𝑎𝑠(𝑓), for selected cure 

times of in-situ monitored SLJ 

 

Of note from Figure 6.24 is the increase in the anti-resonance frequency (𝑓𝑎𝑟) – where the phase 

inversion occurs – with increased cure. This frequency increase is caused by the adhesive stiffening 

due to polymer cross-linking during cure, which is measured as an increase in sound velocity. 

Additionally, the “sharpness” of the phase inversion or the slope of phase shift (𝑑𝜙/𝑑𝑓) at 𝑓𝑎𝑟 

increases with cure, due to decreasing bulk adhesive attenuation. The decrease in adhesive 

attenuation as a function of cure was also seen in the ToF measurements taken with 50 MHz pulses 

in the adhesive. It is thought the decreasing adhesive attenuation coefficient is caused by polymer 

cross-linking during cure, which decreases ultrasonic scattering within the adhesive.  

To solve the inverse problem of obtaining the unknown properties of acoustic attenuation 

in the adhesive layer and interfacial stiffness, a curve-fitting model was developed using the robust 

least absolute residual fitting algorithm. In the model described by Equation 6.7, the measured 

phase response of the bond line, 𝜙𝐵𝐿
𝑚𝑒𝑎𝑠(𝑓) is fit to the theoretical phase of the bond line reflection 

coefficient plus a linear term to account for small differences in adherent thickness or material 

properties as well as couplant thickness variations.  
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𝜙𝑚𝑜𝑑𝑒𝑙(𝑓; 𝐾, 𝛼𝑎𝑑ℎ, 𝑎, 𝑏) = 𝜙𝑅𝐵𝐿

𝑡ℎ𝑒𝑜𝑟(𝑓; 𝐾, 𝛼𝑎𝑑ℎ) + 𝑎𝑓 + 𝑏 (6.7)  

In Equation 6.7, the input frequency 𝑓 is the independent variable, 𝜙𝑅𝐵𝐿

𝑡ℎ𝑒𝑜𝑟 is the theoretical phase 

of the bond line reflection coefficient described by Equation 6.3, and 𝑎 and 𝑏 are some real 

numbers. Table 6.2 shows the set constant parameters used in the curve fitting method for the 

phase response: 𝑐1, 𝜌1, 𝜌𝑎𝑑ℎ , and 𝐿𝐵𝐿.  

Table 6.2: Set parameters in ultrasonic reflection coefficient of bonded joint model 

Parameter Name Value 

Adherent Sound Vel.: 𝑐1 = 𝑐2 5640 𝑚/𝑠 

Adhesive Sound Vel.: 𝑐𝐵𝐿 1500 − 2400 𝑚/𝑠 

Adherent Density: 𝜌1 = 𝜌2 2180 𝑘𝑔/𝑚3 

Adhesive Density: 𝜌𝐵𝐿 1290 𝑘𝑔/𝑚3 

Bond line Thickness: 𝐿𝐵𝐿 108.3 𝜇𝑚 

 

The lap joint’s bond line thickness is measured to be 108.3 ± 3.1 µm. The only set parameter which 

changes is the adhesive sound velocity, 𝑐𝑎𝑑ℎ, which was measured for each UV-light exposure 

time and accounts for the stiffening of the adhesive during cure (i.e. increasing 𝐸𝑎𝑑ℎ). Adherent 

and adhesive mass densities were obtained from manufacture specifications. Only 𝐾, 𝛼𝑎𝑑ℎ, 𝑎, 𝑏 

are free to change in order to the measured phase data to the model. The initial guess, lower bound, 

and upper bound for each free parameter in the model is shown in Table 6.3. 

Table 6.3: Free parameters in model of phase of bond line ultrasonic reflection coefficient, 𝑅𝐵𝐿 

Parameter 

(units) 

Initial 

Guess 

Lower 

Bound 

Upper 

Bound 

Adhesive Attenuation: 

𝛼𝑎𝑑ℎ (Np/m) 
1,000 0 10,000 

Interfacial Stiffness Flux: 

𝐾 (N/m3) 
1016 1012 1020 

Linear Term: 

𝑎 (deg/Hz) 
0 −3 × 10−6 3 × 10−6 

Constant Term: 

𝑏 (deg) 
0 −10 10 
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After using the curve-fitting algorithm, Figure 6.25 shows an example of the curve-of-best-fit 

found for the phase response of the bond line after 30 minutes of UV-light exposure.  

 
Figure 6.25: Curve fit of 𝜙𝐵𝐿

𝑚𝑒𝑎𝑠(𝑓) response from 30 minute cured bond line 

 

From the curve fitting of the phase response in the 8.5 − 11.75 𝑀𝐻𝑧 range, the interfacial stiffness 

flux coefficients between the adhesive and adherent as well as the adhesive attenuation coefficient 

were extracted as a function of UV-light exposure time and are plotted in Figure 6.26.  

 
Figure 6.26: Adhesive attenuation coefficient (𝛼𝐵𝐿) and interfacial stiffness (𝐾) vs. UV-light 

exposure time, extracted from curve-fitting phase of bond line reflections 

A 95% confidence interval was also found for each of the parameters, but they are not plotted in 

Figure 6.26 as they are too small to be visible. The mean confidence interval for the interfacial 

stiffness flux parameter is ±1.3% of the fitted value, and the mean confidence interval for the 
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attenuation coefficient is ±0.6% of the fitted value. As mentioned previously, the adhesive 

attenuation coefficient is known to decrease as a function of cure time. In addition to the bulk 

attenuation property, the phase responses show a monotonically increasing interfacial stiffness per 

unit area constant during the cure process, leveling off at the same time as bulk attenuation at ~25 

minutes of UV light exposure. Showing sensitivity to small interfacial quality changes during this 

cure-monitoring experiment suggests ultrasonic phase measurements around the bond line’s 

resonance frequency may be able to identify previously undetectable kissing bonds.  

6.3.3.3 Post-Cure Ultrasonic and Mechanical Bond Evaluation 

In the same manner as the cure-monitored SLJ, the glass adherent phase response was subtracted 

from each bonded joint’s phase response to obtain the phase response of the bond line, 𝜙𝐵𝐿
𝑚𝑒𝑎𝑠(𝑓). 

The 𝜙𝐵𝐿
𝑚𝑒𝑎𝑠(𝑓) curves were fitted to the theoretical model of ultrasonic interactions with SLJs 

expressed in Equation 6.7.  

The same parameters in Table 6.2 were used in the curve-fitting model with the exception 

of bond line thickness, which was measured for each specimen individually. The adhesive sound 

velocity was set for each UV-exposure time from the measurement results discussed in Section 

6.3.3.1. The same free parameters and initial guesses shown in Table 6.3 were used again by the 

curve-fitting algorithm in this study. For each bonded joint, the adhesive attenuation coefficient 

and interfacial stiffness flux constant were extracted. However, only the interfacial stiffness flux 

is of interest to this work.  

 From the mechanical testing, the tensile strength of each SLJ is determined by dividing the 

maximum load by the adhesive cross-sectional area. Ultimate tensile strength of each of the 10 

SLJs is plotted as a function of UV-light exposure time in Figure 6.27a. Notably, each SLJ broke 

adhesively at one of the adhesive/adherent interfaces, regardless of tensile strength. 
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a) 

 
b) 

Figure 6.27: a) Measured tensile strength as a function of adhesive UV light exposure; b) 

Measured tensile strength vs. interfacial stiffness flux for glass/UV-curable adhesive SLJs, 

including linear fit 

 

Similar to the attenuation and interfacial stiffness curves from the cure-monitored SLJ in Figure 

6.26, the tensile strength of the SLJs levels off after about 25 minutes of UV light exposure. Since 

all SLJs failed at the adhesive/adherent interface, correlation of the ultrasonically measured 

interfacial stiffness constants with mechanically measured tensile strengths was performed. The 

measured tensile strength vs. interfacial stiffness flux of each SLJ is plotted in Figure 6.27b. 

 According to results of Cantrell in epoxy/alumina bonds, the ultrasonic interfacial stiffness 

flux constant has a linear relationship with tensile bond strength [64]. The linear fit of the 

experimental tensile strength vs. interfacial stiffness from this study shows this relationship holds 

true in Borofloat/NOA 60 SLJs, as well. The strong correlation between ultrasonically measured 

interfacial stiffness and mechanical bond strength suggests swept-frequency phase measurements 

have sufficient sensitivity to predict interfacial bond quality.  

6.3.3.4 Single Phase Parameter Correlation to Tensile Strength 

To aid in speed and simplicity of interfacial bond quality evaluation, an additional method of using 

a single measured parameter from the measured phase spectrum was studied for its correlation to 

interfacial bond strength. Without using a curve-fitting method to solve the inverse problem of 

finding 𝐾 from the measured phase spectrum, the anti-resonance frequency is correlated to tensile 
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strength, directly. This method was initially discussed at the end of the discussion on the theoretical 

phase vs. frequency response of bonded joints in Section 3.2.  

 In this study, the anti-resonance frequency of the bond line reflection coefficient is 

approximated by the zero-crossing frequency of the measured bond line phase response. That is, 

the zero-crossing frequency measured phase spectrum is the frequency at which 𝜙𝐵𝐿
𝑚𝑒𝑎𝑠(𝑓𝑎𝑟) =

0 𝑑𝑒𝑔. For a perfect bonded joint, 𝑓𝑎𝑟 = 𝑐𝑎𝑑ℎ/2𝐿𝐵𝐿, but weak interfacial stiffness causes a 

reduction in anti-resonance frequency. Figure 6.28 displays the tensile strength vs. the anti-

resonance frequency from the phase response of each joint after normalization to the nominal 

thickness of 102 µm and fully cured sound velocity of 2316 m/s. The normalization of anti-

resonance frequency factors out sound velocity changes as a function of degree-of-cure as well as 

bond line thickness variations, leaving only anti-resonance shifts due to interfacial stiffness.  

 
Figure 6.28: Tensile strength vs. normalized anti-resonance frequency approximated from zero-

crossing frequency of 𝜙𝐵𝐿
𝑚𝑒𝑎𝑠(𝑓), including exponential fit 

 

In Figure 6.28, a strong exponential correlation between tensile strength and normalized anti-

resonance frequency is observed. Given a normalized anti-resonance frequency measurement, 

ultimate tensile strength is predicted by the exponential curve fit within a standard deviation of 

0.23 𝑀𝑃𝑎. Such a curve fit is unique for a given bonded joint configuration. These results indicate 



145 

 

interfacial bond strength may be predicted by the zero-crossing frequency of the ultrasonic phase 

response of a bonded joint.  

6.4 Evaluation of Metal/Epoxy Joints with Interfacial 

Contamination 

6.4.1 Theory 

The reflection coefficient of a single lap joint with imperfect interfaces, as shown in Equation 3.19, 

is representative of an aluminum/epoxy SLJ with reduced bond strength due to contamination at 

one or both interfaces. Several assumptions can be made, however, to simplify the reflection 

coefficient. First, both adherents are made from the same material, so the elastic constants and 

wavenumbers are assumed equal in each adherent. Second, for a thin layer of contamination, the 

mass loading at the interfaces will be negligible, so 𝑚 is assumed zero. Unlike in Equation 3.20, 

it cannot be assumed that both interfacial stiffness constants are equal, because in real-world 

scenarios one adherent may be more contaminated than the other, resulting in different interfacial 

bond strengths. The resulting bond line ultrasonic reflection coefficient allowing for different 

interfacial bond strengths is expressed in Equation 6.8.  

𝑅𝐵𝐿 ≈
𝐶𝑁 cosh(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑆𝑁 sinh(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)

𝐶𝐷 cosh(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑆𝐷 sinh(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)
   (6.8) 

𝐶𝑁 = (𝐸1𝑘1𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ) [
𝐸1𝑘1

(𝐾1
−1 + 𝐾2

−1)−1
] 

𝐶𝐷 = (𝐸1𝑘1𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ) [2 +
𝐸1𝑘1

(𝐾1
−1 + 𝐾2

−1)−1
] 

𝑆𝑁 = (𝐸1
2𝑘1

2 − 𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 ) + 𝐸1𝑘1𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 (
1

(𝐾1
−1 − 𝐾2

−1)−1
+

𝐸1𝑘1

𝐾1𝐾2
) 
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𝑆𝐷 = (𝐸1
2𝑘1

2 + 𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 ) + 𝐸1𝑘1𝐸𝑎𝑑ℎ
2 𝑘𝑎𝑑ℎ

2 (
1

(𝐾1
−1 + 𝐾2

−1)−1
+

𝐸1𝑘1

𝐾1𝐾2
) 

Just as in the glass/UV-curable adhesive study in Section 6.3, the ultrasonic anti-resonance 

frequency of the bonded joint will shift based the interfacial stiffness constants. When the 

interfacial stiffness constants are equal, the slope of phase shift at the anti-resonance frequency 

will only be determined by the adhesive ultrasonic attenuation coefficient. However, the difference 

between stiffness constants at each interface will also modify the “sharpness” of the phase 

inversion near the anti-resonance frequency. Consequently, measurement of both the slope of 

phase inversion and the anti-resonance frequency will be necessary to measure the two unknown 

interfacial stiffness constants, and thereby determine interfacial bond strengths.  

6.4.2 Experimental Setup 

6.4.2.1 Bonded Joint Fabrication 

Single lap joints of different interfacial bond quality were fabricated to study the ability of the 

swept-frequency phase measurement method to assess bond quality. Spray coating of 

polytetrafluoroethylene (PTFE) – commercially known as Teflon – onto an adherent surface prior 

to bonding is used to modify interfacial bond strength, as PTFE provides a poor bonding surface. 

In this study, pristine bonded joints are compared to bonded joints with PTFE contamination at 

one of the adhesive/adherent interfaces.  

 Originally, PDMS – a silicone based contaminant – was going to be used for interfacial 

contamination in this study, as it had been successfully used in Section 6.2. However, PDMS was 

found not to affect the film adhesive used in this study, FM73 from Cytec, as it had the FL901AO 

adhesive from Master Bond used in the previous study. Even though different concentrations of 

PDMS dissolved in hexanes were spray-coated to the bonding surface, the ultimate shear strength 

was not appreciably modified and interfacial failure did not occur. As a final test, pure PDMS was 
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applied to the adherent, but the bond strength still did not drop off as it had with the first adhesive. 

It is believed that since liquid PDMS was used, instead of remaining at the interface, it diffused 

into the FM73 adhesive layer during cure. For an unknown reason, the PDMS affected the 

FL901AO adhesive differently, remaining at the surface and inhibiting bonding. As alternative, 

PTFE contamination was examined, which dries solid on the surface and was found to inhibit 

interfacial bonding as required.  

To match typical bonded joints found in the aerospace industry, aluminum alloy 6061-

T651 (Al 6061-T651) from Midwest Steel Supply Co. were chosen for adherents and were 

machined into 2.54 cm wide x 1.27 cm tall x 15.24 cm long specimens to be used in a lap-shear 

joint configuration. The adherents were bonded together with FM73 unsupported epoxy film 

adhesive from Cytec with a nominal thickness of 127 µm. A diagram showing the SLJ 

configuration after fabrication is shown in Figure 6.29.  

 
Figure 6.29: Setup of Al 6061/epoxy film adhesive lap joints, showing contaminated interface  

 

The machined Al 6061-T651 coupons were cleaned prior to bonding to provide a clean and 

consistent bonding surface. The cleaning process consisted of a detergent wipe and water rinse, 

ethanol wipe and ethanol rinse, 30 minute ultrasonic cleaning bath in ethanol, and vapor degreasing 

in ethanol. For the contaminated specimens, one Al 6061-T651 coupon from each set of adherents 

was then spray coated with PTFE for ~2 seconds at a distance of ~20 cm using MS-122AD Dry 
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Film PTFE release agent in aerosol form from Miller-Stephenson Chemicals. The other adherent 

on each lap joint specimen was left pristine (i.e. uncontaminated).  

 A variation in interfacial bond strength was obtained by controlling the area coverage of 

PTFE on the adherent surface prior to bonding. Masks with distributed circular holes made of 

perforated sheet metal stock, shown in Figure 6.30, were fixed to the adherent surface during spray 

coating. This resulted in a distributed array of circular PTFE islands on the surface of the adherent. 

Ultimately, five bonded joints with different areas of PTFE contamination were fabricated.  

 
Figure 6.30: Masks used for PTFE contamination of adherents prior to bonding 

 

While the exposed area in the masks provides a good estimate of the ultimate PTFE relative area 

of coverage on the adherent surface, additional witness specimens were also spray-coated using 

the same masks to better understand the PTFE islands deposited on the adherents. After spray 

coating, the spacing between PTFE islands should remain the same as the spacing between the 

holes in the masks. However, there is some spreading of the PTFE under the edges of the mask 

holes, so that the circular PTFE islands are slightly larger than the original mask hole diameters. 

Figure 6.31 shows optical micrographs of the PTFE islands from spray coating through each of 

the three masks. As the layer is very thin, it is almost transparent and just appears as a hazy white 

region on the Al surface.  
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a) 

 
b) 

 
c) 

Figure 6.31: Optical micrographs at 5x magnification of circular PTFE islands deposited on Al 

adherent surfaces through a) Mask 1, b) Mask 2, and c) Mask 3 
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 From the micrographs, the diameter of circular PTFE islands was measured, and the 

adjusted relative area covered by PTFE is shown in Figure 6.3. As predicted, there is indeed some 

spreading of the PTFE under the edges of the masks, so that the diameters of the circular PTFE 

islands on the surface were slightly larger than the diameters of the mask holes. This effectively 

increased the relative area coverage of PTFE on the adherent surface prior to bonding.  

