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Visible Impact Damage and Adhesive Layer Thickness Measurements 
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Mentor: David A. Jack, Ph.D. 

 
 

 Carbon fiber laminates are used extensively across numerous industries. Their 

high strength to weight ratio allows for weight savings over metallic alternatives without 

compromising structural integrity. The layered structure of carbon fiber laminates 

constitutes the need for new testing procedures to quantify quality and inspect for defects, 

for both manufacturing and in-service. This research uses a novel high resolution 

ultrasonic non-destructive testing (NDT) technique to evaluate, two similar, but unique 

scientific contributions, barely visible impact damage (BVID) and adhesive layer 

thickness.  

 An in-house drop weight impact device is used to produce BVID. Inherent to 

carbon fiber laminates, damage may exist beneath the impact surface that is undetectable 

by basic visual inspection. Traditional mechanical testing techniques are not appropriate 

for evaluating damage as there is a desire to keep the composite in-service, to drive down 

costs. Traditional tests are destructive, rendering the component useless after testing. The 

first scientific contribution of this dissertation is the ability to form three-dimensional 



damage profiles in-situ via the introduced NDT technique. Profiles are paired with a 

finite element analysis of the component, and true damage geometry is shown to cause 

significantly greater localized normalized maximum von Mises stress than that observed 

using high resolution surface imaging.  

 The second scientific contribution of this dissertation is characterization of 

bondline thickness for bonded composites. Adhesive bonds allow a uniform stress 

distribution between bonded components and eliminate stress concentrations associated 

with traditional rivets. Uncertainty in quality, specifically bond thickness, prevents 

extensive use for primary structures. Traditional mechanical testing techniques qualifying 

bond thickness or uniformity is not appropriate as they destroy the bond making the 

component not fit for service. The technique presented non-destructively obtains the 

adhesive layer thickness for uniform and non-uniform bonds. 

 This dissertation culminates by demonstrating the BVID and bondline 

measurements on both an immersion and a portable ultrasonic scanning system. A 

portable scanning device is developed for real world applications and allows for future 

efforts to focus on Federal Aviation Administration certifications to use the developed 

BVID and bond thickness techniques in industry.
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CHAPTER ONE 
 

Introduction 
 
 

 The work presented in the document is focused on non-destructive testing of 

carbon fiber laminates using ultrasound. All software, both for scanning and in post-

processing the data, is written in house. Of uniqueness to this work all analysis is 

performed on the raw ultrasonic waveform and is not pre-filtered or analyzed from any 

commercial software or hardware. The two primary contributions presented in this 

dissertation are (1) quantifying the 3-Dimensional damage profile through the thickness 

of the laminate due to low velocity drop weight impact, and (2) quantifying the spatial 

variation of the adhesive bond thickness measurements for bonded carbon fiber 

laminates. A third significant contribution of this work is in the development of a 

portable scanning system that does not rely upon a classical water immersion tank, 

allowing a user to walk up to a structure being scanned without the need to submerge the 

structure. The dissertation culminates in a series of studies comparing the effectiveness of 

the portable system with the immersion system. 

 The first main scientific contribution is the development of an analysis technique 

capable of obtaining a full 3D damage profile through the thickness of the laminate with 

respect to individual lamina location within the global ply stack without needing to know 

manufacturing information, material information, or ply stacking sequence. In addition to 

obtaining the 3D geometry this contribution also includes a presentation on a 

methodology to take the scanned geometry and import it into a Finite Element Analysis 
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(FEA) software capable of calculating the stress throughout the component with an 

included, detailed, full damage profile. The results from the study conclude the 

significance of having access to the true 3D damage geometry relative to a projection 

through the thickness of the 2D damage profile obtained from surface inspection 

techniques. Results show that by having the full 3D geometry, previously unavailable to 

the inspection community, the maximum normalized von Mises stress increased often by 

twice that of the maximum normalized von Mises stress one would assume using high 

resolution surface morphology damage estimates. In one FEA study the increase in the 

maximum normalized von Mises stress compared to the undamaged stress was just over 

300% when using the actual 3D damage profile as compared to an estimated increase of 

only 140% when the 3D profile is based off high resolution surface microscopy. 

 The second main scientific contribution is the development of an analysis 

technique that converts the raw ultrasonic waveform into a form that may be used to 

determine the adhesive layer thickness between two carbon fiber laminates on a point-by-

point basis. Then to convert this information over to a gridded pattern for a raster based 

scan and create an easily understood visualization of the actual 3D adhesive profile. The 

proper characterization of the thickness does require knowledge of the speed of sound for 

the adhesive, and a technique for capturing this information is presented in this research.  

 The third contribution that comes out of this work is in applying the two scientific 

contributions to industrial use by moving from a classical immersion system to a fully 

portable scanning system weighing less than 15 pounds for all hardware excluding the 

computer, and freedom from immersing a part within water. A nozzle has been developed 

to house spherically focused ultrasonic transducers for use on a portable system that can 
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be deployed in a breadth of environments and is capable of scanning at any angle as long 

as the transducer remains normal to the component being scanned. The development of 

this nozzle is part of a larger project that began with a Federal Aviation Administration 

(FAA) certification for manufacturing, scanning, and processing data for determining 

ply-orientation and stacking sequence in carbon fiber laminated composites using a 

portable ultrasonic system with a nozzle previous to the one discussed in this research. 

The nozzle discussed in this research has the added benefits on being able to scan at 

virtually any angle as well as other unique features that have been integrated into a Patent 

Pending filing. 

Chapter Two of this work provides an extensive literature review. It discusses 

non-destructive testing as a whole and as it relates to the two scientific contributions 

presented by this dissertation. Specific interest is given to inspection techniques using 

ultrasound and an in-depth discussion of the principals of ultrasound and the associated 

components is presented. Past research findings are then presented with a focus on 

damage in carbon fiber laminates and thickness measurements all using ultrasound.  

Chapter Three provides the experimental process for all the in-house fabrication 

of the carbon fiber laminates which are used for the BVID study and the adhesive 

thickness study. In addition to carbon fiber laminate fabrication the ultrasonic scanning 

systems are presented and the specifics regarding the immersion system and portable 

system are presented.  

Chapter Four steps through the development of an FEA model that will be used to 

identify the importance of understanding the true damage region and the impact that has 

on the load carrying capacity of a damaged laminate. This chapter also presents the 
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specific carbon fiber laminate fabrication steps that are directly applicable to the BVID 

samples. The scanning procedure, drop weight impacting procedure, and post impact 

analysis techniques are presented. A 3D microscopy technique is discussed in order to 

provide indention depth and surface damage measurements. A detailed presentation of 

how the full 3D damage profile is obtained from the ultrasonic signals is provided. All 

analysis is performed with the immersion ultrasonic UT system and the portable UT 

system.  

 Chapter Five steps through the process of obtaining the speed of sound for the 

adhesive resin used to bond carbon fiber laminates together, as well as sample specific 

fabrication details that are not applicable to the BVID samples. A detailed presentation of 

the analysis process for obtaining adhesive thickness measurements as well as 3D 

adhesive bond profiles is presented. This chapter also presents a microscopy technique 

for validating the adhesive thickness measurements. Three uniform thickness samples are 

used for validation purposes and two non-uniform samples are used to demonstrate the 

capabilities of the system. All analysis is performed with the immersion ultrasonic testing 

(UT) system and the portable UT system.  

 Chapter Six presents the results and conclusions for four BVID samples. The 

comparison of the two analysis techniques for determining the full 3D damage profile is 

presented. The 3D microscopy results are also presented, and the damage area is 

compared from the high resolution 3D microscopy results representing the upper bound 

of currently available non-destructive testing approaches and the newly proposed 

ultrasonic scanning technique. Results are presented for the immersion and portable UT 

systems as well as the effects the true damage geometry has on the normalized von Mises 
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stress distribution in a composite laminate under axial compression. This chapter 

concludes with a comparison between the two UT systems discussing the similarities and 

differences between their results.  

 Chapter Seven presents the results for the adhesive layer thickness study for both 

the portable and immersion systems. This chapter presents the results of five adhesively 

bonded samples. Three uniform adhesive thickness samples are used for validation of the 

analysis technique. Optical microscopy values of the as-manufactured adhesive layer 

thickness and a comparison to the microscopy values is presented. Upon conclusion of 

the uniform thickness samples, results for the non-uniform thickness samples are 

provided and an analysis between ultrasonically measured adhesive thickness values 

obtained using the two scanning techniques is performed. In addition to analyzing the 

scanning systems, a study is performed to determine if the measured adhesive thickness 

was independent of scan side. The adhesively bonded samples are manufactured by 

adhering a three lamina laminate to a six lamina laminate. It was desired to see if the 

thickness measurements varied depending upon the side the scan was taken from. 

 Chapter Eight provides concluding statements and future work for the topics of 

BVID and adhesive bond thickness measurements.  
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CHAPTER TWO 
 

Literature Review 
 
 

 This chapter presents information regarding composites, composite fabrication, 

and non-destructive testing (NDT) techniques. This research has a focus on carbon fiber 

laminated composites specifically in terms of damage and bond line analysis. There are 

many NDT techniques used throughout a wide variety of industries and this chapter will 

discuss some of these techniques, but with a focus on the technologies that are relevant to 

the newly proposed ultrasound NDT techniques as part of this research.  

 
2.1 Composites 

 
 Composite materials are desired in a wide variety of industries due to their high 

strength (stiffness) per unit weight [1] relative to that of their metallic alternatives. Fiber 

glass and carbon fiber composites can be found in many wind turbine blades [2]. Carbon 

fiber composites can also be found in an abundance of aircraft structures (e.g., Boeing 

787) as well as automotive components (e.g., General Motors pickup box). Carbon fiber 

composites can also be seen in sports and recreation (e.g., finishing poles and bicycles) 

and pressure vessels [3]. However, due to their potentially anisotropic material properties, 

additional consideration must be taken into account when designing structures which 

utilize composite materials, which may have not been necessary when designing with 

isotropic materials (e.g. aluminum) [1]. With new regulations just around the corner (i.e. 

EURO 6 going in to effect in 2020, and CAFE 2025) that require a reduction in CO2 
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emissions for automobiles and measured fleet wide fuel consumption efficiency, there is 

a push to manufacture more automotive components out of composite materials [4], [5].  

 
2.1.1 What is a Composite? 

 
 A composite is the combination of two or more materials to form a new material 

that has improved material properties from the base materials [1]. Some examples of 

composites include, but are not limited to, concrete (cement and rocks), straw reinforced 

clay bricks, and carbon fiber laminates[1]. There are almost an infinite number of 

composites, but the focus of this work will be those that consist of a fiber and a matrix 

material. There are three main fiber geometries: continuous (e.g., unidirectional fibers, 

and woven fabrics), discontinuous (e.g., chopped fibers), and particles [1]. The fiber 

material can often be categorized in to inorganic (e.g., metallic, glass, and carbon), 

organic (e.g., polyethylene and polyester), or organic natural (e.g., banana and coconut); 

with each fiber having its own advantages and disadvantages which are generally 

associated with weight, strength, and cost [1]. While carbon fibers are classified as 

inorganic fibers, they are derived from organic material (polyacrylonitrile or pitch) 

through the thermal decomposition process of carbonization which removes all the non-

carbon atoms and the remaining carbon atoms are left bound to each other in a highly 

aligned state in the direction of the fiber [6].  

 The matrix material acts as the glue that holds the fibers together, and in 

comparison to the reinforcing fibers, the matrix often has only a fraction of the tensile 

strength. Similar to fiber types, there are many different matrix types (e.g., thermoset, 

thermoplastic, and metallic) all of which have different material properties, and multiple 

sub-sets of options, which in turn causes them to react different with a specific fiber. 
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Thus, it is important to consider the interaction between the fiber and matrix of choice. 

The matrix material is often selected to be more ductile than the fibers and often dictates 

the compressive and out-of-plane strength as the fibers alone cannot resist compressive 

loading due to localized buckling [1]. The present research uses continuous plain weave 

(i.e. quasi-isotropic [7]) carbon fiber – as seen in Figure 2.1– with a thermoset epoxy 

resin. There are many additional weave types available and some of which can be found 

in Barbero [1]. The present research in this dissertation is not limited to the plain weave 

shown in Figure 2.1, and multiple unpublished studies have been performed by the author 

and colleagues on other weaves. Among many considerations, it is important to consider 

the complexity of the shape that is trying to be manufactured. This is because some 

weaves, specifically the harness satins, are easier to form around complex geometries, 

this is often referred to as the “drape” of the material [1]. Throughout this research the 

term lamina and laminate will be used extensively. A lamina is a single layer (ply) in the 

composite. The laminate is the entire composite which is comprised of one or more 

lamina.  

 

 
 

Figure 2.1 Plain Weave Fabric 
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2.1.2 Laminated Composite Manufacturing Techniques 
 

 There are numerous ways to manufacture laminated composites. Often, 

component geometry, equipment cost, and end use performance play a large factor in 

deciding on the most appropriate manufacturing technique. The three main types of 

manufacturing are open-mould, closed-mould, and continuous. Within each type pf 

manufacturing technique there are different manufacturing methods [8]. 

 Common open-mould processes included hand layup, spraying, or winding fabric 

over a mould for the component [8]. The resin is applied through out the manufacturing 

process and curing is done at atmospheric pressure [8]. Open-mould manufacturing is 

relatively straight forward and inexpensive. The ability to control thickness is very 

difficult with the hand layup and spray manufacturing methods [8]. Open-mould methods 

are often labor intensive and produce parts with high voids content. Additionally, open-

mould processes often have greater variably from part to part and have low fiber volume 

fractions. For closed-mould and continuous manufacturing some of the most common 

techniques are hand lay-up, filament winding, pultrusion, press molding, and resin 

transfer molding [7].  

 Closed-mould hand lay-up is one of the most common manufacturing techniques 

[1]. The first step in this technique is tool/mold prep (e.g., cleaning and waxing), then the 

fibers are laid on the tool and the resin is applied. The process of laying down fibers and 

applying resin is repeated for all layers. This is a very time intensive process which 

requires highly trained workers, but it allows for a wide variety of geometries to be 

fabricated with minimal equipment cost [8]. Another category of hand lay-up involves 

prepreg material. The prepreg material contains the fibers and partially cured resin all in 
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one, which in turn makes manufacturing a little easier. However, there is an added 

financial cost to prepreg materials and thus they are most often used in applications that 

require very tight manufacturing tolerances (e.g., the aerospace industry) [1]. The 

uncured fiber resin parts in the hand lay-up process are cured under pressure and often 

elevated temperatures. Two common ways of curing the part under pressure are vacuum 

bagging and an autoclave [8]. In vacuum bagging, the part is covered with vacuum 

bagging material and vacuum is pulled. The part remains under vacuum during the entire 

cure process. The act of pulling vacuum removes excess resin and voids from within the 

part. An autoclave is an expensive piece of equipment that is capable of maintaining a 

pressure and temperature. The autoclave combines the vacuum bagging method with an 

external applied pressure. Excess resin is once again removed along with voids, and the 

addition of the external pressure allows even more trapped air to be pushed out. The 

autoclave technique results in the highest quality part but the cost of an autoclave is 

extremely high[8] 

 Filament winding is a continuous process that is heavily relied upon in the 

fabrication of composite pressure vessels, cases around rocket motors [9], and other 

hollow components (e.g., fiberglass booms for aerial lifts [10] and aircraft fuselages). 

Filament winding involves spinning a mold and continuously winding fibers around the 

mold. The mold and/or fibers can be rotated to achieve the desired fiber orientations, and 

fibers typically pass through a resin bath just prior to being wound around the mold. This 

process is great for automation and can yield repeatable results. However, there are 

geometric limitations to this process, specifically when concave geometries are required 
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[9]. This process often requires the use of high pressures and temperatures during curing, 

greatly increasing the manufacturing costs.  

 Pultrusion is a continuous composite manufacturing process where the majority of 

the financial cost is associated with initial investment in the equipment [1]. This process 

involves taking fibers, pulling them through resin and a die, then curing. This process is 

extremely cost effective and is great for components of a constant cross section (e.g., 

pipes). A downside to pultrusion is in geometry limitations and relatively low fiber 

volume fractions.  

 Press molding is a process that combines heat, pressure, and a well-polished mold 

to produce high quality parts with little waste [1]. The press molding process is simple in 

concept, but requires a high investment in tooling and a press. In press molding, the fiber 

and resin are laid up in one half of the mold, the mold is closed and put between heated 

compression plates, the press clamps down on the mold and holds a set pressure for a set 

time. Once the cure cycle is complete the part is removed and another can be cured. This 

process has higher cycle times and can produce high quality parts. 

 The resin transfer method (RTM) is a manufacturing technique that allows 

complicated shapes to be manufactured with low void content, but at an increased 

financial cost and significant material waste [1]. This process requires the manufacturer 

to layup fibers in the mold, seal the mold, and then pump resin into the mold. A lot of 

time and money has to be spent designing and manufacturing a robust mold to withstand 

the pressure from pumping resin into the mold. However, this process is much cleaner 

than other processes (e.g., hand lay-up) because the resin is injected rather than the 

manufacturer having to manually apply it. A subset of RTM is Vacuum Assisted Resin 
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Transfer Molding (VARTM), which is the manufacturing technique used by the current 

author and is depicted in Figure 2.2. The VARTM process requires pulling vacuum on 

the system, which then in turn pulls resin over the fibers, while simultaneously pulling air 

out which reduces void content. This process is less expensive than traditional RTM as it 

does not require robust complicated molds to withstand high pressures or a hot press. 

However, the VARTM process produces poor results when the fabric it too compact, 

because the resin is not able to flow between lamina. The exact fabrication procedure 

used for this research is highlighted in Figure 2.2 and is fully discussed in Chapter Three.  

 

 
 

Figure 2.2 VARTM Manufacturing Technique 
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2.2 Nondestructive Testing 
 

 Nondestructive testing (NDT) is defined by Charles J. Hellier on pg. 1.1 of his 

book Handbook of Nondestructive Evaluation [11] as: 

…an examination, test, or evaluation performed on any type of test object without 
changing or altering that object in any way, in order to determine the absence or 
presence of conditions or discontinuities that may have an effect on the usefulness 
or serviceability of that object. 

 
 On the most basic level, human observation can be described as an NDT 

technique. In fact, one of the most common NDT techniques is visual testing (VT) which 

simply requires the inspector to look at the object in question and log their observations 

or any inconsistencies. While this sounds simple enough, it is important to note that NDT 

technicians must be highly trained and certified in order to perform work in this field, and 

there are detailed testing standards that must be followed in order to accurately evaluate 

an object. There are four main areas where NDT occurs [11]: 

1. Pre-manufacturing or construction 

2. In-situ manufacturing  

3. Post-manufacturing or construction 

4. While the object is in service 

 It is important to note that NDT cannot totally replace traditional destructive 

testing (e.g., tensile and compression tests) [11]. In the field of NDT not all results are 

quantitative and thus require a highly skilled technician to interpret the results. Even still, 

the results tend to be subjective and some NDT techniques can be very expensive while 

only being able to evaluate small regions in any given test. While traditional destructive 

testing techniques are extensively used to obtain a breadth of material properties (e.g. 

elastic modulus, compressive strength, and tensile strength), once complete the 
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component is destroyed and not fit for in-service use. As mentioned previously, 

composite manufacturing techniques are often labor intensive, expensive, and rely 

heavily on human interaction. In order to keep part costs down traditional destructive 

testing techniques are not desired. Non-destructive testing offers a way to test a 

component without further damaging it, which can potentially keep a component in 

service longer. Additionally, there is still some hesitation in the automotive industry with 

the wide scale use of composites due to manufacturing uncertainty, variability, and 

process induced damage and damage [12]. NDT techniques could aid in providing 

answers to these concerns by being able to determine the quality/properties of a specific 

component rather than assuming each component is the same as the previous.  

 
2.2.1 Nondestructive Testing Techniques 

 
 There are many categories and sub-categories of non-destructive testing 

techniques. Those that are discussed in this dissertation are Magnetic Particle Testing 

(MT), Liquid Penetrant Testing (PT), Radiographic Testing (RT), Ultrasonic Testing 

(UT), Electromagnetic Testing (ET), and Visual Testing (VT) [13]. A brief discussion of 

these six techniques follows, with their applicability to the composite system considered 

in this dissertation. 

 The most basic and straight forward NDT technique is Visual Testing [14], 

however it is a subjective test and thus requires a trained professional. This technique 

requires little to no equipment and is a good baseline technique to justify pursuing 

additional NDT techniques. While this technique often does not require equipment, one 

may choose to incorporate magnification devices to help see surface features that may 

otherwise be difficult to see. In general, it is important to prep/clean the surface prior to 



15 

inspection. Additionally, the coin tap test [15] is a subjective test where a technician taps 

the surface of the material and listens for a “dead” sound in order to determine if there are 

voids or dis-bonds.  

 Liquid Penetrant Testing (PT) [14] is more advanced than VT and is often used 

for surface or near surface flaw detection and characterization. In PT a liquid or fine 

chalk is applied to the surface. The penetrant fills in the surface defect by capillary action 

and the excess is removed. A developer (i.e. blotting paper) is applied to the surface and 

capillary action causes the penetrant to rise to the surface of the crack where it can be 

recorded. An advanced PT technique uses a UV light to fluoresce the dye penetrant 

within the surface cracks. An example of PT in research is in validating ultrasonic 

delamination detection for post-impact damage [16], but is limited to observing surface 

defects.  

 Magnetic Particle Testing [14] is mainly used for detecting surface and just 

beneath the surface flaws, and there is a limitation on how deep of defects it can detect. 

This technique applies a magnetic field to the specimen under analysis – which requires 

the specimen to be a ferromagnetic material – and measures the “leakage flux” caused by 

defects (i.e. air pockets) in the material. 

 Radiographic Testing [14] relies on the principles of variations in material 

density. When radiation is applied to the component of interest it is absorbed and 

scattered differently as it passes through the different materials. The radiation exits the 

component, is recorded, and processed to determine information such as defect size and 

location. This is an accurate technique for quantifying internal density variations but 

requires serious safety training and infrastructure to prevent harmful radiation exposure 
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[11]. X-ray is very useful in a variety of applications including, but no limited to, 

checking the structural integrity of a core material [17] and determining the area of 

damage induced by impact [18]. The primary limitation is in the part size, typically less 

than 1 . Additionally, the systems are typically regulated to the laboratory and are not 

applicable for field use. 

 Electromagnetic Testing [14] relies on an alternating current source being brought 

near the component of interest. Defects/voids cause a disturbance in the field and this 

disturbance can be detected by the system being used. This technique can be used to 

determine fiber volume fraction and defect location, but is limited to electrically 

conductive materials and is a surface phenomena. Additionally, electromagnetic testing is 

very useful in a variety of applications including, but no limited to, Eddy Current testing 

for impact damage [19] and detecting cracks in oil pipelines [20] for metallic structures.  

 Ultrasonic Testing (UT) [14] is a widely used and affordable NDT technique. 

This technique relies on transducers composed of piezo-electric material to convert 

electrical energy into a sound wave and vice versa. The waves are sent from the 

transducer through an acoustic medium – typically water or an acoustic gel – and into the 

component of interest. The sound waves interact differently with different materials, as 

signal reflection and refraction is related to material stiffness, and are captured by 

another, or the same, transducer. This is a simple and non-destructive measurement 

technique, defined as a test method that does not affect the “… future usefulness” of the 

part [21], that can provide depth measurements. However, size of defect and depth 

resolution is dependent on the transducer’s frequency. It is also quite limited to materials 

with low acoustic attenuation and requires an acoustic path between the transducer and 
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the part being inspected. Ultrasound is very useful in a variety of applications including, 

but no limited to, detecting delaminations [22] and determining ply-orientation in carbon 

fiber composites [23]. UT is the NDT technique that is used in this work and it will be 

elaborated on in the following section.  

 
2.3 Ultrasound 

 
 A key concept regarding ultrasound and image clarity is the use of reflection and 

refraction waves. Theses waves are created when the acoustic wave passes through 

materials with different acoustic impedances. The acoustic impedance is a function of 

material properties specifically density and Young’s modulus. The greater the difference 

in acoustic impedance between materials, the higher intensity the reflection of the 

acoustic signal. The variations in signal impedance is what contributes to the variations in 

signal intensity over a scan region and is what allows individuals to determine ply-

orientation, void locations, adhesive bond regions, damage, etc. [24].  

 
2.3.1 Ultrasound Basics 

 
 Put very simply, ultrasound is a technique that requires transmitting sound waves 

and then receiving sound waves; analysis of the received reflections yield information 

about the object that caused the reflection [13]. Of interest in the present context are those 

waves with a frequency between 1MHz and 15Mhz, which is well above the audible 

frequency for human hearing [21].  

 Ultrasonic wave propagation can be generalized in to three types of waves: plane, 

spherical, and surface; this research uses plane waves. A plane wave propagates in a 

single direction. Two types of plane wave exist that propagate in isotropic materials, 
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longitudinal and transverse waves. Longitudinal waves propagate parallel to the direction 

of the wave whereas transverse waves (i.e. shear waves) propagate perpendicular to the 

direction of the wave. Spherical waves propagate spherically with particular phase 

values, and surface wave (i.e. Rayleigh waves) propagate along the surface of the 

material. Anisotropic materials such as carbon fiber laminates have three waves that 

propagate through the material; quasilongitudinal waves propagate parallel to the wave 

direction, and two quasitransvers waves that are orthogonal to one another. These three 

waves propagate in directions that are mutually perpendicular to each other and the 

quasilongitudinal wave generally has the fastest phase speed [21]. 

 As the wave interacts with various materials the wave can either be reflected back 

at the same angle of incidence, refracted in to the next material, or scattered [21] (i.e. 

reflect off the material but in a different direction not equal to the incidence angle) shown 

in Figure 2.3. Refraction into a material is governed by Snell’s law as  sinsin  (2.1) 

 
where incident wave angle , refracted wave angle , and respective material speed of 

sound  and  are related where speed of sound is a function of the material density  

and material bulk modulus  defined as 

 (2.2) 

 



19 

 
 

Figure 2.3 Wave Interactions 
 
 

 It is very important to mention that due to the mismatch in acoustic impedance 

between the carbon fiber toes and the surrounding resin, there is a significant reflection of 

the ultrasonic wave back to the transducer. The acoustic impedance  is given as 

 (2.3)
 

and is a function of density  and material speed of sound  [24]. Additionally, speed of 

sound and acoustic impedance can be related to the materials elastic modulus  and 

density [24] by  

/
 

(2.4)

 
and by  

/  (2.5)
 

The wave reflection coefficient R  

 
(2.6)
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is a function of acoustic impedance for the two materials (  and ) [21]. The reflection 

coefficient ranges between zero and one, where one represents 100% of the incident wave 

is reflected, the greater the acoustic impedance mismatch the greater the reflection [17]. 

This is the feature that will be explored throughout this dissertation to resolve the 

interface location between an adhesive bond and carbon fiber laminate. As well as 

regions of damage due to a reduction in the materials elastic stiffness caused by BVID 

based on the relationship between the reflection coefficient and elastic stiffness.  