Table 6.4: PTFE contamination mask critical dimensions and measured PTFE island dimensions 

Specimen 
Mask Hole 

Diameter 

Mask Rel. 

Exposed Area 

PTFE Island 

Diameter 

PTFE Rel. 

Covered Area 

1 (Pristine) 0 mm 0% 0 mm 0% 

2 (Mask 1) 1.0 mm 12% 1.2 mm 18% 

3 (Mask 2) 1.6 mm 29% 1.7 mm 34% 

4 (Mask 3) 2.4 mm 65% 2.5 mm 73% 

5 (100% PTFE) N/A 100% N/A 100% 

 

After surface preparation, the lower pristine adherent was placed on a surface and a 2.54 cm x 2.54 

cm square of FM73 film adhesive was applied to the prepared end of the adherent surface, leaving 

a small amount of space for metal shims. Next, 101.6 𝜇𝑚 metal shims cut into thin strips of 2.54 

cm length were applied to both sides of the film adhesive. This adhesive bond line thickness was 

specifically chosen to produce a resonance frequency within the 8.5 − 11.75 𝑀𝐻𝑧 range viewable 

by the PPLL ultrasonic phase measurement instrument. The peel-ply of the film adhesive was then 

removed and the upper adherent was placed on the adhesive/adherent stack to form the SLJ. Metal 

clips of 2.54 cm thickness were used to apply pressure on the SLJ during cure. The SLJs were then 

cured in an oven according to manufacturer specifications.  

 Several witness specimens were created to verify the effect of the change in surface area 

of the PTFE. Five 2.54 cm x 2.54 cm square Al 6061 coupons were spray coated with PTFE in the 

same method as the adherents. Then, OSEE measurements – originally mentioned in Section 1.2.2 

– were conducted on the surface of the coupons. With OSEE, the measured peak voltage should 
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drop as the amount of surface contamination increases, as the UV light is prevented from reaching 

the Al 6061 surface. Figure 6.32 displays the drop in OSEE voltage after contamination for each 

of the coupons. OSEE is extremely sensitive to surface contamination, and as a result, shows a 

sharp change in voltage for even the lowest amount of contamination used in this study. A 

monotonic trend in voltage drop as a function of PTFE area coverage is seen, confirming that 

changing the area coverage of PTFE indeed modifies the amount of contamination on the surface.  

 
Figure 6.32: Drop in OSEE voltage after contamination vs. PTFE area coverage on surface 

 

6.4.2.2 Ultrasonic and Mechanical Testing Setup 

After curing in the oven, the bonded joints were ultrasonically evaluated with a 10 MHz center 

frequency Olympus V112 ultrasonic transducer via the swept-frequency phase measurement 

method and broadband pulse-echo ultrasound. The swept-frequency phase measurements, taken 

with the PPLL instrument described in Chapter 4, were conducted from 8.5-11.75 MHz with a 

0.01 MHz step size. Broadband ultrasonic pulses were generated using a GE Panametrics Model 

5900PR pulser-receiver using a pulse energy of 1 μJ and a passband of 1 kHz-200 MHz, so that 

the ultrasonic frequency range was only limited by the transducer bandwidth. The first echo from 

the bond line was amplified and then received on a LeCroy WaveRunner 6200 oscilloscope. A 

reference ultrasonic measurement on a bare metal section of the adherent was also obtained so that 
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the amplitude and phase response of the adherent could later be subtracted out of the response of 

the completed bonded joint, leaving only the response from the adhesive bond line. After ultrasonic 

analysis, quasi-static mechanical pull testing was conducted to find the shear strength of each SLJ.  

6.4.3 Results and Discussion 

6.4.3.1 Mechanical Testing Results 

Figure 6.33 shows the measured bond strengths from quasi-static shear loading. Also shown is a 

linear fit of the data with the constraint that the shear strength at 100% PTFE coverage area is 

0 𝑀𝑃𝑎. These results show there is indeed a strong linear relationship between relative PTFE 

coverage area and shear strength.  

 
Figure 6.33: Measured shear strength vs. PTFE coverage area at interface for Al/epoxy SLJs, 

including linear fit of data constrained to 𝜏(100% 𝑃𝑇𝐹𝐸) = 0 𝑀𝑃𝑎 

 

6.4.3.2 Amplitude and Phase Results 

Both the PPLL phase measurements and broadband pulse measurements were analyzed for the 

frequency-domain responses around the resonance frequency of the bond line. The received 

ultrasonic pulses from the bond line were converted from the time-domain to the frequency domain 

by use of a Fast Fourier Transform (FFT). By nature of the swept-frequency method, the phase 

measurements were obtained already in the frequency domain, so no conversion was necessary. 
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Reference phase measurements on bare Al adherents were subtracted out of the phase response 

from the whole bonded joint, leaving the phase response of the bond line. Similarly, the amplitude 

spectra from the bonded joint was divided by the reference amplitude spectra from the bare Al 

adherent to obtain the amplitude spectra from the bond line.  

The resulting phase and amplitude spectra are shown in Figure 6.34. As previously 

explained theoretically in Section 3.1.2 and demonstrated in glass/UV-curable adhesive joints in 

Section 6.3, the phase inversion and amplitude minimum are caused by a resonance cavity effect 

within the bond line, nominally occurring when the bond line thickness is equal to half of the 

acoustic wavelength within the adhesive layer.  

 
a) 
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b) 

Figure 6.34: a) Phase vs. frequency responses from PPLL, normalized to 𝑓𝑟𝑒𝑠 = 10 𝑀𝐻𝑧 and 

𝜙(𝑓𝑟𝑒𝑠) = 0 𝑑𝑒𝑔, and b) amplitude vs. frequency responses from broadband pulse-echo, 

normalized to 𝑓𝑟𝑒𝑠 = 10 𝑀𝐻𝑧 

 

From Figure 6.34a, the phase response measured with the PPLL method clearly shows a difference 

in sharpness of the phase inversion depending upon the relative area of PTFE coverage at the 

interface. A dampening of the ultrasonic resonance response due to reduced interface quality at 

one adhesive/adherent interface was predicted by theory in Section 3.2.2 and shown in Figure 3.7. 

In addition, notable in the phase response is the pristine, 0% PTFE interfacial contamination SLJ 

that displays a much sharper phase inversion than the other contaminated bonded joints. 

Meanwhile, the amplitude spectra show a general trend of increasing minimum amplitude or a 

dampening of the resonance response with increasing PTFE area coverage, but for higher PTFE 

coverage areas, there is not a monotonically increasing trend.  

6.4.3.2.1 Analysis of Bond line Acoustic Resonance to Find 𝑲𝟏 

To further analyze the measured amplitude and phase spectra, two inverse methods for determining 

interface stiffness were developed and compared. First, the properties of the phase and amplitude 

responses at the bond line resonance frequency were determined. For the amplitude spectra, the 
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amplitude minimum and the frequency at amplitude minimum were found. For the phase spectra, 

a partial derivative of the phase shift with respect to frequency was conducted to find the maximum 

slope of phase shift, shown in Figure 6.35. Immediately noticeable is the change in peak phase 

slope as a function of PTFE area coverage.  

 
Figure 6.35: Phase slope vs. frequency response of bond line reflections, smoothed and 

normalized to 𝑓𝑟𝑒𝑠 = 10 𝑀𝐻𝑧  

 

The computed amplitude minimums and phase slope maximums are plotted together in Figure 

6.36. The 𝑑𝜙/𝑑𝑓𝑚𝑎𝑥 parameter shows a monotonically decreasing trend as a function of relative 

area of interfacial PTFE coverage. Similarly, the 𝐴𝑚𝑖𝑛 parameter displays an increasing trend with 

increasing PTFE area coverage, but it does display some uncertainty for the higher PTFE coverage 

areas. In particular, the amplitude minimum for the 34% and 73% PTFE coverage areas appear 

higher than the 100% PTFE coverage area SLJ.  

Equation 6.8 was used to model the Al/epoxy SLJs with different interfacial stiffness 

constants at the upper adherent/adhesive interface and then used to find the theoretical 𝑑𝜙/𝑑𝑓𝑚𝑎𝑥 

and 𝐴𝑚𝑖𝑛 as a function of 𝐾1. Then, the interfacial stiffness for each measured 𝑑𝜙/𝑑𝑓𝑚𝑎𝑥 and 

𝐴𝑚𝑖𝑛 parameter is found by identifying the corresponding 𝐾1 on the theoretical curve.  
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Figure 6.36: Measured maximum phase slope and amplitude minimum for each SLJ as a 

function of the percent relative PTFE area 

 

6.4.3.2.2 Curve-Fitting Algorithm to Find 𝑲𝟏 

The second method developed to determine interfacial stiffness from the measured amplitude and 

phase spectra uses a curve-fitting algorithm of the measured spectra in the entire 8.5-11.75 MHz 

range. For the phase response Equation 6.9 is used, which is similar to the model used in the 

previous study described in Section 6.3.3.2. In both Equations 6.9 and 6.10, 𝑅𝐵𝐿
𝑇ℎ𝑒𝑜𝑟 is the reflection 

coefficient expressed in Equation 6.8.  

𝜙𝑚𝑜𝑑𝑒𝑙(𝑓; 𝐾1, 𝐿𝐵𝐿 , 𝑎, 𝑏) = 𝜙𝑅𝐵𝐿

𝑡ℎ𝑒𝑜𝑟(𝑓; 𝐾1, 𝐿𝐵𝐿) + 𝑎𝑓 + 𝑏 (6.9)  

|𝑅|𝑚𝑜𝑑𝑒𝑙(𝑓; 𝐾1, 𝐿𝐵𝐿 , 𝑐) = 𝑐 ∗ |𝑅𝐵𝐿
𝑇ℎ𝑒𝑜𝑟(𝑓; 𝐾1, 𝐿𝐵𝐿)| (6.10) 

The set, constant parameters used in these curve-fitting models are shown in Table 6.5.  

Table 6.5: Set parameters used in curve-fitting models for Al/epoxy SLJs 

Parameter Name Value 

Adherent Sound Vel.: 𝑐1 = 𝑐2 6428 𝑚/𝑠 

Adhesive Sound Vel.: 𝑐𝑎𝑑ℎ 2328 𝑚/𝑠 

Adherent Density: 𝜌1 = 𝜌2 2681 𝑘𝑔/𝑚3 

Adhesive Density: 𝜌𝐵𝐿 1189 𝑘𝑔/𝑚3 

Adhesive Attenuation: 𝛼𝑎𝑑ℎ 0.05 𝑓−1 

 

The free parameters used in the curve-fitting models are shown in Table 6.6. The bond line 

thickness is initially set to be the average bond line thickness across all bonded joints measured 
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with a micrometer, and it is allowed to vary ±5 𝜇𝑚. The upper bound of the interfacial stiffness 

constant is set to 3.8 × 1017 𝑁/𝑚3 based on Cantrell’s work showing that this value represents 

perfect bonding between aluminum and epoxy [64].  

Table 6.6: Free parameters used in curve-fitting models for Al/epoxy SLJs 

Parameter 

(units) 

Initial 

Guess 

Lower 

Bound 

Upper 

Bound 

Bond line Thickness: 

𝐿𝐵𝐿 (𝜇𝑚) 
109.3 104.3 114.3 

Interfacial Stiffness Flux: 

𝐾1 (N/m3) 
1016 1012 3.8 × 1017 

Linear Phase Term: 

𝑎 (deg/Hz) 
0 −3 × 10−6 3 × 10−6 

Constant Phase Term: 

𝑏 (deg) 
0 −10 10 

Amplitude Factor: 

𝑐 (unitless)  
1 0 2 

 

Figure 6.37 shows examples of how well the measured phase and amplitude data is fit via the 

curve-fitting algorithm. Blue crosses represent measured data points, while red lines represent the 

fitted curve. Prediction bounds with dotted red lines are not easily seen in the plots, as they are so 

close to the fitted curve lines.  

 
a) 

 
b) 

Figure 6.37: Examples of curve fitting results on SLJ sample #5: Pristine for a) phase vs. 

frequency and b) amplitude vs. frequency responses 
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The interfacial stiffness constants found for each bonded joint with both the single-parameter 

method and the curve-fitting method are plotted against measured shear strength in Figure 6.38.  

  
Figure 6.38: Measured shear strength vs. interfacial stiffness from amplitude and phase response 

of bond line reflections from a) Curve fitting of entire frequency response in 8.5 − 11.75 𝑀𝐻𝑧 

range and from b) Curve behavior at bond line acoustic resonance frequency 

 

The single-parameter method tends to underestimate 𝐾1 for all PTFE-contaminated joints. For the 

uncontaminated joints, all methods determined 𝐾1 to be its maximum value of 3.8 × 1017 𝑁/𝑚3, 

successfully predicting a well-bonded interface. As noted in the phase slope and amplitude 

minimum data from Figure 6.36, the phase measurements here all show bond strength as a 

monotonically increasing function of 𝐾1. The amplitude results, on the other hand, show a slight 

negative shift in interfacial stiffness as the bond strength increases for the first three data points. 

Overall though, the amplitude and phase data show good agreement in terms of 𝐾1 assessment as 

a function of bond strength and PTFE interfacial contamination. 

6.4.3.3 Connection between Measured Interfacial Stiffness to Theory 

From the work of Cantrell, the relationship between interfacial bond strength and ultrasonically 

measured interfacial stiffness in alumina-epoxy bonds is found [64]. Both bond strength and 

interfacial stiffness are a function of the number of bonds per unit area at the interface. In this 

study, the fraction disbond area at the interface is modified by the relative area of coverage of 
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PTFE on the adherent prior to bonding. Figure 6.39 shows the measured bond strength and 

interfacial stiffness values along with the theoretical values based on their relationship with 

fractional interfacial disbond area.  

 
Figure 6.39: Measured interfacial stiffness and bond strength vs. disbond area at the interface, 

including line showing theoretical interfacial stiffness and bond strength from Cantrell [64] 

 

In Figure 6.39, it is seen that shear strength matches quite well with PTFE interfacial coverage, 

according to theory. It should be noted that the 100% PTFE coverage area bonded joint broke at 

some value above 0 MPa, partially due to the adhesive squeezing out of the sides of the joint during 

cure. Thus, the tacking on of the adhesive on the sides of the joint produce some apparent bond 

strength when there otherwise should be none.  

 Next, it is notable that the trend in the measured interfacial stiffness vs. PTFE coverage 

area does not at all track with theory. The main problem seems to lie in the bonded joints 

contaminated through masks to vary the shear strength and not the 0% and 100% PTFE coverage 

area bonded joints, which match quite well with theory. In an attempt to determine the mechanism 

by which interfacial stiffness does not track with Cantrell’s theory, additional literature review was 

conducted.  
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After some search, it was found that the patterning of PTFE on the surface in circular 

islands might behave like a distributed array of interfacial cracks to ultrasonic waves, rather than 

a simple fractional disbond area [146], [98], [147]. Figure 6.40 shows the theoretical interfacial 

stiffness as a function of relative disbond area for a distributed array of interfacial disk and strip 

cracks, Cantrell’s theory, as well as the measured 𝐾1 from 𝑑𝜙/𝑑𝑓𝑚𝑎𝑥.  

 
Figure 6.40: Interfacial stiffness vs. relative disbond area from different theoretical treatment and 

as measured  

 

Throughout Figure 6.40, 𝑠 is the distance between crack centers. An interfacial array of disk cracks 

is most similar to the circular islands of PTFE used in this study. The value of 𝑠 = 2.66 𝑚𝑚 was 

chosen for its similarity to the distance between the centers of the circular PTFE islands in this 

study, and the value of 𝑠 = 1 𝑚𝑚 was chosen as it seemed to fit closely with the measured data. 

It should be noted that the distributed array of interfacial cracks theory used here is only applicable 

for non-interacting cracks, which occurs approximately for relative disbond areas less than 50%.  

From this new theory, it seems that the circular PTFE islands behave similar to a distributed 

array of disk cracks with a center spacing near 1 mm. Above a disbond area of 50%, the array of 

cracks is considered interacting, and the analysis becomes much more difficult. As such, there is 

not much theory in the literature about this region.  
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Overall, the 0% and 100% PTFE coverage area bonded joints fit well into Cantrell’s theory 

of interfacial stiffness and relative disbond area. For the bonded joints with PTFE spray-coated 

through masks with circular holes, the interfacial stiffness behaves similar to a distributed array of 

circular cracks model due to ultrasonic scattering and diffraction at the interface, rather than a 

simple disbond density model. In all bonded joints, however, the shear strength follows the disbond 

density model presented by Cantrell. Accordingly, ultrasound is affected differently by the 

presence of a distributed array of interfacial cracks than actual bond strength is affected.   

6.5 Conclusions 

Throughout this chapter, ultrasonic phase measurement methods of evaluating interface quality in 

adhesively bonded SLJs have been investigated. In particular, these methods use the CFPPLL-

based ultrasonic phase measurement instrument to obtain the phase response of the normal-

incidence ultrasonic displacement wave reflection coefficient of the bond line in a SLJ.  

Initially, a constant-frequency method for measuring phase shifts as a function of small 

temperature changes in a ceramic/Salol SLJs is demonstrated. The 𝑑𝜙/𝑑𝑇 parameter over a 5°𝐶 

temperature span is able to distinguish well-bonded regions, porous regions, and disbonded regions 

across the joint. While showing some promise, this method was found in practice to be very time 

intensive waiting for the sample to reach thermal equilibrium, and it was found difficult to obtain 

temperature dependent material properties for many aerospace adhesives and adherents to be 

studied. Consequently, it was determined to explore an improved method of phase analysis of 

adhesive bonding, which might have a wider range of applicability and be simpler to use.  