 Signal intensity  is another important parameter to consider especially when 

analyzing thick carbon fiber laminates as it is related to loss in signal energy due to the 

material attenuation coefficient  [21]. Signal intensity given as  

 (2.7)
 

shows that signal intensity is decreased as the wave travels some distance  into the 

material. The initial signal intensity  is the maximum value for signal intensity and 

occurs at the front surface of the material. Material attenuation is governed by scatter and 

absorption (e.g., heating) and the dominating component for the high attenuation 

coefficients in composites is scatter which is a function of frequency [21]. The high 

attenuation coefficients for composites is the limiting factor for high resolution ultrasonic 

scanning of thick laminates [21].  

 
2.3.2 Ultrasound Equipment 

 
 In general, most ultrasonic scanning systems use the following components: 

pulser (i.e. to create a voltage pulse), a transducer (to convert the electrical pulse into a 

sound wave), a transducer to capture the sound wave and convert it back in to an 

electrical wave, a receiver (to capture the electrical waveform), and a computer (to 
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control the timing and record the captured electrical waveform. This hardware can be set 

up in a wide variety of scanning configurations with the most common being through 

transmission and pulse-echo [25], which are shown in Figure 2.4. There are additional 

techniques such as one-sided [26] and two-sided pitch-catch [27], but these will not be 

discussed due to their limited resolution. Through transmission requires access to both 

sides of the object, whereas pulse-echo only require access to one side of the object [21]. 

The authors choose to use the pulse-echo configuration because in many real world 

applications, specifically aerospace and automotive, you may not have access to both 

sides of the object.  

 
a) 

 

b) 

 

 
Figure 2.4 (a) Through Transmission, (b) Pulse-Echo 

 
 

 Ultrasonic transduces come in many shapes and sizes, and require an acoustic 

medium (typically water or an acoustic gel) in order transmit the wave to the material  
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[25], however there are researchers that use air coupled ultrasonic techniques (see e.g., 

[28]–[30]). A few of the more common transducers are contact transducers, angle beam 

transducers, and immersion transducers [31]. Additionally, transducers have different 

means of focusing, or not focusing. Unfocused transducers send a bulk wave into the 

material and thus the in-plane resolution is limited by the size of the transducer itself. 

Cylindrical focused transducers have a line of focus and are useful in inspecting tubing. 

Spherically focused transducers have a single point of focus and provide excellent in-

plane resolution [32]. These various focal configuration are shown in Figure 2.5. This 

research uses immersion transducers that are spherically focused. Additionally, it’s vital 

to consider transducer frequency and to select the correct frequency for the application at 

hand. Lower frequency transducers can penetrate deeper than high frequency transducers, 

as attenuation increases with increasing frequency. This phenomena is explained by 

recalling Equation (2.7) which relates signal intensity to the attenuation coefficient and 

depth into material. For this example we will assume water is the material we are sending 

an ultrasonic signal through which has an attenuation coefficient  as a function of 

frequency  given as 

25.3  (2.8)

 
obtained from Schmerr [33]. Assuming an initial signal intensity 1, a desire to reach 

1m into the water with a reasonable signal intensity (greater than 0.5) and a choice in 

using a 1MHz transducer or a 10MHz transducer we can calculate the intensity at 1m for 

both transducers using Equations (2.7) and (2.8). It is found that the 1MHz transducer 

will have an intensity 0.98 and the 10MHz will have an intensity 0.08, thus the 

1MHz would be selected. Conversely, higher frequency transducers have better depth 
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resolution. The depth resolution for a transducer is governed by wavelength  of the 

signal given as  

 (2.9) 

 
which is a function of material speed of sound  and transducer frequency , and the 

general rule is to choose a transducer with a wavelength no larger than half the thickness 

of interest [34] For example, consider a 1MHz and a 10MHz transducer and a carbon 

fiber composite that has a speed of sound of 3070m
s
 [35]. Based on this scenario, and the 

general rule that wavelength should be no larger than half the thickness of the material, 

the 1MHz and 10MHz transducers have minimum thickness resolutions of 1.54mm and 

0.154mm, respectively. This is particularly important when trying to detect thin layers 

(e.g., individual lamina with thickness in the ball park of 0.23mm [36]), because if the 

wrong frequency is used the waveform will completely skip over a layer.  

 
a) 

 

b) 

 

c) 

 
 
 

Figure 2.5 (a) Unfocused Transducer, (b) Cylindrical Focus Transducer, (c) Spherically Focused 
Transducer 
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2.3.3 Ultrasonic Data 
 

 There are three primary types of scan data that are discussed in the realm of 

ultrasonic NDT. The back bone for all ultrasonic scanning analysis is the A-scan, which 

is the waveform obtained from a single pulse and subsequent receiving of the reflection 

waves, shown in Figure 2.6. The magnitude of the A-scan is representative of the wave 

intensity received by the transducer [37]. The A-scan presented in this figure is taken 

from the adhesive layer thickness work presented in Chapter Five. This figure shows the 

front wall of the adhesively bonded sample which is a 3 lamina laminate, the adhesive top 

surface which is the interface between the adhesive region and the 3 lamina laminate, the 

end of adhesive layer which is also the beginning of the second laminate (a 6 lamina 

laminate), and finally the end of the entire bonded sample which is also the back side of 

the 6 lamina laminate. A-scans can be used in many measurement applications including 

but not limited to, material thickness and time location of inclusions (see. e.g., [38]–[40]). 

 The second type of scan data is the B-scan, shown in Figure 2.7, which is an 

averaged B-scan over the entire scan region for a BVID sample used in this research and 

BVID work is presented in Chapter Four. The B-scan requires a line of A-scans in order 

to be formed. Rather than representing the signal at a single point, the B-scan shows a 

cross sectional view of the object [37]. For example, consider a technician took 100 A-

scans along a line. The B-scan takes each A-scan signal and rotates it clockwise 90° so 

that time (i.e. depth) is vertical rather than horizontal. Once rotated, all 100 A-scans can 

be placed next to one another (i.e. think of them each as an individual columns in a 

matrix), and the resulting set of data can be plotted. The depth into the material using 

pulse echo is a function of time which can be related to the distance into the material as 
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12 c  (2.10) 

 
where the speed of sound  through the material and the time between A-scan peaks  

are both known [38]. B-scans can provide useful information including, but not limited 

to, impact damage, and delaminations (see e.g.,[22], [41], [42] ). The specific B-scan in 

Figure 2.7 shows the top surface of an 18 lamina thick laminate and the back side of the 

laminate, the 18th lamina. A few additional lamina are also labeled in the figure and the 

locations of each lamina in the laminate is distinguished by the horizontal red lines, 

which correspond to the peaks in the A-scans. 

 The third type of scan data is the C-scan, shown in Figure 2.8 which is a C-scan 

taken from the BVID work presented in Chapter Five of this research. The plain weave 

ply-orientation of 0/90° is pointed out as well as the damaged region which was caused 

by a low velocity drop weight impact. The C-scan is a planar view of the object being 

scanned at a given depth, specifically the plane normal to the transducer. The C-scan is 

created by selecting a specific gate start time, a gate end time, and then obtaining 

intensity information (i.e. maximum intensity) within the gate region for every A-scan 

that was taken [37]. Gate times have a lower bound that is defined by the sampling rate. 

For example, a sampling rate of 160MHz is used in this current research which means the 

minimum gate time is 1/160MHz which is 6.25ns/sample. It is also important to choose a 

sampling rate  that prevents aliasing (i.e. signal overlap) which can be defined by the 

nyquist frequency equation 2  where  is the maximum waveform frequency 

centered by the transducer [21]. Additionally, a useful technique used in this research is 

to create C-scan videos which are created by moving the gate through the entirety of the 

A-scan and saving each planar C-scan image as an individual frame. C-scans have a wide 
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variety of usefulness some of which include, but are not limited to, ply-orientation 

determination, damaged area, and inclusion identification (see e.g., [22], [23], [43]–[45]). 

 

 
 

Figure 2.6 An A-Scan of Two Laminated Composites Bonded Together 
 
 

 
 

Figure 2.7 An Averaged B-Scan for an 18 Lamina Thick BVID Sample 
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Figure 2.8 A C-Scan from a BVID Sample Showing Ply-Orientation and Damage 
 
 

2.4 Research in Non-Destructive Testing  
 

 There are a host of reasons why non-destructive testing is needed in the 

composites industry and include, but not limited to, defects, damage, and quality control 

(e.g., adhesive bond thickness). Defects occur during the manufacturing process some of 

which include, but are not limited to: porosity (i.e. trapped air), inclusions (i.e. 

contaminated fibers or matrix material), or an error associated with ply-stacking (e.g., 

forgetting a lamina or laying down the wrong lamina orientation) [7]. Porosity and voids 

are particularly dangerous as they can cause localized stress concentrations within the 

laminate, which could lead to a significant reduction in the overall composite strength 

[46]. Damage often occurs post-cure or while the part is in service, and can be caused by 

a technician dropping a tool on the composite, a hailstorm, foreign object debris, normal 

component wear, or a variety of other scenarios[7]. 
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 Adhesively bonding composite laminates is a widely used manufacturing process 

[46]. Bond thickness, among other parameters, plays a significant role in the 

determination of the final as manufactured mechanical properties (see e.g., [47]–[51]).  

 Although this research is focused on non-destructive testing of composites for 

direct use in the aerospace industry, there is a wide breadth of industries that employ 

various non-destructive testing techniques. Some of these industries include: aerospace, 

oil and gas, and automotive [52]. Examples of aerospace and automotive applications will 

be discussed in detail, as composite structures are used heavily in both of those industries. 

A few oil and gas examples are presented to show use of NDT on non-composite 

materials. 

 The next few sections are broken up into the specific areas of focus for the current 

research namely a Federal Aviation Administration (FAA) certification completed by the 

current author, damage effects and quantification, and bond quality analysis. 

 
2.4.1 FAA Certification 

 
 The end goal in this research is to develop a new product (e.g., software or 

hardware device) to better the aerospace industry. Based on this concept the current 

author was a primary contributor for an FAA certification [53] to certify a ply-orientation 

algorithm paired with a portable ultrasonic scanning system for aerospace applications. 

The purpose of mentioning this here is the ply-orientation algorithm began in 2012 with 

the development of an ultrasonic immersion device and algorithm by Baylor University 

[54]. This system was then used in studies to determine the ply-orientation and stacking 

sequence of plain weave carbon fiber laminates. In work by Sarah L. Stair [55] in 2014, 

the author presented ply-orientation algorithm prediction results with a 90-95% accuracy 
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when compared to the as manufactured ply-orientations. Work continued with this system 

until the FAA certification was complete in early 2019, of which the current author was a 

prime contributor. The current author utilizes a similar scanning procedure and hardware 

to that described in PCT/US13/33187 [54] but the attention is now turned to damage 

quantification and adhesive thickness measurements. The algorithms for damage 

quantification and adhesive thickness measurements are presented Chapter Four and 

Chapter Five, respectively. The long term goal of the current research is to develop an 

algorithm to automate damage quantification and adhesive layer thickness measurements, 

and certify its use in the aerospace industry with a portable scanning system. The current 

research serves as the foundation and development of a new technique that could one day 

be certified and used in industry applications.  

 
2.4.2 Impact Damage and NDT 

 
 Damage is caused by low velocity impacts as well as high velocity impacts, and is 

typically characterized by four main categories: matrix cracks, delamination, fiber 

breakage, and penetration. Matrix cracks takes the form of intra-lamina micro-cracks and 

inter-lamina cracks. Matrix cracking is the initial damage mechanism and often leads to 

delamination under repeated loadings. Delamination occurs between lamina often occurs 

when the impact energy is greater than matrix micro-cracks. Fiber breakage occurs at 

even higher impact energies and produces significant damage. Penetration is a form of 

damage where the impacting object goes through the composite, and can be associated 

with ballistic type tests [56]. Internal composite damage is more complex than any one 

single category (e.g., delamination or matrix cracking) (see e.g., [56], [57]), but it is 

understood that damage in the general sense has a negative effect on elastic stiffness 
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values associated with the composite and the overall load carrying capacity [58]. X-ray 

CT is capable of differentiating between  regions of delamination and fiber breakage but 

not matrix cracking and plastic deformation [59] whereas ultrasound is not effective at 

distinguishing between specific forms of damage. It is known that the acoustic signal 

intensity is highly material dependent specifically in relation to the material stiffness 

[21]. Thus, a damaged composite, with a reduced stiffness, would have a different 

acoustic response compared to its undamaged counterpart. The reduction in stiffness 

would not be detected by X-ray CT as the material density has not been altered.  

 It should be noted that while defects and damage are different, they are in a sense 

interchangeable when discussing their detection, size, and location via ultrasound. There 

are many instances were defects are inserted into the composite during manufacturing to 

simulate delamination damage (see e.g., [60]–[63]). The following paragraphs show 

composite impact studies, development of NDT, and analysis schemes – in chronological 

order – with a focus on defect/damage detection, where each method is discussed to 

highlight its advantages and disadvantages. 

 
 2.4.2.1 Effect of impact damage. Subjecting a material to impact loads often 

causes a change in a structure’s strength. Since the 1970’s researchers have been looking 

at the effects that low and high speed impacts have on the carbon fiber composites, 

specifically the negative effects on the residual compressive strength of the composite 

(see e.g., [64]–[66]). 

 One of the more difficult forms of damage are those which occur due to impact 

that cause Barley Visible Impact Damage (BVID) [67], which is typically characterized 

by a surface defect depth of less than 0.5mm [68]. This type of impact damage occurs at 



31 

low-velocity impacts (less than or equal 10  [69]), and an impact energy typically less 

than 20J (see e.g., [66], [70]–[72]). The effect of impact velocity and impact energy is a 

heavily researched topic but not the focus of the current research. However, it is 

important to mention a couple conclusions regarding impact parameters.  

 Zabala et al. [16] performed a study analyzing the effect of impact velocity and 

impact mass on damage threshold, delamination area, dissipated energy, residual 

displacements, and residual stiffness for equienergetic drop weight impact tests in woven 

carbon fiber laminates. Their impact energies ranged from 1J to 10J, mass from 9kg to 

2kg and impact velocity from 0.98m/s to 2.8m/s. They present results for their 4J and 8J 

impacts. They conclude that all of the impact parameters with the exception of damage 

threshold are dependent on impact velocity. In a very similar study to Zabala, Artero-

Guerrero et al. [41] investigate the effect of impact mass and impact velocity on woven 

carbon fiber laminates. They used a much larger range of impact energies (10J to 110J) 

with impact mass ranging from 3.8kg to 15.8kg and impact velocity from 1.12m/s to 

6.9m/s. Their lowest energy where damage is detected is at 20J. They conclude that 

impact parameters such as peak force, maximum displacement, and delamination damage 

are independent of impactor mass and velocity for equienergetic impacts. A key 

difference between Zabala and Artero-Guerrero is in the impact energy values used for 

their respective studies. As observed by Artero-Guerrero the lower energy impact seen in 

Zabala [16] cause primarily delamination which is a matrix dominated damage 

mechanism and strain rate dependent, thus velocity dependent. While these authors seem 

to present contradictory work it is import to remember that they are analyzing very 

different energy ranges. Of particular interest to the current author is the increase in 
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delamination (i.e. damage) with the increase in impact energy. The current research uses 

a fixed mass and variable height to obtain higher impact energies between 8.3J and 11J 

with impact velocities between 1.75m/s and 2.54m/s. The current research does not draw 

conclusion regarding impact parameters and the use of a drop tower is to provide 

consistent, measurable, and controlled impact damage.  

 The impact energy associated with BVID is not well defined, as it is material 

dependent. Many researchers tend to stay below 20J for impact energy (see e.g., [66], 

[70]–[72]) but upwards of 70J impact energy has also been seen in literature [73]. In a 

review by Cantwell and Morton [69], various results are presented that show a decrease 

in residual strength of over 50% – in some cases – due to low velocity impacts. 

Additionally, BVID has been shown to produce significant internal damage even though 

there are few if any signs of damage visible to the naked eye (see e.g., [74]–[76]).  

 In 1975 G. Dorey [77] investigated the effect that impact damage had on a variety 

of composite materials, namely carbon fiber, glass fiber, and Kevlar composites. Due to 

the more brittle nature of composites, they are not able to absorb energy in the same 

plastic manner as traditional metal specimens. The way in which composites absorb 

energy once yield is exceeded is by cracking. These cracks can be in the form of 

transverse crack (perpendicular to the fibers) and longitudinal cracks (parallel to the 

fibers), which are seen frequently in unidirectional composites. Inter-lamina cracks for 

multidirectional (i.e. plain weave) composites are similar to unidirectional cracks. Dorey 

concludes that the residual tensile and flexural strength, for the surface treated carbon 

fiber laminates tested decreases due to low velocity impacts (up to 60 , 1.8J), is at a 

minimum for intermediate velocity impacts (60  to 80 , 1.8J to 3.2J), and actually 
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increased slightly from the intermediate velocity impacts for the high velocity impacts 

(greater than 80 , 3.2J). The low velocity impacts responded in bending. The high 

velocity impacts produced relatively clean holes through the laminates, which is believed 

to be an effect of the fiber surface treatment, and the laminate responded more as a rigid 

body. The intermediate velocities had a combination of bending and rigid body 

displacement which was shown to be the worst case scenario.  

 In work performed by Caprino et al. [64] in 1984, they developed a model derived 

from impact energy to help predict the response of composite materials to low velocity 

impacts. They conclude that their energy consideration model can be useful in situations 

where vibration and damping do not play a significant role in how the component reacts 

to impact loading. One of their most important conclusions is that low velocity impacts 

reduce residual tensile and compressive strengths. 

 In 1988 Dahsin Liu [78] performed impact tests on a variety of different 

unidirectional composites materials, including Kevlar, graphite, and glass composites. 

Liu analyzed various stacking sequences and ply-orientations. Liu concluded that 

delaminations occurs between lamina with different ply-orientations, and the extent of 

delamination is dependent on the severity of angle mismatch. Additionally, it was shown 

that the delaminations resemble a peanut like shape.  

 In 1989 Cantwell and Morton [66] looked at the effects of low and high velocity 

on carbon fiber laminates. They concluded that there is a significant reduction in residual 

tensile properties for both low and high velocity impacts, and high velocity impacts 

produced greater delamination, leading to a greater reduction in residual properties, until 

energies exceeded the samples perforation limit at which point there is a slight 
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improvement in residual tensile strength. These finding are in agreement with those 

found in G. Dorey [77]. Additionally, Cantwell and Morton conclude that geometry of 

the specimen along with the supporting structure plays a larger role in dictating the 

specimen’s impact response under low velocity impacts more so than in high velocity 

impacts. 

 The effect of ply-thickness as it relates to various notched tensile, compression, 

and impact tests was studied by Amacher, in 2014 [79]. Their impact tests were 

conducted on thick, intermediate, and thin ply laminates. Their results show that the 

dominant damage mechanism for thick ply laminates is delamination, for intermediate 

ply laminates it is delamination and fiber breakage, and for thin ply thickness it is 

translaminar cracking. Based on their results they conclude that the intermediate ply-

thickness out performs both the thin and the thick ply laminates for equivalent impact 

energies.  

 
 2.4.2.2 NDT of impact damage. In 1985 Cantwell and Morton [70] evaluated the 

capability of detecting damage for high velocity impacts of 4J and lower in unidirectional 

carbon fiber laminates by means of two non-destructive techniques ultrasound and X-

radiography, and two destructive techniques thermal (burn-off) deply and optical 

microscopy. They concluded that the ultrasonic C-scan method was good at providing the 

presence of an overall delamination but could not resolve the damage location through 

the thickness of the laminate. The X-ray technique was a useful technique for capturing 

cracks greater than or equal to 10mm in length as well as the delamination area, which 

tended to be less than the delamination area found via ultrasound. The X-ray technique 

required some surface flaw to allow the fluid used for X-ray scattering to penetrate the 
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laminate. The deply technique was able to get information regarding delamination and 

fiber fracture, but not matrix cracking, this is because the deply technique requires 

removal of the matrix using heating. The optical microscopy technique is able to 

distinguish between the different types of damage and is the only technique that yields 

information regarding how fracture is initiated. 

 In 1988, Preuss and Clark [67] presented a C-Scan system that was developed to 

measure delaminations in aircraft components. They were able to get large delaminations 

on a layer by layer basis starting with interface eight in a 24 lamina thick composite 

manufactured with uni-directional carbon fiber. This is done by selecting specific gates 

for the interfaces. The current author believes that this required knowledge of the 

composite (e.g., stacking sequence or material properties) combined with trial and error 

for selecting the right gates. The current research is able to definitively select gates that 

encompass the lamina interfaces purely based off of the B-scans without needing any 

composite related information The lower bound of delaminated area that Preuss and 

Clark were looking at was 100mm2 with an upper bound close to 600mm2, for the one 

figure they provided, This area range is much greater than the damage areas presented in 

the current dissertation, 15 mm2 to 236 mm2. The results of Preuss and Clark show 

promise in C-scan technology to capture delaminations in a plane as well as depth 

location of these delaminations. They also showed that delaminations expand radially 

throughout the component as you move deeper into the component away from the impact 

surface.  

 In 1989, Wooh [60] developed an ultrasonic system that used a highly damped 

10MHz focused transducer with a sampling rate of 200MHz, in a pulse-echo 
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configuration. Data was processed and 3D plots depicting the low velocity impact 

damage and film patch inclusion were created. This was accomplished by selecting a gate 

that encompassed the entire A-scan waveform (i.e. from the front surface to the 

beginning of the back surface) and a second gate from the beginning of the back surface 

to just behind the back surface. Different threshold values were used, and if the signal 

was above this value it was stored and used for B-scan and C-scan plotting. The images 

provide a general shape of damage but do not provide area dimensions, depth dimensions 

(in units of time or distance), or reference to specific ply interfaces. Additionally, due to 

the low resolution of the images it is extremely hard to identify the actual damage profile, 

this is believed to be due to technology limitations. While 3D images are produced, they 

are not suitable for quantifying damage or helpful for an engineering or technician to base 

a technical decision off of (i.e., how to repair damage). To the author’s best knowledge, 

the work by Wooh is the earliest study that has represented low velocity impact damage 

in a 3D format. 

 In work by Kaczmarek and Maison [80] an effort was made to compare low 

velocity impact tests to static indention tests, and develop a new ultrasonic analysis 

technique for determining the delaminations throughout the thickness of the composite, 

specifically carbon fiber laminated composites. Their ultrasonic analysis technique, 

which they referred to as ply-by-ply analysis, involved breaking up the signal into – 

typically – five bins which they refer to as “interfaces”. The bins start approximately 

0.28mm into the composite and end at the back wall. The division of bins and bin 

locations are determined by knowing a-priori the lamina thickness they are scanning. 

Based on the current author’s understanding, the bins used actually contain multiple 
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(four) laminas each, and thus the term ply-by-ply analysis has a different meaning in the 

current dissertation. The current dissertation looks at all individual interfaces, not groups 

of interfaces. Kaczmarek and Maison do their best to prevent too much overlap between 

bins. This technique allows them to get delamination area for their “interfaces”. Their 

minimum impact energy (0.52J, 0.60m
s
) produced an unmeasurable delamination area and 

indention depth, their second highest impact energy (1.38J, 0.98m
s
) produced a 

delamination area equal to 10mm2 with an indention depth of 0.01mm and their highest 

impact energy (7.08J, 2.22m
s
) produced a delamination area of 480 mm2 with an indention 

depth of 0.52mm. They conclude that static testing and low velocity impact tests produce 

similar results, and that their ultrasonic testing method shows the radial propagation of 

damage as you move deeper into the laminate.  

 In 1995 Scarponi et al. [81] discussed damage caused by drop weight impact for 

plain weave carbon fiber composites. From their nondestructive testing results using an 

ultrasound technique they found the largest interface of damage. However, due to the 

gate size, only the largest damage area is recorded without regard to depth. 

 Whooh and Wei [61] applied a homomorphic deconvolution technique to their 

ultrasonic signal in order to get much cleaner images for determining the location of a 

Teflon inclusion. They are able to isolate the inclusion very nicely and produce a very 

clear B-scan image which can show the location of the inclusion in regards to time depth. 

Without knowledge of manufacturing information (e.g., laminate stacking sequence) 

there is no way to know the depth in terms of a distance (i.e. units of length) or the depth 

in relation to other lamina (e.g., the inclusion is between lamina 5 and 6). They used an 
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immersion ultrasonic system in a pulse-echo configuration with a 2.5 MHz transducer 

and a sampling frequency of 1 GHz. 

 In 2000, Scarponi and Briotti [62] present an ultrasonic technique to locate Teflon 

disks and delaminations in a variety of composite materials. Their system, fully discussed 

in Scarponi and Briotti [82] uses an ultrasonic contact transducer, which presents 

challenges when the surface of the component is curved or when there is significant 

surface damage. They are able to calculate bulk delamination areas within the composite, 

as well as locate the depth of a Teflon disk. System calibration must be performed prior 

to scanning in order to get accurate depth results, thus one must know significant 

information about the acoustic behavior of the component prior to scanning in order to 

get information regarding the damage.  

 Symons [83] used a C-scan technique and an X-ray technique to compare the 

surface indention and delamination results from low speed, high speed, and quasi-static 

indention tests. Based on these non-destructive techniques Symons was able to conclude 

that, for equal energy levels, low speed and quasi-static indention tests produce similar 

delamination areas but quasi-static indention produces a greater permanent surface 

indention. 

 R žek et al. [44] used a visual technique, a through transmission ultrasonic 

immersion C-scan system and laser shearography to measure the damage caused by low 

velocity the impact test (1.4m
s
 to 5.3m

s
, 10J to 40J) in their honeycomb composite 

structures. They conclude that the ultrasonic C-scan system is not a suitable technique for 

the Barley Visible Impact Damage as it significantly under predicts the damaged area 

when compared to the other two non-destructive testing techniques. They conclude that 
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laser shearography is a viable technique for inspecting BVID. Comments regarding the 

C-scan system specifications (i.e. resolution, and transducer) were not included in the 

original paper. 

 Ray et al. [84] compared a thermal imaging technique with a two probe ultrasonic 

technique in the pulse-echo configuration. They examined unidirectional carbon fiber 

composites that had metallic defect placed inside the laminate during manufacturing. 

They conclude that the thermal imaging technique was quick and repeatable for detecting 

the defect, whereas the ultrasound system had difficulty resolving sharp corners.  

 Benammar et al. [85] used a split spectrum processing technique and an expected 

maximization signal analysis technique to process ultrasonic data and effectively 

determined the location of a defect within a carbon fiber laminate. They used an 

immersion style ultrasonic pulse-eco scanning system with a 2.25MHz transducer. By 

knowing the speed of sound of the material they are scanning, they were able to quantify 

the depth in terms of distance for the defect.  