 Next, the CFPPLL instrument was modified to allow for swept-frequency ultrasonic phase 

measurements, rather than tracking the phase at a single frequency while the joint undergoes some 

sort of external stimuli. The new swept-frequency method is investigated in Al/epoxy SLJs and 



162 

 

compared to conventional broadband amplitude-based ultrasound. Two sets of bonded joints are 

fabricated: one with pristine adhesive bonding and another with silicone-based contamination at 

one of the adhesive/adherent interfaces. Ultrasonic results found that the swept-frequency phase 

method was able to distinguish the pristine joints from the contaminated joints via the slope of the 

phase vs. frequency response over a 9-10 MHz range. Conversely, both in the time domain and 

the frequency domain, broadband amplitude-based ultrasound was unable to distinguish strong 

from weak bonds. Mechanical shear testing confirmed the silicone contamination reduced 

interfacial bond strength to about 25% of the pristine bond strength. This study proved that swept-

frequency phase measurements are sensitive to reduced adhesion strength not easily detectable 

with conventional ultrasonic methods.  

In the next study, analysis of swept-frequency ultrasonic phase measurements of bond line 

reflections in glass/UV-curable adhesive tri-layer bonded joints has been shown to quantitatively 

assess adhesive bonding properties without the presence of interfacial contamination or gross 

bonding defects. By focusing on the phase response near the ultrasonic anti-resonance frequency 

of the bond line reflection coefficient, the shift in anti-resonance frequency is measured as a 

function of adhesive cure. The adhesive stiffness and resulting sound velocity change during cure 

is measured separately via broadband ultrasound ToF. After curve fitting to the theoretical 

ultrasonic interaction with imperfectly bonded joints, the attenuation coefficient as well as the 

interfacial stiffness flux are extracted. The correlation to mechanical tensile strength is consistent 

with the theoretical linear relationship between interfacial stiffness and absolute interfacial bond 

strength. In this work, interfacial bond strength is predicted by interfacial stiffness flux to a 

standard deviation of 0.63 MPa.  
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Finally, the swept-frequency phase method is extended to real-world bonded structures 

with rough Al adherents and epoxy film adhesive. Interfacial bond strength in this study is 

modified by Teflon-based contamination spray-coated through masks onto one adherent surface 

prior to bonding. Masks with distributed holes of different size and spacing are used to modify the 

relative area of Teflon contamination coverage on the adherent surface. Mechanical testing results 

found a linear relationship between relative contamination coverage at the interface and shear 

strength, as was predicted. Ultrasonic phase and amplitude spectra in the 8.5-11.75 MHz range 

were obtained on each SLJ and were found to both give consistent predictions of interfacial 

stiffness which varied as a negative monotonic function of Teflon contamination coverage, 

although the phase results displayed less uncertainty. Interfacial stiffness results from ultrasonic 

phase measurements could clearly distinguish the Teflon coverage area and bond strength in each 

specimen. While the trend in measured interfacial stiffness for SLJs with Teflon contamination 

sprayed through masks did not initially match theory, further research found an adequate 

explanation of the measured interfacial stiffness values in these cases.  

Overall, these results prove the swept-frequency ultrasonic phase measurements can 

quantify interfacial stiffness in SLJs. Interface stiffness is determined by either a curve-fitting 

method or assessment of the resonance frequency and maximum phase slope. The method can 

determine intermediate bond strengths rather than simply identify good or bad bonds. As such, this 

method has the potential to reliably evaluate bond strength and therefore promote the use of 

advanced composite structures using adhesive bonding. 



164 

 

Chapter 7: Limitations and Challenges of the Ultrasonic 

Phase Measurement Method 

Throughout this work, the swept-frequency ultrasonic phase measurement has been studied for its 

ability to assess adhesive bond quality, focusing on the measurement of the stiffness constant at 

adhesive/adherent interfaces. From this study, ultrasonic phase has proved able to quantify 

interface stiffness from phase measurements of ultrasonic reflections, and these stiffness 

measurements are well correlated to both theory and interfacial bond strength. However, the 

CFPLL-based method has been used in specific laboratory setups thus far, and other practical 

considerations are necessary to identify when this technique may be ideal and challenges of its use 

in some applications. Consequently, a discussion of the limitations and challenges of the swept-

frequency ultrasonic phase measurement method for adhesive bond strength evaluation is 

necessary for a more complete understanding of its efficacy and future uses.  

 This chapter begins by discussing general limitations of CFPPLL-based ultrasonic phase 

measurements. Next, there is a discussion of limitations of the current CFPPLL instrument, which 

could be overcome with future modifications and improvements. Finally, the challenges in using 

swept-frequency ultrasonic phase measurements in single lap joints (SLJs) are investigated. In 

each section, potential methods for overcoming these limitations and challenges are also proposed. 

7.1 General Limitations 

7.1.1 Phase Uncertainty with Contact Measurements 

To transmit ultrasound into a material testing, the acoustic waves must first travel through some 

intermediate medium from the transducer to the material under test. This medium is often referred 

to as the ultrasonic couplant, as under ideal design, it couples the ultrasonic signal into the test 
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material with minimal loss and maximum amplitude. In practice, the couplant medium is often a 

liquid -- especially water -- because longitudinal ultrasound transmits very well through most 

liquids. Noncontact ultrasonic methods do exist but require higher power, are very lossy, and are 

typically limited to about 500 𝑘𝐻𝑧 in frequency. Laser ultrasound has also been investigated in 

recent years, as it can provide non-contact generation and detection of ultrasound in a test article 

with higher frequencies and wider bandwidth than is typically possible with piezoelectric 

transducers.  

Common methods for using liquid couplant include fully immersing the test article in 

water, using a trapped water column with rubber membrane touching the test article, and providing 

full contact between the transducer surface and the test article with a thin liquid couplant layer in 

between. This last method is usually referred to as contact ultrasonic testing and is the exclusive 

method used throughout this work for its simplicity of use in a laboratory setting.  

 As initially discussed in Section 4.4.1.4 and Section 4.5, contact ultrasonic phase 

measurements introduce some degree of measurement uncertainty based on the thickness of the 

ultrasonic couplant layer. When applying pressure on an ultrasonic transducer on a test specimen 

with a liquid couplant medium on top, some of the couplant squeezes out from under the 

transducer. At a basic level, changing the couplant layer thickness changes the amplitude and phase 

of any measured ultrasonic echo from a test article, as the ultrasonic waves transmit through and 

reflect off the couplant layer. In many amplitude-based ultrasonic measurements, small changes 

in couplant thickness do not cause significant amplitude changes, because the couplant medium 

typically has a small acoustic attenuation coefficient. As such, amplitude changes due to couplant 

thickness are usually only considered in certain applications that require high accuracy [127] [128] 

[129] [130] [131] [132].  
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Meanwhile, changes in path length have a measureable effect on high-resolution ultrasonic 

phase measurements, and it was found in practice that these couplant-related phase shifts must be 

considered. As this liquid layer is very thin (i.e. in the micrometer range), individual reflections 

from within the layer cannot be time-resolved and the net sum of all internal couplant layer 

reflections must be considered. In the thickness gaging study described in Section 4.4, even though 

multiple back wall echoes were probed to subtract out many sources of phase shift, there was still 

a remaining undesired phase shift due to reflections from the couplant layer. By modeling the 

phase response of the reflection coefficient from a glass/couplant/transducer boundary, Figure 4.7 

shows that even if the couplant layer is only a few microns thick, the phase shift can be very large 

for higher frequencies.  

In contact measurements, the thickness of the couplant layer nominally depends on the 

couplant material as well as the pressure on the ultrasonic transducer. A study was conducted, 

explained in Section 4.5, on an 11 mm thick glass specimen where the load on the ultrasonic 

transducer was increased and swept-frequency ultrasonic phase measurements were obtained. As 

there was no change in the underlying specimen throughout this experiment, only the couplant 

layer thickness between the transducer and the test specimen were modified. Measured phase slope 

data from this study is shown in Figure 4.13, where it was found experimentally and backed up by 

theory that there is a minimum phase slope for some couplant layer thickness followed by a small 

increasing slope for lower thicknesses. From this study, it is concluded that for highly accurate and 

repeatable phase measurements obtained in a contact ultrasonic testing setup, the load on the 

transducer must be highly controlled. Consequently, most of the ultrasonic phase testing 

throughout this work was obtained by placing a load cell in the path between the transducer and a 

screw clamp so that a consistent couplant thickness could be obtained across all tests.  
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In applications of thickness gaging and single-interface characterization with ultrasonic 

phase, control of couplant layer thickness is very important when taken with a contact transducer. 

For evaluation of SLJs around acoustic resonance, however, it is found that the mostly linear phase 

shifts with respect to frequency from the couplant layer are less bothersome. Around acoustic 

resonance of a SLJ, the phase spectrum is highly nonlinear as it shifts very quickly from negative 

to positive values. As such, small linear offsets in the phase spectrum are accounted for in the 

curve-fitting model used to extract interfacial stiffness, described in Section 6.3.3.2, and do not 

provide a significant impediment to bond quality evaluation in SLJs.  

While the testing throughout this work was obtained with contact ultrasonic measurements, 

it is thought that moving to a setup with a longer couplant layer path length would decrease the 

severity of this issue. In an immersion tank, for example, if the ultrasonic transducer is held at a 

fixed position away from the surface of a test article, the phase shifts caused by the couplant 

medium can be measured and subtracted out from the phase response of the test article, itself. 

Consequently, it is believed that many of the problems involving couplant thickness would be 

negated in an immersion-based ultrasonic scanning system and that highly accurate, repeatable 

phase measurements could be obtained with less complexity than was needed throughout this work 

with contact measurements.  

7.1.2 Adherent Phase Shifts 

Common to most ultrasonic evaluations of adhesive bonding is that ultrasonic waves must pass 

through an adherent before interacting with a bonded joint. For amplitude measurements in metals 

and ceramics, the losses due to attenuation through the adherent may be relatively small so that 

small changes in adherent thickness do not significantly affect the amplitude of bond line 
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reflections. On the other hand, ultrasonic phase measurements for bond quality assessment are 

dominated by phase shifts coming from the adherent.  

 The ultrasonic phase shift due to propagation through a material under test is described by 

Equation 4.1, which shows phase is a strong linear function of frequency and dependent upon 

specimen thickness and sound velocity. For the metal and glass adherents used in this work, the 

phase shifts at 10 MHz are in the range of 1000 𝑑𝑒𝑔 per 𝑚𝑚 of thickness, and phase slopes are 

in the range of 100 𝑑𝑒𝑔/𝑀𝐻𝑧 per 𝑚𝑚 of thickness. Extending this, an adherent thickness change 

of 1 𝜇𝑚 causes a phase shift of ~1 𝑑𝑒𝑔, which is easily measureable with the CFPPLL instrument. 

Due to the sensitivity of the developed ultrasonic phase measurement method and the small phase 

changes due to interfacial stiffness to be measured, care must be taken to remove the phase shift 

from the adherent from the phase shift from the bond line to obtain the phase of the reflection 

coefficient of the bond line.  

Throughout this work, two methods are employed to negate the effect of the adherent on 

phase shifts. In the work on single-interface characterization of dry-contact joints in Section 5.2, 

the phase of the bond line reflection coefficient is assumed zero with no loading and then tracked 

throughout the loading process where interfacial stiffness increases. In all other studies, the phase 

response from the back wall reflection of the adherent is taken as a reference measurement on each 

bonded joint. In some cases, such as in Section 5.1, the adherent phase response is measured prior 

to bonding in the same location the adhesive will be applied. In most of the studies of swept-

frequency phase evaluation of SLJs in Chapter 6, however, the adherent phase reference 

measurement is obtained on an un-bonded section of the adherent after bonding. It is then assumed 

that the adherent thickness and sound velocity is approximately the same in the probed region as 

it is above the bond line. Even if there are small variations in adherent thickness between the two 
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locations, the resulting linear phase offsets do not significantly affect interface quality assessment, 

because the curve-fitting method described in Section 6.3.3.2 accounts for linear phase offsets.  

In practice, there are several other methods of accounting for phase shifts in the adherent. 

In cases where adherent thickness and sound velocity are well known, the phase response of the 

adherent can be simply determined based on theory from Equations 4.1 and 4.2. This method will 

be very sensitive to any errors in the input adherent thickness and sound velocity.  

In cases where the adherent is nondispersive to ultrasound, the phase response from SLJ 

reflections over wide frequency ranges will be linear except for small perturbations at integer 

multiples of the bond line resonance frequency. A linear fit can then be conducted on the phase 

response, and the residuals of the linear fit will mostly contain the phase inversion that occurs near 

around the resonance frequency. Additionally modeling of this case may be necessary to find the 

precise phase response of the linear fit residuals, but the basic idea should work without the need 

for an adherent reference measurement.  

Finally, the swept-frequency ultrasonic phase method may be paired with a broadband 

pulse method to obtain information about the adherent thickness and sound velocity. At each 

position where the SLJ is to be probed with the CFPPLL instrument, a broadband pulse can also 

be excited into the adherent and the time-of-flight (ToF) of the echo from the bond line can be 

recorded to approximate the adherent thickness using Equation 4.3. The received echo will be 

modified by the presence of the bond line in its frequency response, but the group velocity of the 

adherent will be primarily affecting the ToF of the pulse. Then, the measured thickness can be 

used in Equations 4.1 and 4.2 to determine the phase shift from the adherent to subtract out of the 

phase shift from the bond line.  
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7.2 Limitations of Current Phase Measurement Instrument 

Design 

7.2.1 Time for Obtaining Phase Measurements 

A practical consideration for a bonded joint assessment method to be used in real-world scenarios 

is the time it takes to obtain each measurement. The time it takes to make each CFPPLL 

measurement depends on the set repetition rate of the tone-burst as well as the number of samples 

averaged for each phase measurement. The repetition rate is set by a number of sine wave cycles 

between transmissions, and the number of samples averaged can be changed by factors of four 

from 40 = 1 to 44 = 256 samples to reduce phase noise.  

The measurement time can be minimized by using the maximum repetition rate, which 

depends on the ultrasonic attenuation in a given specimen, as echoes should decay to the noise 

level prior to transmitting the next signal. In an experiment using ~11 mm thick borosilicate glass, 

back wall echo amplitudes dropped below the noise level after ~25 μs, meaning the repetition rate 

at driving frequency 10 MHz could be set as low as once every 250 cycles. Thus, averaging over 

16 samples results in a phase measurement every 0.4 ms, making real-time high-resolution 

constant-frequency phase measurements possible in a practical setup, even with averaging to 

reduce uncertainty.  

The current CFPPLL design is much more limited in terms of repetition rate and therefore 

phase measurement time. Due to the way the CFPPLL instrument communicates to the computer, 

during the time when the microcontroller is writing measured phase data to the computer, the 

instrument is unable to receive new phase measurements consistently. It was found in practice to 

miss phase measurements occasionally when the repetition rate is set too fast. Consequently, the 

repetition rate of tone-bursts is set slow enough that the microcontroller fully has time to write data 



171 

 

to the computer prior to the next phase measurement being received. This results in a new tone-

burst every 60,000 sine wave cycles at a driving frequency of 10 MHz, or one phase measurement 

every 6 ms. With averaging over 16 samples, this means phase measurements are output every 96 

ms, making real-time ultrasonic phase tracking still possible.  

When conducting swept-frequency ultrasonic phase measurements, the reduced sampling 

rate currently possible with the CFPPLL instrument becomes more evident. Consider a frequency 

sweep from 8.5-11.75 MHz in 0.01 MHz increments, as was used for interface quality evaluation 

in Section 6.3. The current CFPPLL instrument could obtain this phase spectra in 124.8 𝑠 

assuming it takes four phase measurements at each frequency to drive the output of the phase 

detector to quadrature. Under the same assumptions, the CFPPLL instrument is theoretically 

capable of obtaining the phase spectra as fast as 5.2 𝑠, a major improvement on the current speed 

capabilities. For the swept-frequency ultrasonic phase measurement method to be developed into 

a scanning system that can take data a time-efficient manner, the limitation of phase measurement 

speed should be addressed.  

7.2.2 Bandwidth  

For the swept-frequency ultrasonic phase measurement method to be truly useful in a wide-variety 

of bonding scenarios, it needs to be capable of phase measurement at a wide variety of frequencies. 

This method showed the most success in interface quality evaluation when sweeping frequency 

around the acoustic resonance frequency of a SLJ. In this work, the bond line thickness was chosen 

specifically so the acoustic resonance would fall within a range viewable with the CFPPLL 

instrument. The current CFPPLL pass-band is at maximum about 8-12 MHz, with best amplitude 

response in the 9-10 MHz range. A more practical instrument, however, should be capable of 

assessing bond quality in SLJs with different bond line thicknesses.  
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The bandwidth of the current CFPPLL design is limited on purpose. Central to the CFPPLL 

design, after an ultrasonic echo is received by the transducer, it is narrowband filtered to remove 

contributions from other frequencies. Narrowband filtering is one of the primary advantages over 

broadband phase measurements, reducing phase noise and uncertainty. To maintain suppression 

of undesired frequencies while supporting a wide variety of frequencies, a design improvement of 

the CFPPLL instrument might include a tunable band-pass filter or a superheterodyne receiver.  

7.3 Limitations on Bond Quality Evaluation in Single Lap 

Joints 

7.3.1 Thin Adherents 

There is a trade-off involved in the use of constant frequency ultrasonic measurements as opposed 

to broadband measurements concerning the relationship between the time and frequency domains. 