 In 2011, Garnier et al. [86] performed a study where they compared ultrasound, 

infrared thermography and shearography. They looked at three different aircraft samples 

that had either been damaged in service or in the lab (for example, an impact test). All the 

samples had different geometries to demonstrate the breadth of their conclusions. They 

conclude that infrared thermography and shearography are very quick (less than one 

minute) and can detect the presence of a defect in the various specimens. Their 

commercial ultrasonic phased array system, utilizing a 5MHz frequency, was the only 

method that was able to quantify the depth location of the defect. The ultrasonic method 

also identified the defect with the highest precision. However, the ultrasonic method was 
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significantly slower (upwards of 30 minutes). They recommend the use of multiple non-

destructive testing techniques when analyzing a component. A similar conclusion can be 

seen in work by Meola et al. [74] who compared an infrared thermography technique 

with a phased array ultrasound technique. They concluded that the thermography 

technique was much quicker and did not require contact with the surface to detect 

damage, but the ultrasonic system had a better depth resolution and could detect deeper 

damage. 

 Similarly, Perez et al. [73] used a commercial 5MHz ultrasonic phased array 

system to look at the damage caused by low velocity impacts in carbon fiber laminates. 

The system showed that damage expands radially as you move deeper in the laminate, 

and they are able to get a depth measurement based on known material and 

manufacturing information. They conclude that their ultrasonic inspection technique is 

viable for damage detection, but it can be a time consuming process if you do not know 

where to begin looking for the damage.  

 In work by Ben et al. [87], the authors decided to investigate the use of ultrasonic 

lamb waves for damage detection. These authors calculate a “damage intensity” term 

which requires a scan of an undamaged part for comparison to the scan of the damaged 

part. They conclude that this ultrasonic method can determine if the sample is damaged, 

but it is not able to give a location of damage. Lamb wave signal analysis can also be 

seen in work by Kudela et al. [88]. 

 In 2015, Poudel et al. [89] developed a nearest mean statistically analysis 

technique to differentiate between regions with no defect, foreign object inclusion, 

impact damage, and porosity. They accomplished this by training their system with 
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known manufacturing information, and once trained the system was able to differentiate 

between the defect types. Based off data obtained from their ultrasonic immersion 

system, with a 5MHz focused transducer, they were successful at determining what type 

of defect is present, but their system does not provide information regarding size or depth 

location of the defect. The idea of training a system to correctly identify a certain defect 

type can also be seen in work by Barry et al. [45]. 

 Castellano et al. [90] presents an immersion system and scan technique similar to 

the one used by the current authors. They are interested in characterizing damage in glass 

fiber reinforced polymers with a 1MHz unfocused ultrasonic transducer. They also 

develop a new damage parameter based on continuum mechanics to help quantify 

damage. Based on velocity differences between the damaged and undamaged regions 

they are able to characterize their material. In additional work by Castellano et al. [91] a 

technique for calculating the stiffness tensor is developed from off axis ultrasonic scan 

data and the Christoffel equation. They are able to determine the reduction in stiffness 

tensor from fatigue loading after LVI [91] as well as the reduction in stiffness tensor due 

to LVI and quasi-static indention [92]. For their LVI tests – just below 2  and just below 

2J – they showed a reduction in stiffness tensor values up to 13% [92]. This is a very 

useful approach and does not require knowledge of the material system, however, it does 

not provide any information regarding location or size of damage.  

 In recent work in mid 2019 by Zhang et al. [93] a technique to determine the 

presence of damage for BVID and VID was developed utilizing an ultrasonic pitch-catch 

experimental procedure and an excitation source to excite the specimen at its resonance 

frequency. Their technique is not able to quantify the damage region (e.g., size, shape, or 
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location) but does provide a quick means of determining if a specimen does in fact have 

damage. The current research compliments that of Zhang et al. by providing detailed 

information regarding the BVID (e.g., location, depth, and extent of damage).  

 The above literature shows there has been significant development in NDT over 

the years, with specific focus on BVID. There are many more applications for NDT that 

were not discussed, such as: looking at the variations in impact damage due to different 

manufacturing techniques [18], characterizing the impact response of different fibers 

[94], studying how variations in impactor properties effect the size and location of 

damage [41]. There are also many additional papers that provide comparisons between 

the various NDT techniques (see e.g., [63], [95]). It should also be mentioned that there 

are a variety of other NDT techniques used to characterize defects/damage – such as 

laser-ultrasonic spectroscopy [96], pulsed eddy current [63], and PZT sensing [97] – that 

will not be discussed. Additionally, the literature shows that there are many other signal 

analysis techniques and the development of new variables to express defects/damage (see 

[22], [90], [98], [99]). The variation in material properties when discussing composites as 

a whole is so vast that there is no single technique that can do everything. There is a 

tradeoff when selecting an NDT technique and typically is associated with time the 

operator is willing to wait for results and the desired resolution. 

 As can be seen above, there is a significant limitation in the field of ultrasonic in 

being able to determine the size and location of damage without knowing manufacturing 

or material information. There are often situations where aircraft modification companies 

are contracted to perform some kind of change to the aircraft. These companies typically 

do not manufacture the aircraft and may not have access to manufacturing documentation 
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(e.g., they don’t exist due to the age of the aircraft or they are proprietary and maintained 

by the manufacturer). Being able to distinguish the location of damage in reference to 

individual lamina is a significant contribution.  

 
 2.4.2.3 Examples of NDT in other industries. Large networks of pipes are used to 

transport oil and gas over great distances [100]. However, access to some of these pipes 

is not always a trivial task, as they might be buried underground [101]. Often times 

Pipeline Inspection Gauges (PIGs) are sent inside the pipeline to look for defects by 

employing an NDT technique. Three of the common NDT techniques used in conjunction 

with a PIG are Magnetic Flux Leakage (MFL), Ultrasonic, and Eddy Currents [102], 

MFL and Eddy Currents are Electromagnetic Testing techniques. Mazraeh et al. [100] 

has performed research on the development of new PIG devices that are able to adapt to 

pipelines that have varying diameter. They showed that their new device, which utilized 

ultrasonic sensors, could be used for detecting cracks in pipelines with varying diameters. 

Work performed by Wu et al. [20] develops a technique that incorporates two NDT 

techniques (MFL and Eddy Currents) to detect both axial and circumferential cracks with 

just a single scan. Their new system show promise in being able to accomplish their goal 

of reducing inspection time.  

 
 2.4.2.4 Modeling damage. Detecting defects and damage has been discussed 

extensively in the previous section. It is important to note that there has been plenty of 

work to predict and model damage caused by various loading conditions.  

 Moura and Marques [103] published work using shell elements in ABAQUS to 

predict the shape, orientation, and area of delaminations in carbon fiber composites 
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subjected to low velocity impacts. Their model was in good agreement with experimental 

results for shape and orientation of delaminations but the delamination area predictions 

were not in good agreement.  

 In work by Long et al. [104] the Finite Element Method (FEM) is paired with the 

Hashin damage criteria for intra-lamina damage and cohesive contact for the inter-lamina 

damage. Their model is in reasonable agreement (i.e. less than 27% error) when 

predicting indention depth due to low-velocity impacts. They did not present a 

comparison between experimental and modeled damage throughout the laminate, and 

they comment that it will be the focus of future work.  

 In work by Riccio et al. [105] an impact damage FEM code was developed, and is 

similar to Long et al. [104]. The authors used ABAQUS explicit to model a drop weight 

impact on a uni-directional carbon fiber laminate. Their model paired continuum damage 

mechanics for intra-lamina damage with cohesive zone modeling for inter-lamina 

damage. Their pairing of these models allows for intra-lamina damage (i.e. matrix 

cracking) to affect the inter-lamina damage and their experimental results were in 

reasonable agreement with their model, with all but one of their measurements having an 

error of less than 21%. They note that their intra-lamina modeling does not include 

macro-cracks or delamination.  

 Similarly, in work by Zhang et al. [106] an impact damage model using 

ABAQUS explicit was created. The intra-lamina damage was modeled by the Hashin 

criteria and the inter-lamina damage was modeled by cohesive zone elements. Their 

model produced reasonable results when compared with their experimental work for 

impact force and impact energy as a function of time and impact force as a function of 



45 

impactor displacement. They present model predictions for damage at the interfaces but 

do not present experimental work (e.g., ultrasonic NDT) to help validate the model.  

 Damage modeling has come a long way. The work that was just discussed is just 

to show that this is an active area of research. Additional FEM studies can be found in a 

review by Bogenfeld et al. [107] where many methods are presented and each has its own 

set of pros and cons. As well as in work by Soto et al.[108] where the authors looked 

specifically at thin ply laminates, and present a model backed by experimental validation 

that are in good agreement. Accurately characterizing the actual damage geometry via an 

NDT technique (e.g., the current research) could not only help with determining if a 

component is still fit for service and how to repair it, but could also help in further 

validating these FEM models and enhancing the validity of FEM methods for damage 

modeling and load capacity. 

 
2.4.3 Bond and NDT 

 
 The use of an adhesive to join components is desirable in a variety of applications 

as compared to rivets or bolts. An adhesive joint reduces the amount of machining 

required, enhancing load transfer by better producing a more uniform stress distribution, 

and creates a seal between the two components [46]. The adhesive region however is 

subject to similar defects/damage as those described in the previous section. These 

defects/damages could include porosity, cracks, poor surface bonding, or voids, and it is 

shown in the literature that defects [109] and lack of bonding [110] play a role in the 

reduction of mechanical properties. Careful and meticulous manufacturing techniques are 

useful to a point, but the use of NDT techniques to provide post cure or in-service 

analysis of adhesive regions is critical.  
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 The typical bonding process uses one of three types of adhesives: liquid, paste, or 

film. The liquid and paste can be applied with brushes or rollers and the film can be 

applied by hand or automation, and the curing process is dependent on the adhesive used. 

It is critical that bond thickness not be too thin, as this can cause adhesive starved regions 

and disbonds, but also not too thick, as this can cause a significant variation in bond 

strength and issues with geometric tolerance. Some techniques are used in order to 

provide a minimum bond thickness such as incorporating fibers or glass microspheres 

into the adhesive to prevent the bonding surfaces from getting too close [9]. Additionally, 

as mentioned previously, bond thickness plays a significant role in the determination of 

final component properties (see e.g., [47]–[51]).  

 In the early 1900’s Fokker began using adhesive bonding, specifically in the 

aerospace industry. Fokker then developed a bond testing device, the Fokker bond tester 

(FBT), in the 1970’s to obtain information about the adhesive bond (i.e. thickness and 

defects). However, the FBT requires significant calibration based off of known samples 

before it can be used [111]. 

 In 1981, D. J. Hagemaier [112] presented work on the development of a new 

immersion style ultrasonic system to detect different defects in the adhesive bond 

between aluminum panels. Hagemaier fabricated a sample with known voids at the 

doubler-to-skin bond line and skin-to-skin bond line. This ultrasonic technique utilized 

the 210 Bondtester which has a frequency range of 100Hz to 6MHz. The paper concludes 

that this technique is viable for detecting voids in the adhesive region of bonded 

aluminum panels. 
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 Similarly, Rose et al. [113] used a 10MHz ultrasonic immersion transducer in a 

pulse echo configuration to look at the bond between two metal sheets. They developed 

an algorithm that was trained using data from known samples. They concluded that pulse 

echo ultrasound is a viable technique for looking at bond quality.  

 In work by Reis et al. [114], they used a two probe ultrasonic technique to capture 

ultrasound data and analyzed this data to compute a “Stress-Wave-Factor”. Based on 

their calculated “Stress-Wave-Factor” and peel strength tests they concluded that samples 

with a lower peel strength had a lower “Stress-Wave-Factor”. 

 In 1992 Hsu and Hughes [115] published work on simultaneously determining the 

thickness and speed of sound through a material using a variety of ultrasonic 

configurations. All their ultrasonic configurations were able to accurately predict 

thickness and speed of sound for their quartz validation material and their of carbon fiber 

composites. Based on the layout presented in their work for the pulse echo configuration, 

it is believed that they relied on a wall at some known distance from the back side of the 

sample to reflect the ultrasound signal back to be received by the transducer. Their pulse 

echo configuration performed well but it is unclear if they would have the same accuracy 

and precision in thickness and speed of sound measurements if there was another material 

with unknown thickness directly behind (touching) the material that they are interested in 

measuring. The idea of simultaneously determining material properties from ultrasonic 

scan data is continually discussed in literature. Chen et al. [116] presents work where 

they are able to simultaneously determine the thickness, density, material attenuation, and 

velocity through the material. They are able to do this for single layer materials. 

Additional methods for simultaneously determining properties can be found in the 
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literature (see e.g., [115], [117], [118]) however, none of these techniques discuss 

methods for determining the bond region thickness of a bonded component or even more 

specifically, a carbon fiber laminate bonded to a carbon fiber laminate. 

 In a paper published by Maev et al. [38] in 1998, a five layer polymer plate 

(HDPE, ADMER adhesive, EVON, ADMER adhesive, HDPE) was fabricated and 

scanned using a pulse-echo ultrasonic technique. Knowing the sound velocity for the 

various materials and obtaining the time delay for all layers based off the A-scan; they 

are able to determine the thickness of each material region. Their raw A-scan shows very 

distinct peaks at each of the interfaces which can be contributed to the homogenous 

properties of the materials being used. This clarity in A-scan aids in determining the time 

delay for each material layer. When using layered composite materials the waveforms 

become more chaotic and a different analysis technique needs to be used. The current 

research uses summed B-scans over a total scan region to locate the layer interfaces. 

 Similarly, in work published by Sousa et al. [119], in 2007, they used a two probe 

pulse-echo configuration to perform off axis ultrasonic scans. Their analysis technique 

consisted of analyzing the data that was sent and received by the same transducer, as well 

as the data that was received by a different transducer. Three thick (6.2mm ~ 13.1mm), 

two to three layer, samples were investigated. These samples were various combinations 

of isopropyl alcohol, acrylic, PVC, and water. The liquid layers were contained in 

cylindrical aluminum shells that had open ends. Their scanning technique required many 

permutations of x, y, and z translations as well as rotations about the z-axis, and it is 

believed that the reason for z translation is so they can focus the transducer on the various 

interfaces. Their technique also required an aluminum plate to be in direct contact with 
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the back side of the deepest layer. The aluminum plate allowed for higher energy 

reflections back to the transducer. With their setup they were successful in obtaining 

layer thickness and speed of sound through the layers. 

 In 2003, Allin et al. [120] performed experimental testing on bonded metallic 

components using an ultrasonic technique, and determined the mode 1 resonance 

frequency for their specific material system. By knowing the mode 1 resonance 

frequency they are able to determine if there is a bond or disbond over their component. 

They also experimentally developed a relationship between bond thickness and resonance 

frequency. They present a viable technique for the automotive industry, but the 

relationships between mode 1 resonance frequency, bond, dis-bond, and bond thickness 

have to be developed before any quality control can take place. An additional study that 

develops an alternative signal analysis technique to determine dis-bonded regions in 

bonded metallic components can be found in Titov et al. [121]. 

 In 2016, Stair et al. [122] used a variety of different ultrasonic techniques 

(contact, immersion, and phased array) to assess the bondline between a carbon fiber 

laminate and an aluminum plate. They performed scans from the carbon fiber side as well 

as the aluminum side and concluded that ultrasound is a viable technique for detecting 

disbonds between a carbon fiber laminate and an aluminum plate. They also concluded 

that the surface roughness of the scan side factors into the quality of the scan.  

 In 2016, Praher and Steinbichler [123] used an undamped ultrasonic transducer in 

a pulse-echo configuration to measure the liquid thickness of a melted polymer between 

the barrel and the screw of an injection molding machine during manufacturing. 

Additionally they validated their measurement technique by measuring the thickness 
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(30 m – 200 m) of a water gap between two steel plates. Due to the undamped 

transducer, they had to worry about signal overlap from the various interfaces. Based on 

their water thickness validation testing, they concluded that their technique was a viable 

option for measuring thin thickness liquid regions.  

 Additionally, in 2016, Taupin et al. [124] presented a paper that discussed the 

feasibility of using Leaky Lamb waves with a one sided pitch catch technique for 

adhesive thickness measurements specifically for titanium and composite bonded 

components. They present a brief discussion on the modeling of their titanium-adhesive-

composite system where the adhesive region has a thickness of 100 m or 300 m, and 

conclude that this NDT is viable for measuring the adhesive thickness between titanium 

and composite. There is mention of experimentally testing three samples but sufficient 

information regarding these experiments is missing (e.g., fabrication, dimensions, etc.). 

They conclude that through experimental testing their NDT method is viable for 

measuring adhesive thickness, but results are not presented.  

 On December 19, 2018 the current author had a phone conversation with Edward 

Hohman [125] (Associate Tech Fellow, NDE Laboratory) at Bell Helicopter to discuss 

current industry practices and limitations. In typical carbon fiber – carbon fiber bond 

applications a scrim cloth is used with the adhesive to prevent the bond thickness from 

being too thin. The typical scrim cloth thickness is around 0.005in (0.127mm). One of the 

issues in measuring bond thickness is being able to determine if a bond is too thick, as 

thick bonds have higher signal attenuation. Additionally, a current limitation in the 

industry comes from having to manufacture calibration wedges for each specific material 

system. The signals obtained from the calibration wedges are compared to signals 
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received in the quality control process and based on this comparison one can determine 

the bond thickness. While this process yields good results there is a desire to have a 

system/method of determining bond thickness without having to compare results to 

known calibration samples. The current author present a method of measuring bond 

thickness without the need for calibration samples or calibration data.  

 
2.5 Conclusion 

 
 This chapter has provided a foundation for composite materials as well as various 

manufacturing techniques and industries where composites are heavily used. 

Additionally, this chapter has provided insight into the world of nondestructive testing 

with a focus on composite materials. Various NDT techniques were presented and briefly 

discussed, however ultrasound was discussed in much greater detail. This chapter 

concluded with a review of literature in the field of NDT as it specifically applies to 

detecting and quantifying impact damage, and measuring material thickness, specifically 

the thickness between two carbon fiber laminates. The research presented in this 

dissertation uses an ultrasonic pulse-echo technique with a highly damped spherically 

focused immersion transducer. The following chapters will go into detail about the 

current research and significant contributions to the field of NDT made as part of this 

dissertation.   
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CHAPTER THREE 
 

Ultrasonic Scanning and Carbon Fiber Laminate Fabrication 
 
 

 This chapter will cover general components and processes used in the current 

research for ultrasonic scanning and carbon fiber laminate fabrication. The process used 

for scanning and laminate fabrication are the same for both the Barley Visible Impact 

Damage (BVID) and adhesive layer thickness measurements.  

 Two systems are employed by the current research. A lab scale high resolution 

full immersion system allows for fast detailed scanning and is used for studying new 

concepts (e.g. adhesive thickness measurements, BVID, foreign object detection, wrinkle 

detection, etc.). Once the scanning and analysis techniques are developed on the 

immersion system these procedures are used to perform studies on the same concepts 

using a portable system. This chapter will discuss the components of both systems. Both 

of these systems are used for the BVID and adhesive layer thickness measurements. 

There are similarities between the systems and the reader may find some of the 

information redundant between section 3.1 and 3.2. The sections are not dependent on 

one another and is written in this way such as to avoid confusion. 

 
3.1 Immersion System 

 
 The immersion system schematic described by the author is shown in Figure 3.1 

and the actual system excluding motor controllers, Linear Variable Displacement 

Transducer (LVDT) components, and pulser/receiver is shown in Figure 3.2. From Figure 

3.2 the gantry system surrounds a glass tank full of water, which houses a component 
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mounting stand with four adjustable legs. These adjustable legs can be adjusted during 

the scan set-up procedure to ensure the surface of the component of interest is always 

normal to the ultrasonic transducer lens. The immersion system gantry is comprised of a 

Velmex parallel Bi-Slide for  translation, a single Bi-Slide for  translation, a single 

X-Slide for  translation, and a rotary stage for  translation. It should be noted that the 

 and  axis are not used in scans presented in the dissertation, but are used for 

developing scanning procedures for curved structures [126]. The translation stages are 

controlled by two Velmex motor controllers that are paired to each other. A Linear 

Variable Displacement Transducer (LVDT) from RDP Electronics  model ACT 3000A  

with a linear range of ±75mm (±3in) is used to monitor the  position of the ultrasonic 

transducer for precise firing timing of the ultrasonic transducer which is controlled by a 

custom LabView VI. The LVDT is powered by a DC power supply and communicates 

with the computer via a NI USB 6009 data acquisition card. A US-Ultratek EUT 3160, 

set-up in a pulse-echo configuration, is used for transmitting and receiving the ultrasonic 

acoustic signal. The maximum sampling rate for this pulser/receiver is 160MHz and this 

is the sampling rate used for all ultrasonic scans performed in this research. This system 

is compatible with a wide variety of ultrasonic transducers. The current research uses an 

Olympus 10MHz 12.7mm (0.5in) diameter spherically focused transducer with a nominal 

focal length of 38.1mm (1.5in). 
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Figure 3.1 Immersion System Schematic 
 
 

 
 

Figure 3.2 Actual Immersion System 
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 Immersion scan setup includes mounting, leveling, and focusing the sample with 

the specific ultrasonic transducer. Coarse transducer focusing is done by physically 

moving the ultrasonic transducer closer or further away from the sample. Fine focusing 

and leveling is performed by adjusting the feet on the component mounting stand. The 

component mounting stand can be seen in Figure 3.2 and a more detailed view can be 

seen in Figure 3.3. The leveling legs allow the sample to be placed normal to the 

translation stage. The  axis is then used to bring the transducer to a fixed offset off the 

part surface. The transducer is focused into the laminate within 200 samples of the front 

wall reflection, as indicated in Figure 3.6. The focal length in terms of samples is defined 

as  2   (3.1) 
 

where 3.843  1.513  is the focal length in terms of distance for the 

transducer provided by the manufacturer, 1484  is the speed of sound for water, 

and  is the sampling frequency which is 160MHz for all the scanning performed in this 

dissertation. Thus, the focal length in terms of samples for this transducer is 8286 

samples. A trigger delay of 7000 samples is used for this figure, which means the first 

7000 samples are not plotted and thus the focal point occurs are 1286 samples for plotting 

purposes.  
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Figure 3.3 Immersion System Sample Mounting Stand 
 
 

3.2 Portable System 
 

 The portable system, shown in Figure 3.4, is very similar to the immersion 

system. The main difference is that the sample being scanned is not immersed in water. 

The portable system utilizes a nozzle developed by the current author, and fellow 

researchers, that houses the ultrasonic transducer and water. The nozzle has been fully 

detailed in an ongoing patent application process. A flexible liquid based silicone from 

Stockwell Elastomerics (item #: HT-6240) with a thickness of 0.254mm (0.01in) is used 

for the lens and is placed on the end of the nozzle. An acoustic gel, in the current research 

Echo Pure medium viscosity acoustic gel or Magnaflux Ultragel 2, is used to acoustically 

couple the ultrasonic acoustic signal to the sample being scanned. The lens material and 

gel are selected because they have a similar acoustic impedance as water, which 

minimizes the reflection at the interfaces. The nozzle is designed not to leak during 
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scanning thus allowing for scanning at any orientation as long as the ultrasonic transducer 

remains normal to the sample surface. The nozzle can be easily modified to fit gantry 

systems, robotic arms, etc. For this research the nozzle is mounted to a gantry system 

which utilizes Velmex X-slides for translation in the  and  directions controlled by a 

single Velmex motor controller. A RDP model 2000A LVDT with a ±50mm (±2in) linear 

range is used to precisely determine the position of the ultrasonic transducer for firing as 

it traverses along the  axis. The pulser/receiver used for transmitting and receiving the 

ultrasonic acoustic signal, in a pulse-echo configuration, is a US-Ultratek EUT 3160 set 

to sample at 160MHz and paired with a 10MHz spherically focused 12.7mm (0.5in) 

diameter Olympus transducer with a nominal focal length of 38.1mm (1.5in). Samples 

are mounted in the sample holder shown in Figure 3.5 and the sample holder is put in 

place under the nozzle. The acoustic get, which is stored upside down to allow for air 

bubbles to accumulate away from the gel container exit, and preventing air bubbles from 

being deposited on to the sample, is applied liberally to the surface of the sample making 

sure the nozzle lens is slightly pressed in to the gel. The “Gum Tape” shown in Figure 3.5 

helps contain the gel from spilling over the edges during repeated scans. A coarse 

transducer focusing comes from sliding the ultrasonic transducer tube in or out of the 

transducer tube coupler, and a fine focus is obtained by turning the transducer tube 

coupler clockwise or counter-clockwise. The transducer is focused into the laminate 

within 200 samples of the front wall reflection, as indicated in Figure 3.6. A trigger delay 

of 7000 samples is used for this figure, which means the first 7000 samples are not 

plotted and thus the focal point occurs are 1286 samples for plotting purposes. The focal 

point is obtained from the data sheet provided by the manufacturer. Sample leveling is 
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obtained by adjusting the four rubber feet on the corners of the gantry. All of these 

components are shown in Figure 3.4. 

 

 
 

Figure 3.4 Ultrasonic Portable System  
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Figure 3.5 Portable System Sample Holder 
 
 

 Although the nozzle lens has a similar acoustic impedance to water, it still causes 

a reflection wave. Special consideration must be made when setting up the portable 

system to make sure the ultrasonic transducer is in focus with the sample, but also that 

the second reflection of the nozzle lens occurs in the time after the wave from the back 

wall of the part is obtained. This behavior is shown in Figure 3.6. Note, time in this figure 

is in units of samples, where collection is taken at 160 10  samples per second. In order 

to shift the second reflection of the lens back in time the entire nozzle housing must be 

moved farther away from the surface of the sample, accomplished by adjusting the rubber 

feet. However, the nozzle cannot be moved to far from the surface because it still needs 

to be pressed against the acoustic gel. 
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Figure 3.6 Nozzle Lens Reflection 
 
 

3.3 Ultrasound System Control and Communication 
 

 All ultrasonic scans are obtained using a rastering pattern as depicted in Figure 

3.7. Scan resolution (i.e. distance between individual A-scans) is limited by how coarse 

or fine the translation stage screw is. The Bi-Slides used for the immersion system have a 

minimum scan resolution of 0.005 . The X-slides for the portable system use 

different screws, where the  translation stage has a minimum scan resolution of 

0.00125  and  translation stage has a minimum scan resolution of 0.0025 . 