While constant-frequency measurements allow for higher resolution and lower uncertainty phase 

measurements than typically possible with broadband ultrasonic analysis, the ability to resolve 

separate ultrasonic signals in the time-domain is reduced.  

Under basic Fourier analysis, a signal that is wide in the frequency domain is narrow in the 

time domain, and a signal that is narrow in the frequency domain is wide in the time domain. In 

conventional ultrasonic testing, a high amplitude of reflection is used to indicate a large flaw, and 

the time-of-flight when the pulse is received is used to identify how deep the flaw is in the 

specimen. With broadband ultrasound, the time-duration of the pulse is short so that reflections 

within a test specimen can be time-resolved. Conversely, constant frequency ultrasonic tone-bursts 

are relatively wide in the time-domain in order to approximate a single frequency. Consequently, 

a limitation of the swept-frequency phase measurement method is the relatively long time-duration 

of the transmitted wave needed to obtain a measurement. 
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 With constant-frequency tone-bursts, as the adherent of a bonded joint becomes very thin, 

multiple echoes from the bond line and back wall of the lower adherent will be received during 

the time the input tone-burst is still being transmitted. Without being able to distinguish the first 

bond line reflection from other echoes, the theoretical modeling of the received echoes becomes 

much more complicated. To overcome this potential limitation, thick adherents are used 

throughout most of this work.  

 To characterize the swept-frequency ultrasonic phase measurement method on thin-

adherent bonded joints, a small study was conducted on Al/epoxy bonded joints. This study 

ultimately also found a limitation with the CFPPLL operation, which was remedied. A set of Al 

6061 single lap joints were fabricated with different adherent thicknesses, as shown in Table 7.1. 

In each specimen, a 2.54 cm wide x 2.54 cm long x 127 µm thick piece of epoxy film adhesive 

(FM73U from Cytec) was used to bond together 2.54 cm wide x 15.24 cm long Al 6061-T651 

adherents. Thin metal spacers of 102 μm thickness were used to maintain a consistent bond line 

thickness during cure. The SLJ dimensions are similar to the diagram in Figure 6.29, with the 

exceptions that adherent thickness varies in this study and no interfacial contamination is used.  

Table 7.1: Adherent thicknesses used in thin-adherent bonded joint study 

Specimen  Adherent Thickness (in) 

1 0.5 

2 0.3125 

3 0.25 

4 0.19 

5 0.125 

6 0.063 

 

After fabrication, the bonded joints were ultrasonically evaluated with the swept-frequency phase 

measurement method. The standard configuration of sweeping the input ultrasonic frequency from 

8.5-11.5 MHz with 0.01 MHz increments was initially tested on each specimen. It was quickly 

determined, however, that thinner adherents make it difficult to choose a sample point on the 
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received ultrasonic signal from the bond line, which must remain on the first echo from the bond 

line throughout the entire frequency range.  

The issue with choosing a single sampling point which works across the entire frequency 

range is that during the frequency sweep, the same number of sine-wave cycles was being held 

fixed for the sample and hold (S/H) position as well as the length of the transmitted (TX) tone-

burst. Importantly, the period of a transmitted sine wave decreases as frequency increases, meaning 

the S/H position or transmitted tone-burst of a constant number of cycles shrinks in the time-

domain during the frequency sweep. In many relevant media (i.e. lowly dispersive media), 

however, acoustic echoes will return at approximately the same time regardless of frequency (i.e. 

the group and phase velocities are equal). As such, sampling the phase of an echo at a certain 

number of sine-wave cycles at lower frequencies may no longer sample the echo at higher 

frequencies.  

It was therefore determined to improve the inspection method by modifying the CFPPLL 

system to set the S/H position as well as the TX tone-burst length to be constant in the time-domain 

rather than a constant number of sine wave cycles. Figure 7.1 displays how the changes to the 

CFPPLL system improve the ability to assess bonded joints with thinner adherents, where Ampl. 

is the output of the received ultrasonic echoes after narrowband filtering and amplification, Phase 

is the output of the phase detector with 0 V corresponding to the transceived and reference waves 

being in quadrature, and S/H is used to choose sample and hold point on the phase signal.  

Figure 7.1a displays the amplitude, phase, and chosen S/H position at 8.5 MHz of echoes 

from the Al 6061/epoxy bonded joint with 0.3125” adherents. Figure 7.1b and Figure 7.1c then 

display the resulting S/H position and TX tone-burst length after a frequency sweep to 10 MHz 

when using a constant number of sine-wave cycles and constant time-duration, respectively. As 
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shown in Figure 7.1b, when the S/H and TX length are held to a constant number of sine wave 

cycles, the S/H is driven off the ideal flat portion of the phase signal after frequency has been 

swept from 8.5 MHz to 10 MHz. At the same 10 MHz frequency, when the S/H and TX length 

have been held fixed in the time-domain, these issues do not occur, and the phase signal is properly 

sampled, as shown in Figure 7.1c.  

 
Figure 7.1: S/H position, amplitude, and phase from bond line reflections on single lap joint with 

0.3125” adherents at a) 8.5 MHz starting frequency, b) 10 MHz after frequency sweep with S/H 

and TX held at constant cycle number, and c) 10 MHz after frequency sweep with S/H and TX 

held constant in time  

 

The effect of the CFPPLL system improvements on the measured phase spectra can be seen in 

Figure 7.2. The variations in the phase signal caused by non-ideal sampling – i.e. sampling off the 

bond line – are removed by the system modifications to fix S/H and TX lengths constant in the 

time-domain.  
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Figure 7.2: Phase vs. frequency response of bond line with 0.3125” adherents for different 

CFPPLL configurations 

 

After improvements were made to the CFPPLL measurement system, thin-adherent bonded joints 

were re-inspected with the swept-frequency ultrasonic phase measurement method. It was found 

that down to 0.19” adherent thickness, it is simple to obtain a clean phase vs. frequency response 

from the bond line, as shown in Figure 7.3. Even at 0.19” adherent thickness, though, there is some 

extra uncertainty causing a few sharp spikes in the measured phase signal, which could likely be 

removed through a smoothing algorithm. At 0.125” adherent thickness, it begins to be difficult to 

choose a S/H time-delay that works over the entire frequency range of 8.5-11.75 MHz, and as a 

result, the measured phase response becomes obscured using the current measurement setup.  

 
Figure 7.3: Phase vs. frequency response of bond line reflections for different adherent thickness 

 

The minimum thickness at which individual echoes can be time-resolved should extend to other 

adherent materials by the ToF through the adherent. In Al 6061, a thickness of 0.125” corresponds 
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to a ToF of ~1 𝜇𝑠, which is determined to be the minimum ToF in the adherent needed to use the 

swept-frequency phase method over the entire 8.5-11.75 MHz range. To give additional context, 

at a driving frequency of 10 MHz, 0.125” adherent is about five wavelengths thick.  

If Al adherents below 0.125” thick or any adherents with an acoustic ToF less than ~1 𝜇𝑠 

need to be assessed, there are several methods which could be investigated. First, if compatible 

with the bonded joint thickness, higher frequency ultrasound could be used to transmit more tone-

burst cycles into the specimen. The use of an even more broadband ultrasonic transducer would 

reduce the ringing time of the transducer when initially receiving the first echo and could allow 

for good measurements using a shorter tone-burst. Another option is to allow the user to set a 

particular S/H position at the starting frequency and during the sweep, stop to allow the user to 

reset the S/H position. This adjustment would allow for better choice of S/H position in different 

frequency ranges, which could provide better measurements over the entire range. A final method 

to resolve thinner adherent joints is to sweep over a smaller frequency range. For this method to 

work most effectively for SLJs, the phase needs to be measured around the resonance frequency 

of the bond line. In practice, the frequency range may not need to be the full bandwidth of the 

filtering circuit used here and a smaller range may be sufficient.  

7.3.2 Uncertainty in Material Properties 

Another challenge for bond quality assessment in SLJs with the ultrasonic phase measurement 

method is the uncertainty in material properties of the adhesive layer. When analyzing the phase 

response of the bond line reflection coefficient around the resonance frequency, the curve-fitting 

algorithm used to determine interface stiffness relies on knowledge of bond line thickness and 

adhesive sound velocity. If those estimates are a bit off, it could affect the ideal resonance 

frequency, changing the extracted interfacial stiffness as well as the predicted bond strength.  
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 A modeling study was conducted to characterize the impact of uncertainty of the material 

properties of the adhesive layer. An Al/epoxy SLJ was modeled with a bond line thickness of 

110 𝜇𝑚 and variable interface stiffness, similar to the model used to predict resonance frequency 

at the end of Section 3.2.2. In this scenario, bond line thicknesses ±5 𝜇𝑚 of the nominal thickness 

are also modeled to show the effect of the input bond line thickness being incorrect by up to ~5%. 

While only bond line thickness uncertainty is modeled here, adhesive sound velocity uncertainty 

should have a very similar effect, as both bond line thickness and adhesive sound velocity affect 

the sine and cosine terms of the reflection coefficient in Equation 3.20.  

 Figure 7.4 shows the modeled resonance frequency changes as a function of interfacial 

stiffness with error bars showing the resonance frequency with ±5 𝜇𝑚 bond line thickness errors. 

Two scenarios are plotted: one with only the upper interface quality changing and another with 

both interfaces of equal quality changing. Additionally, the approximate interfacial bond strength 

at a given interface stiffness based on Cantrell’s theory is shown on the x-axis for reference [64]. 

 
Figure 7.4: Modeled resonance frequency vs. interfacial stiffness in Al/epoxy SLJs with error 

bars showing bond line thickness errors of ~5% 
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It is notable in Figure 7.4 that bond line thickness uncertainty is most impactful for high interfacial 

stiffness, well-bonded joints. The effect of 5% bond line thickness uncertainty drops off as the 

interface degrades so that there is very little effect on resonance frequency for very low interfacial 

stiffness values. This makes sense, as for kissing bonds and for complete disbonds, more of the 

ultrasonic amplitude will be reflected at the poor interface rather than transmitted into the joint.  

Errors in predicted bond line thickness of 5% are likely reasonable in a number of industrial 

applications, and they may provide difficulty in using the swept-frequency ultrasonic phase 

measurement method to assess intermediate bond strengths. Instead of having sensitivity to 

reduced interface stiffness near 1016 𝑁/𝑚3 found in the ideal case at the end of Section 3.2.2, the 

bond line thickness error causes the method to only have sensitivity to reduced interfacial stiffness 

at about 1015 𝑁/𝑚3. At this point, the interfacial bond strength is about two orders of magnitude 

below its pristine value and can therefore be considered a poor bond.  

It is therefore proposed that in situations where material properties such as bond line 

thickness may have a 5% variance that a reasonable threshold decrease in resonance frequency be 

used to determine when the interfacial bond strength is degraded. A proposed threshold in the 

modeled setup of 9.8 MHz is shown in Figure 7.4. If the resonance frequency is measured above 

the threshold, the joint is concluded to retain some strength and not be a kissing bond. However, 

if the resonance frequency drops below the threshold, it is concluded that there is essentially no 

remaining interfacial bond strength at that location.   

An alternative method to obtain high-accuracy material properties in the adhesive layer is 

to pair the swept-frequency phase method with a higher-frequency broadband pulse method for 

obtaining ToF information from within the adhesive layer. At each measurement location, short 

time-duration pulses may be used to probe the adhesive layer and determine bond line thickness.  
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7.4 Conclusions 

Fundamental limitations of the ultrasonic phase measurement method as applied to adhesion 

strength evaluation are discussed in this chapter. Some of the limitations are general contact 

ultrasonic phase assessment, as the phase shifts due to the couplant layer and the adherent must be 

accounted for or otherwise minimized. Other limitations in this method are caused by the current 

design of the CFPPLL instrument, including the bandwidth of operation and the time it takes to 

obtain phase measurements. These design limitations are solvable with a redesign of the CFPPLL 

instrument receiving circuit and modifications to the microcontroller.  

Finally, there are several limitations of constant-frequency phase measurements for bond 

quality evaluation in SLJs. The problem of time-resolving echoes from thin adherents is a difficult 

one to solve. While several measurement considerations are discussed to improve the minimum 

resolvable adherent thickness, there will always be some minimum adherent thickness with this 

CFPPLL method. As such, for inspection on SLJs with very thin adherents, higher ultrasonic 

frequencies or more complicated modeling of the phase response will be necessary. In addition, 

the knowledge of material properties and bond line thickness in SLJs will always affect the ability 

to assess interfacial bond strength, as ultrasonic phase measurements are compared to a physical 

model for extracting interface stiffness. It is proposed that the swept-frequency method be 

combined with a broadband ultrasonic method to obtain relevant material properties and bond-line 

thickness for applications where the properties or thickness are not well-known. Ultimately, 

applications with highly variable material properties may limit the ultrasonic phase measurement 

method to only detect kissing bonds or complete disbonds, rather than quantify a range of 

interfacial bond strengths.   
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Chapter 8: Other Applications of the Ultrasonic Phase 

Detection Method 

This chapter highlights additional potential applications of the ultrasonic phase measurement 

method demonstrated in this work, which do not involve adhesive bond quality assessment. The 

two applications presented here contain a background literature review on the problem being 

addressed as well as experimental results using the ultrasonic phase method.  

First, a study on early detection of bonded joint failure is described. Metal/epoxy single lap 

joints (SLJs) are fabricated and quasi-static shear loaded until failure. During loading, an ultrasonic 

transducer is mounted to the face of the adherent and the phase of the ultrasonic reflection 

coefficient from the bond line is monitored. Next, the application of interface quality assessment 

in additively manufactured parts is examined. Preliminary results of the ultrasonic phase and 

amplitude of additively manufactured plastic parts with varying degrees of under-extrusion are 

presented, and challenges in the assessment of additively manufactured parts with ultrasonic phase 

are discussed.  

8.1 Early Detection of Bonded Joint Failure with Ultrasonic 

Phase 

8.1.1 Background 

Despite several NDE methods showing sensitivity to interfacial adhesion quality, few methods 

exist to characterize adhesive bonds in-situ. While not in-situ monitoring during failure loading, 

modulated ABUS observes how the resonance frequency of a bonded joint changes when a low-

frequency sinusoidal shaker table is used to stress the interface [68]. It was found that the measured 

interfacial stiffness of a good bond is independent of low-frequency stress, while in poor bonds, 
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the interfacial stiffness decreases under tension. Consequently, the modulation of the ultrasonic 

resonance frequency is used to discriminate good and bad bonds via mechanically stressing the 

joint.  

In most laboratory tensile load tests, the crack growth in an adhesive joint can be observed 

from the side of the bonded joint. In quasi-static shear loading tests, however, ultimate failure 

occurs quickly, and crack growth cannot be observed in the same way. Most NDE methods for 

characterizing bonded joints under shear load rely on information from the surface of the adherent 

to infer information about what is happening within the joint. By depositing a speckled pattern on 

the surface of a bonded part, Digital Image Correlation (DIC) is used to obtain high-resolution 

strain maps of the adherent surface [88], [148], [149]. Infrared thermography has also shown 

success in detecting poor bonding in joints under load and detecting bond failure [150], [151]. 

While these methods have shown some success in detecting bonding defects, they only provide 

information from the adherent surface and often rely on finite-element modeling (FEM) for 

validation and understanding of results, increasing processing time and complexity.  

Other methods of investigating bonded joints under shear loading have been developed for 

structural health monitoring (SHM) purposes and largely rely on sensors or particles embedded in 

the adhesive [152], [153], [154]. A recent study uses embedded particles and ultrasonic testing to 

conduct a form of ultrasonic DIC to measure strain within the adhesive bond line [155]. There are 

several concerns with embedded sensors in bonded joints, limiting their acceptance. First is the 

possibility of the sensors causing a reduction in bond strength. Second, it can be difficult and costly 

to add embedded sensors into an adhesive bonding process.  

Recent experimental and finite-element analysis work by Jeenjitkaew and Guild show 

evidence that the lateral and out-of-plane stress-strain relationship within the adhesive bond line 
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will have different characteristic “signatures” depending on the adhesive/adherent interface quality 

[156], [157]. The local strain within the bond line was measured using a strain gauge across the 

bond line during shear loading. Additional research using strain gauges around the bonded and 

disbonded regions in a lap joint undergoing an asymmetric wedge test also shows the importance 

of understanding the local strain within the bond line during loading [158]. Nominally, ultrasonic 

methods should be able to interrogate local strain within an adhesive bond line by measuring the 

acoustic time-of-flight within the adhesive layer. While not measured in-situ, Scanning Acoustic 

Microscopy (SAM) has even shown that changes in local sound velocity can be used to identify 

damage initiation sites in fatigue-loaded bonded composites [159].  

In this study, a method is demonstrated for interrogating an adhesively bonded joint 

undergoing lap shear testing with high-resolution, normal-incidence longitudinal ultrasonic phase 

measurements. An ultrasonic transducer is mounted to the face of a SLJ adherent with a set of 3D-

printed parts. While the joint is undergoing quasi-static shear loading, the ultrasonic phase shift of 

the reflection coefficient from the bond line is tracked using the constant-frequency pulsed phase-

locked-loop method developed in this work and explained in detail in Chapter 4. Phase shifts from 

the bond line for normal-incidence longitudinal ultrasonic waves should be highly sensitive to 

strain within the bond line, which could allow for identification of good and bad bonding as 

suggested by [156]. Additionally, this high-resolution ultrasonic phase method has proved 

sensitive to small changes in interfacial adhesion strength in SLJs. Through the tracking of 

ultrasonic phase shifts during loading, this technique seeks to measure strain within the bond line 

as well as detect changes in interface quality as the bonded interface fails. To test this method, two 

sets of metal/epoxy bonded joints are fabricated with different interfacial bond qualities. The 
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bonded joints are then mechanically shear loaded until failure along with in-situ ultrasonic phase 

monitoring.  