However, for all scans performed in this research a scan resolution of 0.2  is used, 

and is consistent with previous studies [53]. The “Scan Marker” seen in Figure 3.7 is a 

separate material attached to the sample to indicate the origin of the scan at the lower left 

most corner of the scan region. The marker is especially helpful for the BVID samples 

because it ensures that the scan region is the same for the pre-damage and post-damage 

scans. 
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Figure 3.7 Ultrasonic Scan Rastering Pattern  
 
 

 All aspects of the scanning procedure are controlled by a custom LabView 

program written by the present author along with his colleague Nate Blackman. A 

schematic of the scanning process is shown in Figure 3.8. The raw scan data is saved on 

the computer and all post processing of the raw data is performed in MATLAB using 

custom programs written by the author which are discussed in Chapter Four for BVID 

and Chapter Five for adhesive layer thickness measurements.  
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Figure 3.8 Schematic of Scanning Procedure [127] 
 
 

3.4 Carbon Fiber Laminate Fabrication 
 

 A Vacuum Assisted Resin Transfer Method (VARTM), shown in Figure 3.9 is 

used for infusing the dry carbon fiber fabric with resin. The resin used is a Proset INF 

114 resin and Proset INF 211 hardener. Prior to fabrication the tooling is thoroughly 

cleaned with acetone and is then polished using Partall high temp wax. The dry carbon 

fiber fabric is cut out at the desired orientations using an overhead projector that projects 

a templet down on the raw fabric for the desired angle. All dry carbon fiber fabric has 

planar dimensions of 17.78cm x 25.4cm (7in x 10in). The edges of the tool are cleaned 
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with acetone, after the tool is waxed, in order to remove the wax to allow for proper 

adhesion of the gum tape. The gum tape is placed around the perimeter of the tool and is 

used to attach to the vacuum bag. Peel-ply is laid on top of the carbon fiber, followed by 

infusion mesh, followed by a second layer of peel-ply, and lastly the vacuum bagging 

material. The first layer of peel-ply allows the manufacturer to easily remove the infusion 

mesh, and the infusion mesh aids in the even dispersion of resin. The final layer of peel-

ply helps prevent the infusion mesh from puncturing the vacuum bagging material. The 

vacuum bagging material adheres to the gum tap to produce an airtight seal when vacuum 

is pulled. Two pieces of spiral (helix) tubing traverse both sides of the part to allow rapid 

resin spread and flow. PVC tubing is connected to the end of each spiral tubing and is 

used from transporting resin in to and out of the bagged system.  

 

 
 

Figure 3.9 VARTM Infusion Process 
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 Resin is prepared following the manufacture’s procedures and all components are 

shown in Figure 3.10. Resin is weighed in polypropylene mixing containers and the 

weight is recorded. Next, hardener is added to the resin at a ratio of 3.65:1. So for every 

3.65g of resin, 1g of hardener is added. The resin mixture has a working time of 30min, 

after this time gelation initiates and the mixture becomes more viscous and does not flow 

through the carbon fiber fabric. Prior to infusion the resin and hardener are mixed by 

placing the mixing container in a heated bowl of water until a homogenous consistency is 

obtained and a mixture temperature of 29 3°C (85 5°F) is reached. The container is 

placed in a vacuum chamber where a minimum pressure of 22 in Hg is maintained for 5 

minutes to allow the mixture to degas. Once the mixture is removed from the vacuum 

chamber it is taken to the vacuum bagged part and infusion begins. The infusion set-up is 

shown in Figure 3.11 the resin inlet tube is held below the top surface of the resin 

mixture. The hose clamps are opened to allow resin to flow in to, through, and out of the 

carbon fiber fabric. Excess resin flows out through the outlet tube and is collected in a 

resin tap. After 30 minutes from the mixture time, or when the resin mixture is depleted, 

whichever comes first; the hose clamps are closed to assure the carbon fiber fabric and 

resin cure under vacuum. This assembly is then transported to a Blue M oven, shown in 

Figure 3.12, where the part cures following the manufactures recommended curing 

procedure and is provided in Table 3.1 for completeness. The entire curing process, from 

initial mixing to removal from the furnace takes 28 hours. This VARTM process 

produces a laminate with a tool side and a bag side. The tool side is the side of the 

laminate that is in direct contact with the aluminum tooling and the bag side is the side of 

the laminate that is in direct contact with the peel ply. The tool side has a “mirror like” 
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finish and higher quality scan data is obtained from the tool side. The bag side is rougher 

and does not produce as good of ultrasound data compared to the tool side.  

 

 
 

Figure 3.10 Resin Mixing Set-up 
 
 

 
 

Figure 3.11 Carbon Fiber Infusion Set-up 
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Figure 3.12 Sample in Blue M Oven to Cure 
 
 

Table 3.1 Resin Cure Cycle for Proset INF 114 Resin with Proset INF 211 Hardener 
 

Step Process Time (hr) 
1 Hold at 22°C (72°F) 8.0 
2 Ramp to 82°C (180°F) 1.0 
3 Hold at 82°C (180°F) 8.0 
4 Ramp to 22°C (72°F) 1.0 
5 Hold at 22°C (72°F) 10.0 
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CHAPTER FOUR 
 

Barely Visible Impact Damage 
 
 

 As discussed in Chapter Two, barely visible impact damage (BVID) is a 

significant concern in laminated composites. Being able to precisely determine the true 

damaged region non-destructively and import these geometric parameters into a computer 

model to yield a “go, no go” designation would be very beneficial to a host of industries. 

This chapter will begin by presenting a finite element analysis (FEA) study to provide 

insight into the reduced performance from a damage zone obtained exclusively from 

surface observations. The FEA model is developed assuming the surface damage is 

consistent through the thickness of the laminate and has a damage area equal to that of 

the item that impacted the surface (e.g., the cross sectional area of the impactor tip used 

for drop weight impacting). The FEA model developed in this chapter will be utilized in 

Chapter Six which presents the reduced performance one would obtain if the true 

damaged profile is known. A presentation of the techniques used for damaging and 

analysis of the ultrasound data for carbon fiber composite laminates that have been 

subjected to BVID will follow the FEA study. The experimental process consists of 

laminate fabrication, pre-impact damage ultrasound scanning, subjecting the laminate to 

impact damage, impact indention depth measurements, post-impact ultrasound scanning, 

and analysis of ultrasound results. All stages of the experimental process will be 

discussed in this chapter are for a single sample. The study is then duplicated for a total 

of four samples, and the cumulative results for all BVID samples are presented. In 
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Chapter Six a comparison between immersion scanning and portable scanning techniques 

will be presented, with all results in the present chapter being obtained from full 

immersion scanning. 

 
4.1 Finite Element Impact Study  

 
 To understand the importance of properly characterizing the damaged region 

through the thickness of a carbon fiber laminate a finite element model is developed to 

look at the effects damage geometry has on stress. The purpose of the model is to lay the 

groundwork for including the full 3D damage profile through the thickness of a carbon 

fiber laminate via a non-destructive technique. In the present study we employ COMSOL 

Multiphysics for the finite element modeling. The demonstration is for a carbon fiber 

laminate under uniaxial compression similar to those found in literature (see e.g. [72], 

[73]). The model is developed assuming the damage on the surface is consistent and 

unchanged through the thickness of the laminate. This is equivalent to stating that the 3D 

damage zone can be obtained by a projection of the surface damage zone through the 

thickness of the sample. In Chapter Six the FEA model will be reintroduced to provide 

comparison between the assumed damage region and the true damage region through the 

thickness of the laminate, and based on the conclusions in Chapter Six it is clear that 

knowledge of the true damage zone is significant in properly estimating the failure 

loading. 

 
4.1.1 FEA Model 

 
 An 18 lamina plain weave carbon fiber laminate with a planar quasi-isotropic 

stacking sequence is modeled, with undamaged orthotropic material stiffness values 
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provided in Table 4.1 [128]. Each lamina within the laminate is assumed to be a uniform 

homogeneous orthotropic structure, with no distinction between resin and fiber in the 

FEA model. The overall part dimension of the composite is 11.43cm x 15.875cm (4.5in x 

6.25in) and is modeled in COMSOL. The dimensions chosen correspond to the laminate 

dimensions used in the BVID experimental work presented in Section 4.2 and correspond 

to the specimen dimensions provided in ASTM D7136 [129]. The damaged region is 

modeled as a cylinder through the thickness of the laminate with a diameter of 16mm 

(0.63in) which corresponds to the diameter of the spherical impactor described in ASTM 

D7136 [129]. To put this in the perspective of a technician evaluating damage from a low 

energy impact producing BVID, this model assumes that the damage area viewed by the 

technician’s eye on the surface is unchanged and propagates through the entire thickness 

of the laminate. The actual nature of the damage is unique to both the material system 

being studied and the nature of the damage, and at present the subtleties of the damage 

cannot be discerned with the current technique. The damage observed in practice ranges 

from small matrix cracks resulting in a minor reduction of the overall stiffness to 

complete fiber tow breakage rendering the load carrying capacity of the structure to be 

effectively zero. In the present study the range of damage expected is modeled by looking 

at two scenarios, a 10% reduction in the material stiffness corresponding to minor matrix 

cracking and a 90% reduction in the material stiffness corresponding to a nearly complete 

fiber tow breakage. The properties used in this study for the damaged region are listed in 

Table 4.1. The scenario listed as 10% reduction corresponds to a 10% reduction in 

material properties based on findings by Castellano et al. [92]. Castellano et al. showed 

that low velocity impact damage of a fiber glass laminated composite caused a 10% 
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reduction in the overall stiffness of the laminate for the C11 term of the elastic tensor, the 

stiffness term associated with the elongation along the  axis. From equations of 

elasticity [130] it can be shown that a 10% reduction in the elongation components of the 

stiffness tensor yield approximately a 10% reduction in the corresponding orthotropic 

elastic modulus, and similarly a 10% reduction in the shear components of the stiffness 

tensor will result in approximately a 10% reduction in the associated shear modulus 

values. Poisson’s ratio remains relatively unaffected by a reduction of stiffness 

components. As discussed in Chapter Two, it is important to note that damage is more 

complex than any single form of damage (e.g., delaminations, fiber breakage, matrix 

cracking [56], [57]). Additionally, collaborative research by the current author aims at 

evaluating BVID using a nanofocus X-ray CT system [59] and reinforces that damage is 

in-fact complex and cannot be categorized by a single form. For instance, if only matrix 

cracking is present than a 10% reduction in properties may be reasonable. However, if 

fiber breakage is significant than the reduction in material properties would be more 

significant as the ability to transfer load in these damaged regions would be significantly 

reduced. The 10% reduction observed by Castellano et al. [92] was of the overall part 

stiffness, and is thus a lower bound on the local stiffness performance. As there is clearly 

fiber breakage from the CT imaging [59], which reduces load carrying capacity, thus a 

stiffness reduction of 90% is also evaluated in the FEA model. The stiffness values 

associated with a 10% reduction and a 90% reduction are shown in Table 4.1 This range 

of stiffness tensor reductions will be further investigated at the end of this chapter to 

highlight the importance in knowing the true 3D damage zone.  
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 The FEA geometry used for the initial simulation is shown in Figure 4.1. This 

model employs symmetry, and thus only a quarter model is necessary to be analyzed 

rather than the full model. This symmetry is done to reduce computational time. The final 

symmetry about the x-y plane is not taking into consideration in the present study as the 

results for the 3D damage profiles shown in Chapter Six will not yield damage profiles 

that are symmetric about the x-y plane. As seen from the figure, the maximum 

normalized von Mises stress is computed along the offset profile and always occurs on 

the portion of the offset profile that lies on the YZ plane. The offset profile is 5% larger 

than the damaged region and follows the profile of the damaged region. For this 

cylindrical damage model the offset profile is a cylinder through the thickness of the 

laminate and has a diameter of 16.8mm (0.66in). The purpose of the offset profile is so a 

consistent region is evaluated in order to compare between models. The boundary of the 

damage region is not used because that boundary is between two different materials, the 

undamaged and damaged material which have different stiffness value. Thus, there would 

be a smoothing applied to the stiffness values in order to calculate the stress at the 

boundary. To avoid this smoothing effect that occurs for the secondary variable, stress, at 

the interface of two different materials, the offset profile is used. In finite element 

methods the primary variable is displacement and is continuous across a boundary, but 

the stress will be discontinuous on a boundary. Thus, taking the stress results at a small 

offset distance yields the approximate stress of the undamaged material at the interface 

with the damaged zone. The stress value used is the von Mises stress vm, which is 

normalized with the applied load applied, which in the present study is arbitrarily set to 

1MPa, and is defined as  
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vm

applied
 (4.1) 

 
The value of interest is the increase in maximum normalized von Mises stress between 

the undamaged and damaged model. The actual values of von Mises stress or normalized 

von Mises stress are not presented. The von Mises stress is a simplification to the true 

stress state in the composite and further studies are warranted to study the true stress state 

in the laminate in order to compare actual stress values. The applied load is chosen to 

simplify the comparison of von Mises stress between the completely undamaged system 

and the damaged systems.  

 
Table 4.1 Carbon Fiber Material Properties for FEA Model taken from [128] 

 
Reduction Ex 

(GPa) 
Ey 

(GPa) 

Ez 
(GPa) 

Gxy 
(GPa) 

Gyz 
(GPa) 

Gxz  
(GPa) xy yz xz 

Undamaged 57.9 57.9 13.4 4.70 4.39 4.39 0.073 0.464 0.464 
10%  52.1 52.1 12.1 4.23 3.95 3.95 0.073 0.464 0.464 
90%  5.79 5.79 1.34 0.470 0.439 0.439 0.073 0.464 0.464 

 
 

 
 

Figure 4.1 FEA Geometry 
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4.1.2 FEA Results 
 

 The specific value studied is the increase in the maximum normalized von Mises 

stress along the offset profile between the undamaged model and the damaged model. 