8.1.2 Theory 

To understand how ultrasonic phase of reflections from an adhesive bond line changes during 

mechanical loading, the ultrasonic interactions within the bond line are modeled. The imperfect 

interfaces within a SLJ are physically approximated as a distributed spring system, according to 

the quasi-static model for ultrasonic interactions with imperfect interfaces proposed by Baik and 

Thompson [62]. With this interfacial spring system model, the normal-incidence particle-

displacement-wave reflection coefficient from the bond line of a SLJ is derived.  

Assume an ultrasonic particle-displacement plane wave is excited into the bond line of a 

SLJ at normal incidence. The incidence wave is represented by Equation 8.1, where 𝑇𝑖 is the 

incident wave amplitude, 𝑖 = √−1, 𝜔 is the input angular frequency, 𝑡 is time, 𝑘1 is complex 

acoustic wavenumber in the incident adherent medium, and 𝑥 is the distance traveled by the wave.  

𝑢𝑖(𝑥, 𝑡) = 𝑇𝑖𝑒
𝑖(𝜔𝑡−𝑘1𝑥) (8.1) 

 

Assuming the adhesive layer is very thin with respect to the adherents, it is assumed that reflections 

from the bond line are time-resolved from back wall reflections from the lower adherent. 

Adherents 1 and 2 are assumed semi-infinite half-spaces so that only ultrasonic interactions within 

the bond line are considered. The material setup from Figure 3.1 is once again used, where 𝑇𝑖 is 

the incident wave amplitude, assumed unity for simplicity;  𝐿𝐵𝐿 is the bond line thickness; 𝑅𝑎𝑑ℎ 

and 𝑇𝑎𝑑ℎ are the reflection and transmission coefficients for the adhesive layer, respectively; 𝑇𝑜 is 

the transmission coefficient through the bond line, and 𝑅𝐵𝐿 is the adhesive bond line reflection 

coefficient. Described in more detail by [98], the quality of the two adhesive/adherent interfaces 
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are described by 𝐾1and 𝐾2, the spring constant flux of each interface, and 𝑚1 and 𝑚2, the mass 

per unit area at each interface.  

Within the adhesive layer, individual reflections coming from the lower adhesive/adherent 

interface are separated in time by a time-of-flight (ToF) of 2𝐿𝐵𝐿/𝑐𝑎𝑑ℎ, where 𝑐𝑎𝑑ℎ is the adhesive 

sound velocity. In many practically encountered SLJs, the adhesive ToF is small in comparison to 

the incident tone-burst duration, so the cumulative effect of all reflections within the bond line is 

considered. Derived in detail in general form in Section 3.2.1 and expressed in Equation 3.19, the 

bond line reflection coefficient 𝑅𝐵𝐿 is found by solving for 𝑅𝐵𝐿 , 𝑅𝑎𝑑ℎ , 𝑇𝑎𝑑ℎ, and 𝑇𝑜 under the 

boundary conditions at each interface.  

In the case of interest in this work, the general 𝑅𝐵𝐿 solution can be greatly simplified. First, 

both adherents are assumed to be made from the same material, so the elastic moduli and 

wavenumbers in the adherents are equal (i.e. 𝐸1 = 𝐸2 and 𝑘1 = 𝑘2). Second, for thin interfacial 

contamination and for thin interface layers, the interfacial mass contribution is negligible, so 𝑚1 =

𝑚2 = 0 𝑘𝑔/𝑚2. Third and finally, the upper interface may be contaminated so that 𝐾1 should be 

left variable. However, the lower interface is left pristine throughout the entire experiment, so 

𝐾2 → ∞. Under these assumptions, an approximation of the bond line reflection coefficient 𝑅𝐵𝐿 

can be seen in Equation 8.2.  

𝑅𝐵𝐿 ≈
[𝐺1𝐺𝑎𝑑ℎ (

𝐺1

𝐾1
)] cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑖 [𝐺1

2 + 𝐺𝑎𝑑ℎ
2 (

𝐺1

𝐾1
− 1)] sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)

[𝐺1𝐺𝑎𝑑ℎ (2 +
𝐺1

𝐾1
)] cos(𝑘𝑎𝑑ℎ𝐿𝐵𝐿) + 𝑖 [𝐺1

2 + 𝐺𝑎𝑑ℎ
2 (

𝐺1

𝐾1
+ 1)] sin(𝑘𝑎𝑑ℎ𝐿𝐵𝐿)

 (8.2) 

𝐺1 = 𝑖𝐸1𝑘1, 𝐺𝑎𝑑ℎ = 𝑖𝐸𝑎𝑑ℎ𝑘𝑎𝑑ℎ 

In Equation 8.2, 𝑘𝑛 = 𝜔/𝑐𝑛 + 𝑖𝛼𝑛 is the complex acoustic wavenumber, 𝑐𝑛 is sound velocity, 𝛼𝑛 

is the acoustic attenuation coefficient, 𝜌𝑛 is the mass density, and 𝐸𝑛(= 𝜌𝑛𝑐𝑛
2) is the elastic 

modulus in the 𝑛𝑡ℎ medium. The amplitude and phase response of 𝑅𝐵𝐿, as defined by Equation 
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8.2, are computed for a given set of material properties and input frequency by expressing 𝑅𝐵𝐿 in 

complex form: 𝑅𝐵𝐿(𝑓) = |𝑅𝐵𝐿(𝑓)|𝑒𝑖𝜙𝑅𝐵𝐿
(𝑓)

. Of interest to this work is the phase of the reflection 

coefficient, given by 𝜙𝑅𝐵𝐿
(𝑓).  

8.1.3 Experimental Approach 

8.1.3.1 Single Lap Joint Fabrication 

Sets of SLJs made with metal adherents and epoxy film adhesive were fabricated to approximate 

bonded joint configurations commonly seen in the aerospace industry. The adherent coupons were 

cut to size from aluminum 6061-T651 (Al 6061-T651) plate stock to dimension of 15.24 cm long 

x 2.54 cm wide x 0.79 cm thick. The adherents are thicker than typical aerospace applications to 

allow for sufficient ultrasonic time-of-flight in the adherent so that sequential echoes from the 

adhesive bond line are easily time-resolved in this initial study. In practice, such thick adherents 

may not be necessary for this method to work. The Al 6061-T651 adherents were bonded together 

with FM73U, an unsupported epoxy film adhesive from Cytec. The final bonded joint 

configuration and dimensions can be seen in Figure 8.1.  

 
Figure 8.1: Diagram of SLJ configuration 

  

Prior to bonding, the adherent surfaces are prepared via detergent wipe and rinse, solvent wipe 

with ethanol, ultrasonic cleaning bath in ethanol, and vapor degreasing with ethanol. To inhibit 

bonding, several adherent coupons are spray coated from a distance of 4 inches through a mask 
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with a polytetrafluoroethylene (PTFE) mold release agent. The mold release agent leaves a thin 

film of PTFE on the surface that inhibits bonding between the epoxy adhesive and the metal 

surface, which mimics a kissing bond region of a joint. The mask allows for a small region of in 

the center of the specimen to be coated, while leaving pristine regions surrounding it. The rest of 

the joint is bonded in accordance with manufacturer’s recommendation.  

Two sets of bonded joints of three specimens each are fabricated, with different adherent 

surface treatments: pristine with no PTFE contamination, and spray-coated with PTFE through a 

mask with a 1.27 cm diameter circular hole in the center. This mask resulted in 29% PTFE 

coverage over the 2.54 cm x 2.54 cm region to be bonded. Only one adherent of the SLJ is 

modified, providing only one imperfect interface in the contaminated joints.  

After spray coating, the Al 6061-T651 adherents are bonded together with FM73U film 

adhesive. The film adhesive is warmed to room temperature prior to opening to prevent 

atmospheric moisture condensation. A 2.54 cm x 2.54 cm square of the film adhesive is placed 

near the end of one adherent, to leave a small gap on the end. Metal shims are used to maintain 

bondline thickness during cure. A thin 2.54 cm long strip of 76 μm thick Al shim stock is placed 

on both sides of the film adhesive on the adherent surface. The second adherent is placed on top 

of the film adhesive to complete the SLJ. The completed bonded joints are oven cured according 

to the manufacture’s specification.   

8.1.3.2 Mechanical Testing Configuration 

Mechanical testing procedure of the bonded joints is performed with an MTS Alliance RT/100 

electromechanical load frame. The bonded joints are loaded into grips with 0.79 cm thick spacers 

to align the bondline to the center of the load frame axis. The SLJs are loaded with a quasi-static 
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shear load with a constant displacement rate of 1 µm/s until failure. During testing, the 

displacement, load, and time were logged at a rate of 10 measurements per second.  

8.1.3.3 Ultrasonic Phase Measurement Setup 

8.1.3.3.1 Ultrasonic Transducer Mounting 

During mechanical testing, a 0.64 cm diameter, 10 MHz center frequency ultrasonic transducer 

(Olympus model V112-RM) is mounted over the bondline with a specially designed transducer 

mounting apparatus (TMA) consisting of two parts. One TMA part slides over the bondline edge 

of one adherent and keeps the transducer from moving laterally across the bondline. The second 

TMA part slides onto the same adherent and places pressure on the ultrasonic transducer to keep 

adequate transducer-adherent coupling and to assure geometrical integrity over the bondline during 

mechanical testing. Images of the ultrasonic transducer mounted onto a SLJ are shown in Figure 

8.2. Sono 600 ultrasonic couplant from Magnaflux transfers ultrasonic waves from the transducer 

into the upper adherent. 

This 3D-printed apparatus was initially developed to hold an ultrasonic transducer on a 

bonded joint during cyclic fatigue loading. However, initial fatigue tests showed the rate of 

movement of the bonded joint tended to cause a loss of received ultrasonic amplitude over time, 

even over a few hundred cycles. It is thought that as the transducer and couplant are moved up and 

down quickly, the transducer starts to de-couple from the adherent surface. To obtain reliable 

ultrasonic phase measurements on bonded joints during fatigue loading, the transducer mounting 

apparatus should include a more rigid beam holding at higher pressure on the ultrasonic transducer 

during testing. Additionally, a high-viscosity ultrasonic couplant should be used so that it does not 

move from the adherent surface due to vibrations during testing. By holding higher pressure on 
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the transducer and using high-viscosity couplant, the de-coupling effect due to cyclic loading 

should be minimized so that ultrasonic phase can be monitored during fatigue loading.  

 
a) 

 
b) 

 
c) 

Figure 8.2: Images of 3D-printed transducer mounting apparatus with a) lower part holding 

transducer in place laterally on adherent face, b) entire apparatus showing beam holding pressure 

on transducer, and c) 3D-model with transparent upper part showing transducer mounted on joint 

 

8.1.3.3.2 Constant-Frequency Ultrasonic Phase Tracking 

Prior to quasi-static loading the bonded joints, the stability of ultrasonic phase measurements at a 

constant load while using the TMA is tested. The load frame is held fixed for 1 hour with a constant 

load of ~240 N throughout the duration of the test. After an initial settling period where the phase 

changed ~2.8 𝑑𝑒𝑔 over the course of the first 15 minutes, the phase then remained roughly 

constant with a value of 2.807 ± 0.050 𝑑𝑒𝑔 throughout the final 45 minutes of the test. The 

standard deviation of 0.050 𝑑𝑒𝑔 is a little over twice the phase measurement resolution of the 

CFPPLL instrument itself, which is 0.022 𝑑𝑒𝑔. The initial phase change period is thought to be 

due to settling of the ultrasonic transducer and couplant onto the part due to relaxation of the TMA. 
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It was thus determined to allow some time for the ultrasonic phase to settle after mounting the SLJ 

to the load frame before beginning each quasi-static load test.  

The ultrasonic phase of the first echo from the adhesive bond line of the SLJ is tracked at 

a constant frequency of 10 MHz during quasi-static shear loading. High-resolution ultrasonic phase 

measurements are obtained with the constant-frequency pulsed phase-locked loop (CFPPLL) 

instrument described in Chapter 4.  

A 10 MHz ultrasonic tone-burst is transmitted by the transducer. Reflections from the 

adhesive bondline are later received by the same transducer. The phase of the first echo from the 

bondline is measured by the CFPPLL system at a repetition rate of 10 samples per second to match 

sampling rate of the mechanical testing system. The start of the ultrasonic phase tracking is 

synchronized with the start of the quasi-static shear loading so that ultrasonic phase measurements 

and shear loads are directly comparable. It is noted that for the PTFE-contaminated bonded joints 

that the ultrasonic transducer is mounted directly over the contaminated region of the 

adherent/adhesive interface.  

8.1.4 Results and Discussion 

8.1.4.1 Shear Load and Displacement Measurements 

The measured data for load vs. time during quasi-static shear loading for each SLJ are shown in 

Figure 8.3. As the displacement rate is held constant at 1 𝜇𝑚/𝑠 throughout the test, the 

displacement of the load cell grips at a given time is also shown on the x-axis. As the displacements 

in Figure 8.3 are directly from the load frame, they include contributions from tensile strain in the 

adherents and shear strain in the adhesive. In each plot, an initial high load rate is seen for a few 

minutes, which is thought to be due to specimen- grip dynamics. After the initial high load rate, 
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there is a long, mostly linear, region where the bonded joint is thought to undergo elastic 

deformation.  

 
Figure 8.3: Load vs. time and displacement curves for shear loaded SLJs 

 

The ultimate failure load, as well as the time and displacement at which failure occurred is shown 

in Table 8.1. The contaminated joints failed at about 85% of the load of the pristine joints.  

Table 8.1: Failure load, time, and displacement from Al/epoxy bonded joints 

Specimen 
Failure 

Load (kN) 

Failure 

Displ. (mm) 

Pristine, #1 16.4 7.17 

Pristine, #2 16.5 6.72 

Pristine, #3 16.8 6.78 

Pristine Avg. ± SD 16.6 ± 0.2 6.89 ± 0.24 

29% PTFE, #1 13.9 6.22 

29% PTFE, #2 14.1 6.22 

29% PTFE, #3 14.4 6.53 

29% PTFE Avg. ± SD 14.1 ± 0.3 6.32 ± 0.18 

 

 After failure, the bonded joints were examined visually for their failure modes. Figure 8.4 

shows images of the top (contaminated) and bottom (uncontaminated) adherents after bond failure. 

The pristine, uncontaminated bonded joints each displayed cohesive failure in places and showed 
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no strong preference for failing at a particular interface. Meanwhile, the white PTFE coated regions 

in the contaminated bonded joints are clearly visible on the broken adherents in Figure 8.4. There 

is a clear tendency for the joints to fail at the contaminated interface around the PTFE islands, as 

seen in the broken joint surfaces, where the adhesive layer remains on the lower adherent at those 

locations and cohesive failure occurs in the surrounding region. 

 
Figure 8.4: Images of adherents after bond failure 

 

8.1.4.2 Ultrasonic Phase Measurements 

The measured phase at 10 MHz of the ultrasonic reflection coefficient from the first bond line echo 

is plotted as a function of time and displacement during quasi-static loading in Figure 8.5. The 

phase is plotted from the beginning of quasi-static loading until the failure time, as the phase 

undergoes a large shift after the bond breaks. In each bonded joint, there is an initial linear region 
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of phase shift as the load increases followed by sharper phase changes preceding bond failure. As 

displacement rate is held constant, the phase drop is not just a measure of strain in the bondline. It 

is noted that the PTFE-contaminated joints display an increase followed by a decrease in phase 

shift as failure is occurring, whereas the pristine joints only display a negative phase shift during 

failure.  

 
Figure 8.5: Phase vs. time and displacement for shear loaded SLJs 

 

During the linear region of phase shift, there is not a clear preference for positive or negative phase 

for the pristine or contaminated SLJs. It is thought that a positive or negative phase slope in this 

initial linear region depends on the alignment in the load frame during the shear test. With perfect 

alignment, the bondline should only be subject to shear loading. Due to Poisson’s ratio, out-of-

plain strain in the bondline should cause the bondline thickness to decrease as load increases. This 

would result in a small positive phase slope effect. However, if there is any misalignment in the 

grips, there would be some tensile or peeling bondline force, which would cause an increase in the 

bondline thickness and result in a small negative phase slope.  
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To understand the sharp phase changes prior to failure, the slope of phase shift vs. time is 

computed. To minimize large variations in phase slope due to phase noise and to see the general 

trend in the phase data, 𝑑𝜙/𝑑𝑡 is smoothed via a Gaussian moving average over a time interval of 

10 minutes (i.e. ~6000 measured data points). The smoothed phase slope for each curve is plotted 

in Figure 8.6.  

 
Figure 8.6: Slope of phase shift vs. time for shear loaded SLJs 

 

As noted from Figure 8.5 and again noticeable in Figure 8.6, the pristine joints each show only a 

negative phase slope prior to failure, while the PTFE-contaminated SLJs display a strong positive 

phase slope before a negative slope prior to failure. A threshold of ±0.5 𝑑𝑒𝑔/𝑚𝑖𝑛 is chosen to 

indicate the beginning of ultimate joint failure based on the 𝑑𝜙/𝑑𝑡 plots. This phase slope does 

not appear during the linear region of phase shift but does appear once the phase begins 

significantly changing prior to failure. The load at which 𝑑𝜙/𝑑𝑡 crosses the threshold is shown in 

Table 8.2. The threshold load relative to the ultimate failure load is displayed. Regardless of 

pristine or contaminated, the phase threshold indicates joint failure at about 80% of the ultimate 
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failure load for most specimens, while detecting indications of bondline changes as early as 58% 

of ultimate failure for one of the pristine joints. Between the pristine and contaminated joints, there 

is substantial variability in phase threshold results. Hence, there is not a statistically significant 

difference in the relative load at which the phase threshold is reached.   

Table 8.2: Load when phase slope reaches ±0.5 𝑑𝑒𝑔/𝑚𝑖𝑛 threshold 

Specimen 
Load at 

Threshold (kN) 

Rel. Load 

at Threshold 

Pristine, #1 13.1 0.80 

Pristine, #2 12.9 0.78 

Pristine, #3 9.8 0.58 

Pristine Avg. ± SD 11.9 ± 1.9 0.72 ± 0.12 

29% PTFE, #1 11.4 0.82 

29% PTFE, #2 11.9 0.85 

29% PTFE, #3 9.7 0.67 

29% PTFE Avg. ± SD 11.0 ± 1.2 0.78 ± 0.10 

 

It is postulated that the length of the phase dropping region is dependent on the amount of plastic 

deformation in the adhesive prior to failure. Some bonds fracture quickly once crossing some 

critical point while others continue to stretch for longer prior to failure. Further testing would be 

necessary to draw stronger conclusions about this phenomenon.  

 To better compare the phase shift from the bond line to the shear load on the SLJ, Figure 

8.7 plots the measured phase shift vs. load for each SLJ throughout the duration of the mechanical 

test. This plot further shows that the phase shifts measured from the bondline reflection coefficient 

do not linearly track the shear strain or load on the bondline. As the load rate is nominally linear 

with respect to displacement for most of the test, the phase curves here look very similar to the 

phase vs. time and displacement curves in Figure 8.5.  
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Figure 8.7: Phase shift vs. load for shear loaded SLJs 

 

8.1.4.3 Comparison to Interfacial Spring Model of Bonded Joints 

A theoretical model of the ultrasonic reflection coefficient from an Al/epoxy bonded joint is 

developed using Equation 8.2 to compare with the measured phase results. The model assumes the 

elastic modulus and density as provided by the manufacturer for the Al 6061-T651 adherents and 

FM73 adhesive. The bond line thickness is assumed nominally 76.2 𝜇𝑚 at the start of the test. In 

this model, the complex attenuation coefficient in the adhesive layer is assumed a linear function 

of 𝜔/𝑐𝑛 such that 𝑘𝑎𝑑ℎ = 𝜔/𝑐𝑎𝑑ℎ (1 + 𝛼𝑎𝑑ℎ𝑖). This was found to be a good approximation for 

acoustic attenuation in epoxy adhesives over small frequency ranges by [160]. Figure 8.8 shows 

the modeled phase shift of 𝑅𝐵𝐿 in Equation 8.2 vs. different adhesive layer material properties that 

could change during quasi-static loading. In each plot, all other parameters are held fixed at their 

nominal value at the start of the test. 𝐾1 is assumed perfect in all plots except for Figure 8.8a where 

it is the independent variable.  
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a) 

 
b) 

Figure 8.8: Modeled phase shift at 10 MHz of bond line reflection coefficient as a function of 

different changing bond line parameters with all other parameters fixed at their nominal value: a) 

Phase vs. interfacial stiffness 𝐾1, and b) Phase vs. bond line thickness 

 

The two plots in Figure 8.8 provide indications of what may be happening in the bonded joints just 

prior to ultimate failure. For the pristine joints, which only exhibit a negative phase slope as failure 

occurs, it is likely the bond line thickness increasing due to out-of-plane strain, producing a 

negative phase shift as shown in Figure 8.8b. As the bond fails mostly cohesively in the pristine 

joints, the elastic out-of-plane strain becomes plastic deformation in the adhesive layer. Plastic 

deformation may produce small cracks or voids in the adhesive, effectively slowing down the 

ultrasonic waves and sharply reducing the phase shift.  

In the PTFE-contaminated joints, however, there exists a sharp increase in ultrasonic phase 

followed by a decrease just prior to failure. This phenomenon is consistent with the interfacial 

stiffness at the contaminated interface decreasing prior to ultimate failure, as shown in Figure 8.8a. 

As 𝐾1 decreases, the phase first increases sharply to some peak value followed by a decrease. As 

the bonded joint is placed under high loads, the kissing bond between the PTFE-layer and the 

adhesive layer may separate, causing the observed decrease in interfacial stiffness.  



198 

 

8.1.5 Conclusions 

A nondestructive method for monitoring SLJs undergoing quasi-static shear loading is 

demonstrated. A specially designed mounting apparatus secures an ultrasonic transducer to a 

geometrically stable location on the SLJ during the mechanical test. The transducer monitors 

ultrasonic phase shifts from the first echo of the adhesive bondline with a specially designed 

CFPPLL-based high-resolution ultrasonic phase measurement system. SLJs fabricated using Al 

6061-T651 adherents bonded together with FM73 epoxy film adhesive and with varying interfacial 

bond qualities are studied. This method is shown to provide early indications of joint failure at as 

low as 58% of the ultimate joint strength. The ultrasonic phase exhibits a different characteristic 

response depending on whether the probed region is well-bonded or poorly-bonded. This method 

has the potential for use as an inspection technique to better understand the nature of adhesive 

bond failure by its ability to receive material property information from within the bondline. 

Constant-frequency ultrasonic phase monitoring of bonded joints in-service may be useful as a 

structural health monitoring technique. This method to monitor bonded joints under mechanical 

load and investigate ultrasonic phase changes for early signs of bond failure is shown to hold 

promise. Future work should develop this method to monitor bonded joints under cyclic fatigue 

loading and investigate ultrasonic phase changes for early signs of bond failure.  

8.2 Ultrasonic Phase Evaluation of Additively-Manufactured 

Parts 

8.2.1 Background 

Another potential application of the ultrasonic phase measurement method is the inspection of 

additively manufactured parts. Additive manufacturing (AM) has become quite popular in recent 
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years in a variety of industries for its ability to fabricate complex shapes not easily possible with 

subtractive manufacturing. Originally used primarily for rapid prototyping, AM is being developed 

to fabricate complex, customized metal parts for use in critical structures. 

 At this point, however, there is a clear lack of robust NDE methods for evaluating AM 

parts, which have their own inspection considerations not commonly seen in bulk parts. In 

particular, for critical aerospace components, NASA has identified a lack of mature NDE for both 

finished AM parts as well as in-situ AM processing monitoring [161]. Of particular concern in 

additively manufactured parts are the interfaces between layers, where porosity and cracking 

reduce the strength and modify the material properties of manufactured parts.  

 Several acoustic NDE methods have been investigated for quality assessment of additively 

manufacture parts. In general, NDE methods are developed for a specific AM process type, such 

as selective laser melting (SLM), metal powder bed fusion, or ultrasonic additive manufacturing 

(UAM), but most methods focus on porosity assessment. Ultrasonic methods for AM process 

monitoring and control have been demonstrated, using an ultrasonic transducer mounted 

underneath the build plate during AM [162] [163] [164]. Another method listens for acoustic 

changes throughout a direct energy deposition (DED) AM process and correlates the acoustic 

signatures to AM process parameters [165]. While not obtaining much information from the 

underlying bulk structure, surface acoustic waves have shown sensitivity to AM defects and 

material properties when measured on a layer-by-layer basis [166]. Laser ultrasonic methods have 

also been investigated [167]. 

A few studies have looked into modeling the interfaces between layers as spring-

boundaries like was done in this work. Both post-manufacturing inspection [168] and in-situ 

process monitoring during ultrasonic AM [169] using ultrasonic methods have been developed. 
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Similar ultrasonic spectroscopy methods have been employed to assess bonding in multi-layered 

composite laminates [170]. Each of these techniques use broadband ultrasonic pulses and analyze 

the frequency response of back wall echoes from AM parts. The ultrasonic spring-model theory of 

multilayered structures developed in these works would likely serve as the foundation of the 

ultrasonic phase model for evaluating interface quality in AM parts.    

The basic idea of this approach is that ultrasonic phase of back wall reflections from a 

witness block in an AM process is monitored in-situ or inspected post-fabrication. The witness 

block is meant to represent an easily inspectable part with matching AM process parameters as 

used for the part being fabricated. The ultrasonic phase method would then determine whether the 

AM process parameters in use are producing the desired material property results. Ideally, the 

phase method would inspect for interfacial bonding issues between deposited layers and identify 

defects within the manufactured part, such as porosity.  

To obtain preliminary results on whether the ultrasonic phase measurement method may 

have sensitivity to such defects, additively manufactured parts are fabricated with different process 

parameters to induce porosity and voids between printed layers. Plastic AM, rather than metal, is 

used here as plastic 3D-printing resources were easily and quickly available for this project. Basic 

principles and results on plastic AM parts may be adjusted for use in metal AM parts. The AM 

parts are ultrasonically evaluated with broadband ultrasonic pulses as well as swept-frequency 

ultrasonic phase measurements.  

8.2.2 Method Description 

In this preliminary study, 11 additively manufactured blocks are fabricated with different degrees 

of under-extrusion. Specifically, blocks with dimensions 12.7 cm wide x 12.7 cm long x 2.54 cm 

tall are fabricated using an Original Prusa i3 MK3 3D printer from Prusa Research. In total, 11 
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blocks were fabricated with different values of the process parameter called the extrusion 

coefficient (EC). The EC is set as a percentage from 0 to 100, and it affects the rate at which plastic 

is extruded during the printing process. A lower EC results in under-extruded plastic filament, 

which causes porosity and voids between layers in the printing process.  

 In practice with the plastic filament used in this study, it was been found that an EC of 97% 

produces properly extruded filament in AM parts. Using EC values above 97% sometimes results 

in visible signs of over-extrusion. As such, 97% is taken as the maximum EC value in this study, 

and the 11 AM blocks vary in EC values from 97% to 87% in 1% decrements.  

 The 11 AM blocks are ultrasonically evaluated with broadband ultrasonic pulses and the 

swept-frequency ultrasonic phase method in pulse-echo mode, where the reflection coefficient 

from the back wall of the part is interrogated. Figure 8.9 shows a diagram depicting the ultrasonic 

measurement setup, as well as the interfacial stiffness between the layers, which would be assumed 

constant as part of a model of ultrasonic interactions within the part. The layer thickness, 𝐿0, would 

be assumed constant and found from the total thickness, 𝐿, of the part divided by the number of 

layers, 𝑛. In an in-situ process, the interfacial stiffness would be assessed as the number of layers 

increases with the layer thickness assumed constant.  

 
Figure 8.9: Diagram showing measurement of ultrasonic reflections from additively 

manufactured block specimen 
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It is theorized that an approach similar to the one taken in Section 6.2 is applicable here, where the 

linear fit of the phase vs. frequency response over a small frequency range is obtained. By fitting 

the measured phase response of back wall reflections to the equation 𝜙(𝑓) = 𝑑𝜙/𝑑𝑓 ∗ 𝑓 + 𝜙0, 

the linear portion of the phase shift should primarily be a function of bulk layer material properties 

and the constant portion should be a measure of interfacial properties. In addition to the study in 

this work, other researchers have used a similar approach with broadband ultrasonic pulses to 

probe a structure with a single interface stiffness [77], [78]. This approach would essentially extend 

the single-interface method to assess multiple interfaces assumed to be of equal quality.  

8.2.3 Results and Discussion 

8.2.3.1 X-Ray CT Results 

Figure 8.10 shows X-ray CT images of selected 3D printed parts from the side with 13.345 µm 

resolution. Notable in this image are the interfaces between layers, where voids are evident, and 

as EC decreases, porosity increases. For the EC = 97% part, the volume appears to have almost no 

porosity, which is consistent with the original assumption that EC = 97% provides no under-

extrusion. This data confirms that lowering EC introduces porosity in each layer, as predicted.  
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Figure 8.10: X-ray CT images of 3D-printed parts with different extrusion coefficients 

 

8.2.3.2 Amplitude Results 

The amplitude vs. time response of the first four back wall echoes from selected additively 

manufactured blocks is plotted in Figure 8.11. Each plot is normalized so that the peak of the first 

pulse occurs at a value of -1. The normalized amplitude response more easily shows how the 

secondary echoes decay over time. For EC values of 97% and 94%, the amplitude responses appear 

very similar. As the EC reaches 89%, however, there begins to be noticeable ultrasonic backscatter 

appearing as noise between back wall echoes and making the third and fourth echoes essentially 

invisible. Ultrasonic backscatter occurs when air pockets, porosity, or inclusions cause scattering 

events in which some amplitude is reflected back toward the transducer. Using an EC value of 

87%, the backscatter has such amplitude that it has overtaken the second echo as well. If not for 

previous knowledge on where the second echo should be, it would be difficult to determine the 

time of the second echo’s peak amplitude. The high level of backscatter is likely due to small air 

pockets or porosity developing at the interface between layers.  
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         a) 𝐸𝐶 = 97% 

 
        b) 𝐸𝐶 = 94% 

 
        c) 𝐸𝐶 = 89% 

 
          d) 𝐸𝐶 = 87% 

Figure 8.11: Normalized amplitude vs. time response of back wall echoes from additively 

manufactured blocks with different extrusion coefficients 

 

From the amplitude vs. time response for each specimen, the peak amplitude for the first four back 

wall echoes are determined and plotted in Figure 8.12.   

 
Figure 8.12: Peak amplitude of back wall echoes in additively manufactured blocks 

 

From the first echoes in Figure 8.12, the amplitudes can clearly be placed into different categories 

that depend on EC. EC values from 93-97% all display amplitudes around 3.5 V. Then, there is a 
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transition region from EC values from 92% to 90% where the amplitude is dropping. Finally, EC 

values in the 87% to 89% range display measured amplitudes around 1.3 V. These three categories 

are more easily seen in Figure 8.13, where the peak amplitude of the first echo is plotted. 

 
Figure 8.13: Peak amplitude of first back wall echo as a function of extrusion coefficient in 

additively manufactured blocks 

 

As acoustic attenuation generally scales exponentially as a function of path length, depending upon 

the attenuation coefficient, an exponential fit of the data in Figure 8.12. The fit uses the equation, 

𝑦 = 𝑎𝑒−2𝛼𝐿, where 𝑎 is a scaling coefficient that should be influenced by the reflection coefficient 

from the transducer/couplant boundary, 𝛼 is the acoustic attenuation coefficient, and 𝐿 is the 

thickness of the layer at a given echo. This exponential function was found to show a good fit to 

the data, and the fit parameters are plotted as a function of EC in Figure 8.14.  

 
Figure 8.14: Parameters from exponential fit of amplitude vs. path length data as a function of 

extrusion coefficient 
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Interestingly, the attenuation coefficient, 𝛼, is not a strong function of EC as might be expected. 

Instead, the scaling coefficient, 𝑎, is much better correlated with EC with 𝑅2 = 0.88 from the 

linear fit, whereas the linear fit of 𝛼 only has 𝑅2 = 0.24. Furthermore, 𝑎 provides a good predictor 

of EC, as for a measured 𝑎 value, EC is predicted from the linear fit to a standard deviation of only 

1.24 percentage points.  

 Several different phenomenon could be causing the results seen here. For one, the 

porosity/under-extrusion may not affect ultrasound in a standard attenuation manner, as an 

ultrasound absorbing material. The scattering here is likely better modeled by an interfacial spring 

model at the interface between in layer, which will not affect ultrasonic amplitude in a typical 

exponential manner. The interfacial stiffness model may explain why the scaling term changes 

instead of the attenuation coefficient. Another alternative for why the scaling coefficient changes 

as a strong linear function of EC is that the surface roughness on the probed surface may be affected 

by the EC. Changing surface roughness on the probed surface will change the reflection coefficient 

from the AM block/couplant/transducer interface, which would be seen in the 𝑎 parameter here. 

Further modeling work is necessary to draw stronger conclusions about the mechanisms causing 

the observed amplitude responses.  

8.2.3.3 Phase Results 

From measurements with the swept-frequency phase method, it is first noticeable how quickly the 

amplitude of echoes deteriorates with thickness. Figure 8.15 shows the amplitude, phase, and 

sample/hold signals from echoes on AM blocks with an EC of 97% in two different thicknesses. 

Note how the amplitude of these signals look compared to Al 6061-T651 specimens from Figure 

4.2. The attenuation in these plastic parts, even when properly extruded, is very high at 10 MHz 

as seen by single-frequency ultrasonic tone-bursts. Initially, it was thought to compare phase 
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measurements at two different specimen thicknesses or multiple back wall echoes, but with such 

high attenuation, it was only possible to probe the first echo from the 2.54 cm thick specimens for 

different EC values. For lower EC values, the amplitude of received echoes is even lower.  

 
a) 

 
b) 

Figure 8.15: Amplitude, phase, and sample/hold position signals from back wall echoes of 

additively manufactured parts with extrusion coefficient of 97% and specimen thickness of a) 

2.54 cm and b) 5.08 cm 

 

When testing on the 2.54 cm thick blocks, it was found that reliable data could only be obtained 

down to an EC of 91%. Below this threshold, the amplitude of received echoes was too low and 

phase noise too high to obtain phase measurements over the entire 9-10 MHz range. The phase 

response of the first echo from the AM blocks with EC from 91-97% is plotted in Figure 8.16.  

 
Figure 8.16: Measured phase vs. frequency data from first back wall echo of additively 

manufactured blocks 
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The raw phase results in Figure 8.16 are difficult to inspect visually and draw conclusions from, 

because of the large phase shift range and how closely packed the data are. Thus, further analysis 

of the phase at 9.5 MHz as well as a linear fit of the phase data are conducted and shown in Figure 

8.17. It should be noted that for the last 0.2 MHz or so of the phase measurement on the EC = 91% 

specimen, there was very low received amplitude and phase noise was very high. This effect is 

seen in the phase data, where the phase slope changes over the 9.8-10 MHz range for  EC = 91%.  

 
a) 

 
b) 

 
c) 

Figure 8.17: Parameters extracted from measured phase spectra from back wall echoes in 

additively manufactured blocks: a) Phase at 9.5 MHz vs. extrusion coefficient, b) Linear term 

from linear fit in 9-10 MHz range vs. extrusion coefficient, and c) Constant term from linear fit 

in 9-10 MHz range vs. extrusion coefficient 

 

An analysis of phase parameters leads to several interesting results. First, with the exception of the 

EC = 95% block, the phase at 9.5 MHz shown in Figure 8.17a seems to show a negative linear 

trend with increasing EC. Next, as shown in Figure 8.15b, it is notable that the phase slope in the 

9-10 MHz range does not appear to change significantly with EC. The outlier data point at EC = 
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91% occurs due to the previously mentioned low amplitude response and high phase noise over 

the last 0.2 MHz of the measured phase response. This result is expected, as only the interfaces 

between layers should be changing in this study; no AM process parameters are modified which 

would change the material properties of the filament itself. Finally, it is shown that the constant 

term from the linear fit, 𝜙0, is a very good predictor of EC. For a given 𝜙0 measurement, EC is 

predicted by the linear fit to a standard deviation of 0.95 percentage points. These phase 

measurement results are consistent with the original hypothesis that 𝜙0 should be sensitive to 

interface properties and 𝑑𝜙/𝑑𝑓 should be sensitive to interlayer properties.  

8.3 Conclusions 

These initial results show that swept-frequency ultrasonic phase measurements show sensitivity to 

porosity at interfaces between layers deposited through an AM process due to under-extrusion of 

filament. X-ray CT images as well as broadband ultrasonic measurements confirm the under-

extrusion in visible porosity between deposited layers and that attenuation of received echoes are 

directly related to the EC used in the fabrication process. In addition, the constant term from the 

linear phase vs. frequency response of the 3D-printed blocks is found well correlated with EC, as 

was originally predicted. Further theoretical development is necessary to make predictions about 

material properties, such as interfacial stiffness between layers, from frequency-dependent 

ultrasonic phase measurements.  

Ultrasonic assessment in plastic AM parts is challenging, as shown in this work, due to the 

high sound attenuation in such materials. A reduction in driving ultrasonic frequency should 

reduce the attenuation issues in testing on plastic parts. The movement to testing on metal parts 

should prove less troublesome, as metals are typically much less attenuating to ultrasound.  
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Another challenge in assessing AM parts is the variation in interface properties across the 

specimen. Ultrasonic measurements in this work were found to vary from slight movements across 

the surface of the specimen, as toward the edges of the block, the layered structure changes. While 

care was taken in this study to make sure the transducer was in the very center of the block for 

each test, using a larger block area in the witness specimen would help the method’s repeatability.  

 With sensitivity to both layer properties through the slope of phase shift and interlayer 

properties through the constant phase shift from the phase vs. frequency response, this method has 

the potential to identify bulk filament issues as well as interfacial flaws in an AM process. The 

modification to the ultrasonic phase method developed here to add a simple amplitude 

measurement each time the phase is sampled would provide additional information useful to the 

inspection of AM parts. While phase is sensitive to interface quality, the addition of amplitude 

measurements would allow for better assessment of attenuation caused by porosity and other 

defects in the part. Additionally, this method is compatible with an ultrasonic transducer mounted 

under the AM bed so that ultrasonic phase may be monitored in real-time for an AM process 

control and feedback methodology. Future work with this technology should explore post-

manufacturing defect detection and interfacial stiffness assessment in more detail, as well as 

investigate in-situ AM process monitoring of interface properties.  
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Chapter 9: Conclusions and Future Work 

9.1 Conclusions 

A novel ultrasonic phase measurement method has been developed and demonstrated for adhesive 

bond quality assessment. The phase measurement method uses a CFPPLL-based instrument to 

measure ultrasonic phase with unprecedented accuracy and precision. With a frequency-

independent phase resolution of 0.022°, the instrument can detect thickness changes as small as 

6.1 × 10−5 of an ultrasonic wavelength, which is equal to a thickness change of ~20 𝑛𝑚 via 

reflection measurements in Al. Experimental results show the CFPPLL method has lower phase 

measurement uncertainty than other high-resolution ultrasonic time-delay measurement methods, 

such as cross-correlation and conventional broadband pulse ToF.  

 At a single interface, single-frequency ultrasonic phase measurements have proved able to 

assess interface quality. A study on the interface between glass adherents and UV-curable 

adhesives demonstrated interface stiffness threshold assessment as well as interface stiffness 

measurement throughout the entire cure process. In simulated kissing bonds, where metal surfaces 

are held in dry-contact under compressive loads, the ultrasonic phase method is demonstrated to 

assess interfacial stiffness regardless of the acoustic impedance values around the boundary.  

 Using the swept-frequency capabilities of the CFPPLL instrument, the phase response of a 

SLJ is interrogated. Near the ultrasonic resonance frequency, the amplitude of ultrasonic reflection 

is minimized, and the phase undergoes a sharp inversion from negative to positive values. By using 

a distributed spring model of the ultrasonic interactions with the bonded joint, it has been shown 

that interfacial bond strength (represented by a stiffness constant) causes changes to the ideal phase 

response around the resonance frequency.  A study on ideal bonded joints fabricated with polished 

glass adherents and UV-curable adhesive proved ultrasonic phase is sensitive to cohesive and 
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interfacial bonding changes during cure. In agreement with theoretical work, a strong linear 

correlation is found between interfacial stiffness and measured tensile bond strength. Additionally, 

the shift in anti-resonance frequency of the bond line is found to be a sufficient parameter to 

measure reduced bond strength when both interfaces can be assumed equally strong. 

 Additional results on Al/epoxy SLJs demonstrated interface quality assessment with 

ultrasonic phase when one interface is contaminated with a thin layer of silicone or Teflon. Bond 

strength was modified by different concentrations of interfacial contamination. Ultrasonic 

evaluation results show a strong difference in the characteristic phase vs. frequency curves from 

pristine lap joints and highly contaminated lap joints, especially in the slope of phase inversion. 

Interfacial stiffness constants are extracted from either curve fitting the entire phase spectra or by 

measurement of the resonance frequency and maximum slope of phase shift from the phase 

spectra. Overall, the phase method is able to distinguish varying degrees of interfacial 

contamination, and it able to identify kissing bonds when the entire interface is contaminated.  

The ultrasonic phase measurement method also has applications beyond adhesive bond 

strength evaluation, including additive manufacturing process monitoring, thin film quality 

assessment, material porosity assessment, and adhesive bond monitoring for early signs of bond 

failure when under load. Several such applications have been briefly studied in this work.  

First, an additional investigation showed constant-frequency ultrasonic phase monitoring 

is capable of identifying precursors to bonded joint failure at around 80% of the failure load during 

quasi-static shear loading. Furthermore, the slope of phase shift is found to show a different 

characteristic response for interfacially contaminated joints in comparison to pristine joints. Early 

detection of bond failure would provide a significant impact to the SHM community, as in-service 

bonds could be monitored and weak joints could be identified prior to failure. Additionally, this 
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method could be used as a tool for fracture mechanics experts to obtain better information about 

mechanisms in the bond line affecting bonded joint failure.  

Second, ultrasonic phase was investigated for the assessment of additively manufactured 

(AM) parts. Initial results show that swept-frequency ultrasonic phase measurements have 

sensitivity to porosity at interfaces between layers deposited through an AM process due to under-

extrusion of filament. With sensitivity to both interlayer and interfacial properties, this method has 

the potential to identify bulk filament issues as well as interfacial flaws in an AM process. This 

technique has the potential to be developed into an in-situ AM process control methodology.  

This method uses commercial ultrasonic transducers with CFPPLL technology to obtain 

high-resolution ultrasonic phase measurements of ultrasonic tone-burst reflections over a 

selectable range of frequencies. Narrowband filtering of the measured tone-burst promotes noise 

suppression and higher signal-to-noise ratio, resulting in lower phase measurement uncertainty. 

Furthermore, the CFPPLL method is compatible with existing ultrasonic inspection methods, 

including commercially available transducers and scanning systems. By providing a high-

resolution, practical system for adhesive bond evaluation, this method will be a valuable 

contribution to the NDE and SHM communities and will promote the use of composite structures 

in aerospace, automotive, and other designs. 

9.2 Future Work  

While this work proved that ultrasonic phase measurements may be used to assess adhesive bond 

quality, there are many opportunities for future work to further this technology. For this method to 

find use in industry, it must be developed into a larger-scale scanning method using focused 

ultrasonic transducers. Throughout this work, unfocused transducers were used to obtain single 

spot measurements of ultrasonic phase. In order to make this system practical in this setup, the 
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time it takes to obtain ultrasonic measurements should be addressed using some of the suggestions 

found in Section 7.2.1. Additionally, the bandwidth of the current CFPPLL instrument limits the 

bond line thicknesses assessable using phase resonance analysis. As discussed in Section 7.2.2, 

this issue could be addressed by a redesign of the receiver circuit. Automated inverse algorithms 

for the real-time determination of interfacial stiffness from phase measurements should also be 

investigated.  

Another modification to the CFPPLL instrument that would improve its capabilities is the 

addition of a simple ultrasonic amplitude assessment each time the phase is adjusted. This should 

be a relatively minor change to the instrument, not requiring a major redesign, as the amplitude 

signal to be probed is already being viewed on an oscilloscope during setup. By adding an 

amplitude measurement, even if it were low resolution, additional information could be gathered 

from a bonded joint. It would be especially useful in the study discussed in Section 5.1, where the 

phase of both good and bad bonding appears the same when 𝑍1 > 𝑍2. An amplitude assessment in 

this scenario should distinguish whether good or bad bonding is causing the measured phase.  

In terms of increasing the sensitivity to bond quality, this method could be modified for 

use with ultrasonic shear waves rather than longitudinal waves. Several amplitude-based ultrasonic 

methods have demonstrated greater sensitivity to small changes in interface quality by using shear 

waves [67] [68] [69], especially in the case of so-called “slip boundaries”, where the interface may 

transfer normal stress but not shear stress. Slip boundaries typically occur due to hot, wet aging of 

a joint, which causes moisture absorption at the interface. While longitudinal waves easily 

propagate through water, shear waves will not, making weak bonds in this scenario difficult to 

detect with longitudinal methods.  
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The problem with introducing shear waves into a test specimen is that shear waves do not 

transmit well through conventional liquid ultrasonic couplants, such as water. Normal-incidence 

shear wave couplants must have a very high viscosity to support adequate transmission. Most 

commonly, bee’s honey is used as shear wave couplant, which is difficult to work with, expensive 

in comparison to water, and difficult to clean off from test specimens. Instead, most approaches 

use angled longitudinal ultrasonic waves, which cause shear waves to transmit into a part when 

reflection off a boundary at the appropriate angle. With the ultrasonic phase method, normal-

incidence shear waves may be first investigated in a laboratory setting using a shear wave 

transducer and couplant, but some sort of angle-beam longitudinal approach may be necessary for 

more practical use.  

Finally, the ultrasonic phase method should be thoroughly investigated for use in composite 

structures. As discussed throughout, adhesive bonding is the preferred method of joining 

composite materials to promote their weight and strength advantages over metals. While the 

general principles of ultrasonic phase assessment of adhesive bonding still apply to composites, 

the practical challenges of assessment on composites should be explored.  

A key issue expected to be encountered in composite bonded joints is the acoustic 

impedance matching between adherents and adhesive. In ultrasonic reflections, the difference in 

acoustic impedance between two media controls the reflection coefficient. In most metal lap joints, 

the acoustic impedance difference between the metal adherent and epoxy adhesive is large enough 

to provide a significant amplitude of reflection from the adhesive/adherent interface. In contrast, 

commonly-used CFRP adherents use carbon fibers embedded in an epoxy matrix, which means 

the adhesive and adherent have a very similar acoustic impedance and the amplitude of the 

ultrasonic reflection coefficient from the bond line may be too small for reliable detection. 
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Additionally, the presence of carbon fibers in a matrix will affect ultrasound propagation. Even 

though carbon fiber diameters are much smaller than the acoustic wavelengths typically used, 

ultrasonic phase is quite sensitive to changes in sound velocity and path length, so the effect of 

carbon fibers on ultrasonic phase should be characterized.  

Methods for overcoming this challenge in composites include through-transmission 

assessment with two transducers, as well as measuring the phase of the reflection coefficient from 

the back wall of the lower adherent can be measured. As the lower adherent will have a 

significantly different acoustic impedance than air on the other side, there will be a sufficiently 

high amplitude of reflection for phase measurements. In this setup, the ultrasonic wave will be 

transmitted through the adhesive twice: once while traveling down to the back wall of the lower 

adherent and once on the return path. 

In composites, phase noise due to scattering in the adherents may be much higher than in 

metals, so this effect should be characterized. At the same time, however, the ultrasonic phase 

method may be able to assess interlaminar bond strength between composite plies by modeling the 

interfaces as a distributed spring boundary system. Overall, the efficacy and limitations of 

ultrasonic phase measurements on composite-adherent bonded joints should be identified. 
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Appendix B. Curve Fitting of Amplitude and Phase vs. Frequency 

Responses of Bond line Reflection MATLAB Code 

The MATLAB code used to find interfacial stiffness from measured phase and amplitude curves, 

as is conducted in Chapter 6, is shown below. The model for ultrasonic interactions with imperfect 

interfaces is described in detail in Chapter 3.  

The code shown in this appendix was written for MATLAB version R2017b and uses 

MATLAB’s Curve Fitting Toolbox. For fitting a phase spectrum, the following MATLAB 

functions are required: PhaseSLJReflKM12Fit, PhaseSLJReflKm12Model, 

PhaseBondReflKm12, and BondReflKm12. For curve-fitting a measured amplitude 

spectrum, the following MATLAB functions are required: AmpSLJReflKM12Fit, 

AmpSLJReflKm12Model, AmpBondReflKm12, and BondReflKm12. The curve-

fitting models shown here can be run in a short amount of time on a typical desktop computer and 

parallel processing is not necessary.  

 For a phase or amplitude curve-fit, the XXXXSLJReflKM12Fit function is used to take 

in input data as well as set parameters to conduct the curve-fitting process. This function is named 

as such, because it fits the input data to the reflection coefficient from a SLJ and with a mass-

spring model of the adhesive/adherent interfaces, denoted by subscripts 1 and 2. It uses a custom 

fitting process using MATLAB’s Curve Fitting Toolbox and ultimately outputs the fit object along 

with all material parameters used in the fit, including both set and found values from the fit. It also 

outputs a plot showing the measured data as well as the theoretical curve with the fit parameters. 

In practice, the fit parameters as well as their upper and lower bounds are modified within this 

function code before running the curve fitting method.  
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 The custom fit model used for the amplitude and phase curve-fitting processes are defined 

by the XXXXSLJReflKm12Model function. This function takes all of the input parameters from 

the XXXXSLJReflKM12Fit function and models the phase or amplitude response combined 

with linear coefficients which account for measurement uncertainty.  

 The phase and amplitude response of the reflection coefficient from a SLJ is computed 

using the XXXXBondReflKm12 function. This function takes input data from the 

XXXXSLJReflKm12Model function and computes the phase or amplitude of the reflection 

coefficient of a SLJ with imperfect interfaces.  

 Finally, the reflection coefficient from a SLJ with imperfect interfaces is computed by the 

BondReflKm12 function. Both amplitude and phase curve-fitting methods use this function to 

find the complex reflection coefficient. This function may be used independently from curve fitting 

to simply theoretically model how the amplitude or phase spectra changes as different material 

properties of the SLJ change, such as bond line thickness or interfacial stiffness.  

B.1 Function PhaseSLJReflKm12Fit 

function [PhaseFitObj,rhofit,cfit,L2fit,alphafit,Kfit,mfit,afit,bfit]  = 

PhaseSLJReflKm12Fit(frange,rhoStart,cStart,L2Start,alphaStart,KExpStart,mStar

t,aStart,bStart,PhaseMeas) 
% [PhaseFitObj,rhofit,cfit,L2fit,alphafit,Kfit,mfit,afit,bfit] = 

PhaseSLJReflKm12Fit(frange,rho,c,L2,alpha,K,m,a,b,PhaseMeas) 
% This function takes an input phase vs. frequency response and fits the 
% theoeretical parameters to cause that response.  
% INPUTS: 
%   frange, frequency range swept over (Hz) 
%   rhoStart = [rho1, rho2, rho3], prediction densities of each medium 

(kg/m^3) 
%   cStart = [c1, c2, c3], prediction of longitudinal sound velocity in each 

medium (m/s) 
%   L2Start, adhesive bond line thickness (m) 
%   alphaStart = [alpha1, alpha2, alpha3], prediction of attenuation 

coefficient in each 
%            medium (nepers/m) 
%   KExpStart = [K1ExpStart, K2ExpStart], KStart = 10^KExpStart prediction of 

interfacial stiffnesses (N/m^3) 
%   mStart = [m1, m2], prediction of interfacial mass-loading (kg) 
%   aStart, prediction of linear frequency dependent phase correction term 

(deg/Hz) 
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%   bStart, prediction of constant phase correction term (deg) 
%   PhaseMeas, Measured phase response from frequency sweep 
% OUTPUTS: 
%   PhaseFitObj, phase from model fit 
%   rhofit = [rho1, rho2, rho3], densities of each medium (kg/m^3) 
%   cfit = [c1, c2, c3], longitudinal sound velocity in each medium (m/s) 
%   L2fit, adhesive bond line thickness (m) 
%   alphafit = [alpha1, alpha2, alpha3], attenuation coefficient in each 
%            medium (nepers/m) 
%   Kfit = [K1, K2], interfacial stiffnesses (N/m^3) 
%   mfit = [m1, m2], interfacial mass-loading (kg) 
%   afit, linear frequency dependent phase correction term (deg/Hz) 
%   bfit, constant phase correction term (deg) 

  
%% Fit measured data to model 
SLJFitType = 

fittype('PhaseSLJReflKm12Model(frange,rho1,rho2,rho3,c1,c2,c3,L2,alpha1,alpha

2,alpha3,K1Exp,K2Exp,m1,m2,a,b)','independent',{'frange'},'problem',{'rho1','

rho3','alpha1','alpha3','c1','c3','m1','m2','rho2','c2','alpha2','K2Exp'});  
%coeffnames(SLJFitType) 
SLJFitOptions = fitoptions(SLJFitType); 
SLJFitOptions.StartPoint = [KExpStart(1), L2Start       , aStart , bStart ]; 
SLJFitOptions.Lower =      [12          , L2Start - 5e-6, -10e-6 ,-10   ]; 
SLJFitOptions.Upper =      [18          , L2Start + 5e-6, 10e-6  ,10    ]; 
SLJFitOptions.MaxFunEvals = 1e5; 
SLJFitOptions.MaxIter = 1e5; 
SLJFitOptions.Robust = 'LAR'; 
PhaseFitObj = 

fit(frange,PhaseMeas,SLJFitType,SLJFitOptions,'problem',{rhoStart(1),rhoStart

(3),alphaStart(1),alphaStart(3),cStart(1),cStart(3),mStart(1),mStart(2),rhoSt

art(2),cStart(2),alphaStart(2),KExpStart(2)}) 

  
%% Plot Data w/ Fit 
figure 
plot(PhaseFitObj,frange,PhaseMeas,'predfunc') 
xlabel('Frequency (Hz)','FontSize',18) 
ylabel('Phase (deg)','FontSize',18) 
set(gca,'FontSize',18) 
grid on 
title('Measured and Fitted Phase vs. Freq. from Bond line','FontSize',24) 
axis([8.5e6 11.75e6 -50 50]) 
set(gca,'XTick',8.5e6:0.25e6:11.75e6,'YTick',-90:10:90) 
%% Output fitted values  
%coeffs = coeffnames(SLJFitType) 
coeffFit= coeffvalues(PhaseFitObj); 
Kfit = [10^coeffFit(1), 10^KExpStart(2)]; 
L2fit = coeffFit(2); 
afit = coeffFit(3); 
alphafit = [alphaStart(1),alphaStart(2),alphaStart(3)]; 
bfit = coeffFit(4); 
cfit = [cStart(1),cStart(2),cStart(3)]; 
mfit = mStart; 
rhofit = [rhoStart(1),rhoStart(2),rhoStart(3)]; 
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B.2: Function PhaseSLJReflKm12Model 

function Phase = 

PhaseSLJReflKm12Model(frange,rho1,rho2,rho3,c1,c2,c3,L2,alpha1,alpha2,alpha3,

K1Exp,K2Exp,m1,m2,a,b) 
% Phase = 

PhaseSLJReflKm12Model(frange,rho1,rho2,rho3,c1,c2,c3,L2,alpha1,alpha2,alpha3,

K1Exp,K2Exp,m1,m2,a,b) 
% Used for curve-fitting measured SLJ phase vs. frequency data to 
% theoretical model. Allows for theoretical ultrasonic SLJ reflection 
% response vs. frequency as well as linear correction term to aid in fit, 
% in case there are adherent or couplant thickness differences.  
% INPUTS: 
%   frange = driving frequency (Hz) 
%   [rho1, rho2, rho3], mass density (kg/m^3) in each medium 
%   [c1,c2,c3], longitudinal sound velocity (m/s) in each medium 
%   L2, adhesive bond line thickness (m) 
%   [alpha1, alpha2, alpha3], attenuation coefficient (nepers/m) in 
%      each medium 
%   [K1Exp, K2Exp], K = 10^KExp stiffness(N/m^3) at each interface 
%   [m1, m2], mass-loading (kg) at each interface 
%   a, linear frequency dependent phase correction term (deg/Hz) 
%   b, constant phase correction term (deg) 
% OUTPUTS: 
%   Phase = phase of reflection coefficient summed with 
%           linear term 

  
%% Group Parameters 
rho = [rho1, rho2, rho3]; 
c = [c1, c2, c3]; 
alpha = [alpha1, alpha2, alpha3]; 
K = [10^K1Exp, 10^K2Exp]; 
m = [m1, m2]; 

  
%% Evaluate Phase Response 
Phase = PhaseBondReflKm12(rho,c,frange,L2,alpha,K,m); 
Phase = Phase + a.*frange + b; 

 

B.3 Function PhaseBondReflKm12 

function Phase = PhaseBondReflKm12(rho,c,f,L2,alpha,K,m) 
% Outputs phase of bond line reflections with different  
% stiffnesses and mass loading at each interface. 

  
Phase = radtodeg(unwrap(angle(BondReflKm12(rho,c,f,L2,alpha,K,m)))); 
for n = 1:length(Phase) 
    if isnan(Phase(n)) == 1 
        Phase(n) = 0; 
    end 
end 
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 B.4 Function AmpSLJReflKm12Fit 

function [AmpFitObj,rhofit,cfit,L2fit,alphafit,Kfit,mfit,afit,bfit]  = 

AmpSLJReflKm12Fit(frange,rhoStart,cStart,L2Start,alphaStart,KExpStart,mStart,

aStart,bStart,AmpMeas) 
% [AmpFitObj,rhofit,cfit,L2fit,alphafit,Kfit,mfit,afit]  = 

AmpSLJReflKm12Fit(frange,rhoStart,cStart,L2Start,alphaStart,KExpStart,mStart,

aStart,bStart,AmpMeas) 
% This function takes an input amplitude vs. frequency response and fits the 
% theoeretical parameters to cause that response.  
% INPUTS: 
%   frange, frequency range swept over (Hz) 
%   rhoStart = [rho1, rho2, rho3], prediction densities of each medium 

(kg/m^3) 
%   cStart = [c1, c2, c3], prediction of longitudinal sound velocity in each 

medium (m/s) 
%   L2Start, adhesive bond line thickness (m) 
%   alphaStart = [alpha1, alpha2, alpha3], prediction of attenuation 

coefficient in each 
%            medium (nepers/m) 
%   KExpStart = [K1ExpStart, K2ExpStart], KStart = 10^KExpStart, prediction 

of interfacial stiffnesses (N/m^3) 
%   mStart = [m1Start, m2Start], prediction of interfacial mass-loading (kg) 
%   aStart, prediction of linear coefficient to the amplitude 
%   bStart, prediction of constant coefficient to the amplitude 
%   AmpMeas, Measured amplitude response from frequency sweep 
% OUTPUTS: 
%   AmpFitObj, amplitude from model fit 
%   rhofit = [rho1, rho2, rho3], densities of each medium (kg/m^3) 
%   cfit = [c1, c2, c3], longitudinal sound velocity in each medium (m/s) 
%   L2fit, adhesive bond line thickness (m) 
%   alphafit = [alpha1, alpha2, alpha3], attenuation coefficient in each 
%            medium (nepers/m) 
%   Kfit = [K1fit, K2fit], interfacial stiffnesses (N/m^3) 
%   mfit = [m1fit, m2fit], interfacial mass-loading (kg) 
%   afit, linear amplitude correction coefficient 
%   bfit, constant amplitude correction coefficient 

  
%% Fit measured data to model 
SLJFitType = 

fittype('AmpSLJReflKm12Model(frange,rho1,rho2,rho3,c1,c2,c3,L2,alpha1,alpha2,

alpha3,K1Exp,K2Exp,m1,m2,a,b)','independent',{'frange'},'problem',{'rho1','rh

o2','rho3','c1','c2','c3','alpha1','alpha3','m1','m2','a','L2','alpha2'});  
%coeffnames(SLJFitType) 
SLJFitOptions = fitoptions(SLJFitType); 
SLJFitOptions.StartPoint = [KExpStart(1), KExpStart(2), bStart]; 
SLJFitOptions.Lower =      [12          , 12          , 0     ]; 
SLJFitOptions.Upper =      [18          , 18          , 10    ]; 
SLJFitOptions.MaxFunEvals = 1e6; 
SLJFitOptions.MaxIter = 1e6; 
SLJFitOptions.Robust = 'LAR'; 
SLJFitOptions.TolFun = 1e-8; 
SLJFitOptions.TolX = 1e-8; 
AmpFitObj = 

fit(frange,AmpMeas,SLJFitType,SLJFitOptions,'problem',{rhoStart(1),rhoStart(2
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),rhoStart(3),cStart(1),cStart(2),cStart(3),alphaStart(1),alphaStart(3),mStar

t(1),mStart(2),aStart,L2Start,alphaStart(2)}); 

  
%% Plot Data w/ Fit 
% figure 
% plot(AmpFitObj,frange,AmpMeas,'predfunc') 
% xlabel('Frequency (Hz)','FontSize',18) 
% ylabel('Amplitude','FontSize',18) 
% set(gca,'FontSize',18) 
% grid on 
% str = sprintf('Amp. vs. Freq. Curve Fit\nBorofloat/NOA 60 SLJ: 1 min. 

Cure'); 
% title(str,'FontSize',24) 
% axis([8.5e6 11.75e6 0 1]) 
% set(gca,'XTick',8.5e6:0.25e6:11.75e6,'YTick',0:0.1:1) 
%% Output fitted values  
%coeffs = coeffnames(SLJFitType) 
coeffFit= coeffvalues(AmpFitObj); 
Kfit = [10^coeffFit(1), 10^coeffFit(2)]; 
L2fit = L2Start; 
afit = aStart; 
alphafit = [alphaStart(1),alphaStart(2),alphaStart(3)]; 
bfit = coeffFit(3); 
cfit = [cStart(1),cStart(2),cStart(3)]; 
mfit = mStart; 
rhofit = [rhoStart(1),rhoStart(2),rhoStart(3)]; 

 

 B.5 Function AmpSLJReflKm12Model 

function Amp = 

AmpSLJReflKm12Model(frange,rho1,rho2,rho3,c1,c2,c3,L2,alpha1,alpha2,alpha3,K1

Exp,K2Exp,m1,m2,a,b) 
% Amp = 

AmpSLJReflKm12Model(frange,rho1,rho2,rho3,c1,c2,c3,L2,alpha1,alpha2,alpha3,K,

m,a,b) 
% Used for curve-fitting measured SLJ amplitude vs. frequency data to 
% theoretical model. Allows for theoretical ultrasonic SLJ reflection 
% response vs. frequency as well as linear correction term to aid in fit, 
% in case there are adherent or couplant thickness differences.  
% INPUTS: 
%   frange = driving frequency (Hz) 
%   [rho1, rho2, rho3], mass density (kg/m^3) in each medium 
%   [c1,c2,c3], longitudinal sound velocity (m/s) in each medium 
%   L2, adhesive bond line thickness (m) 
%   [alpha1, alpha2, alpha3], attenuation coefficient (nepers/m) in 
%      each medium 
%   [K1Exp, K2Exp], K = 10^KExp, stiffness(N/m^3) at each interface 
%   [m1, m2], mass-loading (kg) at each interface 
%   a, linear offset factor 
%   b, constant offset factor 
% OUTPUTS: 
%   Amp = Amp of reflection coefficient summed with 
%           linear term 

  
%% Group Parameters 
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rho = [rho1, rho2, rho3]; 
c = [c1, c2, c3]; 
alpha = [alpha1, alpha2, alpha3]; 
K = [10.^K1Exp, 10.^K2Exp]; 
m = [m1, m2]; 

  
%% Evaluate Phase Response 
Amp = AmpBondReflKm12(rho,c,frange,L2,alpha,K,m); 
Amp = (a.*frange + b).*Amp; 

 

 B.6 Function AmpBondReflKm12 

function Amp = AmpBondReflKm12(rho,c,f,L2,alpha,K,m) 
% Outputs amplitude of bond line reflections with different  
% stiffnesses and mass loading at each interface. 

  
Amp = abs(BondReflKm12(rho,c,f,L2,alpha,K,m)); 

 

 B.7 Function BondReflKm12 

function R = BondReflKm12(rho,c,f,L2,alpha,K,m) 
% R = BondReflKm12(rho,c,f,L2,alpha,K,m) 
% This function gives the complex, normal-incidence ultrasonic displacement 
% wave reflection coefficient for a tri-layer, SLJ. It can take into 
% account different stiffness and mass-loading at each interface. 
%          K1,m1  K2,m2  
%  ----------|------|---------- 
%         -->|----->|-->   
%          1 |  T2  | T3 
%      Z1    |  Z2  |    Z3   
%         R1 |  R2  | 
%         <--|<-----| 
%  ----------|------|---------- 
% INPUTS: 
%   rho = [rho1, rho2, rho3], mass density (kg./m.^3) in each medium 
%   c = [c1,c2,c3], longitudinal sound velocity (m./s) in each medium 
%   L2, adhesive bond line thickness (m) 
%   f = driving frequency of ultrasonic plane wave (Hz) 
%   alpha = [alpha1, alpha2, alpha3], attenuation coefficient (nepers./m) in 
%           each medium 
%   K = [K1, K2], stiffness (N./m.^3) at each interface 
%   m = [m1, m2], mass-loading (kg) at each interface 
% OUTPUTS: 
%   R =  complex reflection coefficient from imperfect SLJ 

  
%% Define Parameters 
w = 2.*pi.*f; % angular frequency 
beta1 = w./c(1); % real wavenumber 
beta2 = w./c(2); 
beta3 = w./c(3); 
k1 = beta1.*(alpha(1) + 1i); 
k2 = beta2.*(alpha(2) + 1i); 
k3 = beta3.*(alpha(3) + 1i); 
% k1 = alpha(1) + 1i.*beta1; 
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% k2 = alpha(2) + 1i.*beta2; 
% k3 = alpha(3) + 1i.*beta3; % complex wavenumber 
E = rho.*c.^2; % elastic modulus (Longitudinal) 

  
%% Define Numerator and Denominator terms for multiplication 
CoshNTerm = (E(2).*k2).*((E(1).*k1 - E(3).*k3).*(16.*K(1).*K(2) + 

m(1).*m(2).*w.^4 - 4.*w.^2.*(K(1).*m(2) + K(2).*m(1))) + 4.*(K(1) + 

K(2)).*(4.*E(1).*k1.*E(3).*k3 - m(1).*m(2).*w.^4) - 4.*w.^2.*(m(1) + 

m(2)).*(E(1).*k1.*E(3).*k3 - 4.*K(1).*K(2)) - 16.*w.^2.*(E(1).*k1.*K(2).*m(2) 

- E(3).*k3.*K(1).*m(1))); 
CoshDTerm = (E(2).*k2).*((E(1).*k1 + E(3).*k3).*(16.*K(1).*K(2) + 

m(1).*m(2).*w.^4 - 4.*w.^2.*(K(1).*m(2) + K(2).*m(1))) + 4.*(K(1) + 

K(2)).*(4.*E(1).*k1.*E(3).*k3 + m(1).*m(2).*w.^4) - 4.*w.^2.*(m(1) + 

m(2)).*(E(1).*k1.*E(3).*k3 + 4.*K(1).*K(2)) - 16.*w.^2.*(E(1).*k1.*K(2).*m(2) 

+ E(3).*k3.*K(1).*m(1))); 
SinhNTerm = (E(1).*k1.*E(3).*k3 - E(2).^2.*k2.^2).*(16.*K(1).*K(2) + 

m(1).*m(2).*w.^4 - 4.*w.^2.*(K(1).*m(2) + K(2).*m(1))) + 4.*(E(1).*k1.*K(2) - 

E(3).*k3.*K(1)).*(4.*E(2).^2.*k2.^2 + m(1).*m(2).*w.^4) - 

4.*w.^2.*(E(1).*k1.*m(2) - E(3).*k3.*m(1)).*(E(2).^2.*k2.^2 + 4.*K(1).*K(2)) 

+ 16.*(E(1).*k1.*E(2).^2.*k2.^2.*E(3).*k3 - K(1).*K(2).*m(1).*m(2).*w.^4); 
SinhDTerm = (E(1).*k1.*E(3).*k3 + E(2).^2.*k2.^2).*(16.*K(1).*K(2) + 

m(1).*m(2).*w.^4 - 4.*w.^2.*(K(1).*m(2) + K(2).*m(1))) + 4.*(E(1).*k1.*K(2) + 

E(3).*k3.*K(1)).*(4.*E(2).^2.*k2.^2 + m(1).*m(2).*w.^4) - 

4.*w.^2.*(E(1).*k1.*m(2) + E(3).*k3.*m(1)).*(E(2).^2.*k2.^2 + 4.*K(1).*K(2)) 

+ 16.*(E(1).*k1.*E(2).^2.*k2.^2.*E(3).*k3 + K(1).*K(2).*m(1).*m(2).*w.^4); 

  
%% Reflection Coefficient 
R = (cosh(k2.*L2).*CoshNTerm + 

sinh(k2.*L2).*SinhNTerm)./(cosh(k2.*L2).*CoshDTerm + 

sinh(k2.*L2).*SinhDTerm); 
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