The normalized von Mises stress profile is provide in Figure 4.2 which shows a uniform 

normalized von Mises stress distribution through the thickness of the laminate for the 

uniform damage assumption of a cylinder with a 10% reduction in material stiffness 

values in the damaged region. There is an increase in von Mises stress comparing the 

damaged models to the undamaged model. For the projection from the circular (16mm 

diameter) surface damage zone through the thickness, there is a 5.05% increase in 

maximum normalized von Mises stress for a 10% reduction in material stiffness 

properties. When there is a 90% reduction in material stiffness within the damaged zone 

there is an increase of 146% in the maximum normalized von Mises stress. A damaged 

laminate has reduced residual properties compared to an undamaged laminate, the 

amount of which is a function of the true nature of the damage. Chapter Six will utilize 

this model in conjunction with the true damage geometries obtained via an ultrasonic 

scanning technique to conclude the significance of properly characterizing the true 3D 

through the thickness damage geometry.  
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Figure 4.2 Normalized von Mises Stress Profile for Cylindrical Damage 
 
 

4.2 Sample Fabrication 
 

 An in-depth presentation of the VARTM laminate fabrication technique used in 

this research can be found in Chapter Three. Two, eighteen lamina laminates are 

fabricated using a 3K (6oz.) plain weave carbon fiber fabric from ACP composites. Each 

laminate has a dimension of 17.78cm x 25.4cm (7in x 10in) and a stacking sequence of 

[(0/±45)4 /0]s. Once the laminates have cured in accordance with the manufacture’s 

recommended cure cycle, presented in Table 3.1, all manufacturing materials are 

removed from the laminate and it is cut to size using a tile saw as shown in Figure 4.3. 

Each 17.78cm x 25.4cm (7in x 10in) laminate produces two identical 11.43cm x 

15.875cm (4.5in x 6.25in) coupons which will be used for the BVID experimentation. 

The area of interest is the center 7.62cmx5.08cm (3inx2in) of the sample and edge 

damage attributed to cutting the laminate with the tile saw are not present with in the 

center area. Additionally, ultrasonic scans are performed on the undamaged sample 

within the 7.62cmx5.08cm (3inx2in) scan region to verify the absence of damage prior to 
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impact damaging the sample. These pre-impact damage scans are not required for 

analyzing BVID. Theses scans are just to make sure there is no damage or defects prior to 

impact damage. 

 

 
 

Figure 4.3 Tile Saw for cutting Carbon Fiber Laminates  
 
 

4.3 BVID Ultrasonic Scans 
 

 Once samples are fabricated and cut to the appropriate size a 76.2mm x 50.8mm 

(3in x 2in) scan region is marked on both the tool and bag side as shown in Figure 4.4. 

The tool side refers to the side of the laminate that was in contact with the aluminum 
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tooling during fabrication and the bag side refers to the side of the laminate, opposite of 

the tool side, that was in direct contact with the peel-ply during manufacturing. The 

BVID analysis technique is called a two-sided pulse-echo technique. This means that an 

ultrasonic pulse-echo scan must be performed on the tool side and on the bag side. This 

technique still only uses a single transducer, but for the full characterization of both sides 

of the laminate the scan must be performed once from each side. A 10Mhz 12.7mm 

(0.5in) diameter spherically focused immersion transducer with a 38.1mm (1.5in) focal 

length is used for ultrasonic scanning. In order to assure the same area is scanned 

between the immersion system and the portable system scan, markers are placed on the 

tool and bag sides of all the BVID laminates. The tool side has 0.508mm (0.02in) thick 

aluminum tabs glued perpendicular to each other. The corner where the tabs are glued 

represents the bottom left corner of the scan region and is the starting point for the 

ultrasonic scan. A similar technique is used for the bag side, except a 1.588mm 

(0.0625in) polymer “L” is attached to the surface with gum tape. The polymer “L” is put 

in place and left in place until all immersion and portable system scans are performed. 

This bag side polymer “L” is not glued permanently in place because the laminate needs 

to be able to sit flat during the drop weight impact damage process. The tool and bag side 

scan regions are shown in Figure 4.4. Pre-damage and post damage scans are obtained for 

the BVID samples. The pre-damaged scans are not used in the analysis and their sole 

purpose is to verify that there are no obvious manufacturing defects or voids within the 

laminate prior to subjecting it to drop weight impact.  
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Figure 4.4 BVID 2 Tool and Bag Sides  
 
 

4.4 Drop Tower Set-up 
 

 A custom drop tower, shown in Figure 4.5, and conforming to ASTM D7136 

[129] is used to impact the carbon fiber laminates. A redesign and modification to various 

components on the drop tower was performed by the current author in collaboration with 

other graduate and undergraduate students. Modifications include redesigning the sample 

base, catch mechanism, impactor, and force sensor. Modifications were performed to 

satisfy requirements per ASTM D7136. The drop tower is used to produce consistent 

impacts with a measurable impact force. The drop tower consists of a sled which slides 

along guide rails which are greased prior to testing to minimize friction losses. A spacer 

connects to a PCB 208C05 force sensor capable of measuring up to 22.24 kN (5000lb) to 

the sled and an impactor with a spherical tip is threaded on the force sensor. The mass 

used for impacting the carbon fiber laminates is 2.65kg (5.84lb) and is the total of sled, 

spacer, force sensor, and impactor. A rebound catch plate is attached to pneumatic 

actuators which are triggered when the vibration sensor registers an impact. The vibration 

sensor is controlled by an Arduino Uno shown in Figure 4.6. When the vibration sensor is 

triggered, a signal is sent through to the Arduino controller to a relay which triggers the 



78 

air switch to open. Once the air switch is open, the air from the connected compressor 

flows through the air hose and activates the pneumatic actuators. This entire system is put 

in place to prevent secondary impacts. A speed maker is placed behind the drop tower 

which has alternating 2.54cm (1in) stripes. The speed marker is paired with a high-speed 

camera which records at 1000 frames per second. The frames are then post-processed to 

determine the true impact velocity.  

 

 
 

Figure 4.5 Drop Tower 
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Figure 4.6 Vibration Sensor Wiring 
 
 

 BVID samples are placed tool side – the smooth side of the laminate that was in 

direct contact with the aluminum plate during fabrication – up on top of a composite 

grade foam with a density of 64.07kg
m3 (4 lb

ft3
) and a thickness of 9.525mm (0.375in) that is 

placed on an aluminum plate that is 9.525mm (0.375in) thick. The purpose of the 

aluminum plate is to cover the rectangular cut out in the sample stand called out for in 

ASTM D7136 and the foam helps to evenly distribute energy and support the bag side of 

the laminate. This modification to ASTM D7136 is to simulate a loading scenario similar 

to that of an actual in-service laminated composite with a foam core such as on a fuselage 

or a wing. The laminate, foam, and aluminum are mounted to the sample stand and 

secured via four clamps as shown in Figure 4.7. The bottom of each of the four rubber 

clamp feet is approximately 2.064cm (0.8125in) from the surface of the sample stand. 

Clamp locations are marked on each BVID laminate prior to mounting the laminate onto 

the sample stand, with the clamp locations shown in Figure 4.8. Once the laminate is 
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secured to the sample base, the sled with impactor is gently lowered so that the impactor 

tip rests on the surface of the tool side of the laminate. The impact zone is them marked 

on the surface of the laminate with a silver marker as shown in Figure 4.9. Marking the 

impact zone helps locate the surface damage in later inspections as the damage that is 

created after the impact occurs is at the threshold of visual detection.  

 

 
 

Figure 4.7 BVID Sample Mounted 
 
 

 
 

Figure 4.8 BVID Clamp Locations 
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Figure 4.9 Impact Location Marked on BVID Sample 
 
 

4.5 Impact Damage 
 

 Four identical samples are investigated in this study, but at four different impact 

energies. All four BVID samples are impacted with the same drop weight of 2.65Kg 

(5.84lb), but height relative to the sample in which the sled is released is varied. All four 

samples are impacted on the tool side of the laminate which corresponds to lamina 1. The 

impact energies used were chosen because it was determined that they produced BVID, 

subtle damage that is not easily observed when looking at the surface of the laminate. 

Force data is collected from the PCB 208C05 force sensor using a NI 9205 DAC at 

100kHz and a custom LabView program. A PCB Model 482A21 signal conditioner is 

placed in-line with the force sensor and DAC. Once the impact has occurred the raw 

force values are saved and a custom MATLAB script is used to plot impact force as a 

function of time as shown in Figure 4.10 for the 10.2 J impact test (labeled BVID 3 in 

Table 4.2). Integrating force as a function of time from the initial impact time  to the 
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end of impact  yields the total impact energy. The impact parameters and 

measurements for all four BVID samples is given in Table 4.2. The samples are ordered 

in increasing impact energy from BVID 1 to BVID 4. 

 

 
 

Figure 4.10 Impact Force Plot for BVID 3 
 
 

Table 4.2 Impact Parameters 
 

Sample Drop Height (cm (in)) Impact Velocity (m
s
) Impact Energy (J) 

BVID 1 21.3 (8.38) 1.75 8.27 
BVID 2 30.8 (12.1) 2.21 9.41 
BVID 3 35.9 (14.1) 2.42 10.2 
BVID 4 41.0 (16.1) 2.54 10.8 

 
 

4.6 Surface Damage Measurements  
 

 Indention depth and cross-sectional surface area measurements are obtained from 

the impacted side (tool side) of the carbon fiber laminate using a high-resolution 3D 
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surface microscopy technique. These surface damage measurements are completely 

independent of the ultrasound data. The measurements are obtained from a Keyence VR-

3000, at 38x magnification. Note, this technique has much higher resolution than what a 

technician would have access to when examining an in-service part. The Keyence is not a 

portable machine and is a lab system. An image of approximately 15mm x 15mm is 

captured with the auto stitch function of the Keyence VR-3000. The raw black/white, and 

height images for BVID 3 are shown in Figure 4.11. Notice that from the optical image 

there is little to no obvious damage, whereas there is clearly some permanent surface 

deformation when looking at the high-resolution 3D scan.  

To quantify the surface damage region, the first step is to process the captured 3D 

surface profile and define a reference plane for the sample. The reference plane is defined 

by selecting the entire surface, excluding the damage area, as shown in Figure 4.12. Once 

the reference plane is defined the height image is adjusted to the range of 0mm to -

0.02mm. It was determined that a lower bound of -0.02mm helped visually determine an 

outer perimeter for the damaged region. An example of the height image constrained 

from 0mm to -0.2mm is shown in Figure 4.13 along with the selection of surface damage. 

Once the damaged region is selected the cross-sectional surface area and the average 

indention depth are computed. The full 3D microscopy results are presented in Chapter 

Six for all four samples.  
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Figure 4.11 Raw Black/White Image and Height Image for BVID 3 
 
 

 
 

Figure 4.12 Reference Plane Selection for BVID 3 
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Figure 4.13 Height Region Constrained from 0mm to -0.02mm and the Selection of the 
Surface Damage for BVID 3 

 
 

4.7 Analysis of BVID Ultrasonic Data 
 

 The analysis used for the BVID study will be presented for BVID 3 based on the 

immersion system scan data. The techniques discussed in this section will be used in 

analyzing the remaining three BVID samples and all the results are presented in Chapter 

Six for both the immersion system and the portable system. 

 
4.7.1 BVID Analysis Techniques 

 
 Two techniques are employed in post processing the ultrasonic data for the BVID 

samples. The long-term goal is to automate the BVID analysis technique and this starts 

with determining a technique that provides clear images of the damaged region within the 

composite laminate. Lamina numbering is always from the tool side to the bag side (i.e. 

lamina 1 is the tool side lamina and lamina 18 is the bag side lamina). 

 The first technique presented is the maximum of the absolute value of the gated 

A-scan given the acronym MGA. This value is obtained by first selecting a gate for the 

A-scan, shown in Figure 4.14a where the left most vertical dotted line is the gate start 
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location and the right most vertical dotted line is the gate end location. The gate selected 

for this figure encompasses lamina two in the scan data where the specific gate selection 

will be discussed in subsequent paragraphs. The maximum of absolute value of the 

selected gated region is recorded as shown in Figure 4.14b. The maximum value is stored 

for every A-scan in the scan region for the current gate location. The stored maximum 

values are then plotted to produce a C-scan for the specific gated region. Figure 4.15b 

shows a representative MAG C-scan for BVID 3 taken at lamina 2. The second analysis 

technique is the frequency spectrum intensity technique (FSI). This technique uses the 

same gating method as the MGA technique but rather than taking the maximum value 

within the gate, the frequency spectrum intensity is captured. This is done by taking the 

Fourier transform of the gated data, applying a high pass filter of 5MHz, allowing 

received frequency above 5MHz to be accounted for, applying a low pass filter of 

15MHz, allowing received frequencies below 15MHz to be accounted for, and then 

numerically integrating the absolute value of the spectrum. The signal intensity within the 

gated A-scan is shown in Figure 4.14c. The signal intensity is recorded for each 

individual A-scan location for a given lamina, and the values are then plotted as surfaces 

to create a C-scan. Figure 4.15c shows a representative C-scan image using the FSI 

technique for BVID 3 at lamina 2.  
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Figure 4.14 Analysis Techniques Shown for BVID 3 and a Gate Selection Encompassing 
Lamina 2: a) A Raw A-Scan Showing a Representative Gate, b) Only the Gated Region 
of the Raw A-Scan Showing Maximum Signal Intensity with the “x”, and c) The 
Absolute Value of the FFT for the Gated Signal  

 
 

4.7.2 BVID Gate Selection 
 

 The ultrasound data is processed using the MGA and FSI techniques and the 

results are shown in Figure 4.15 for BVID 3. Figure 4.15a is a cumulative average B-scan 

for the entire scan region of the sample. The vertical axis for the B-scan is shown in units 

of length, which is done by assuming a laminate speed of sound of 2800m
s
. The technique 

itself for damage identification is not dependent on the speed of sound for the carbon 

fiber laminate and requires no a-priori knowledge of the material properties or 

manufacturing process for the laminate. The B-scan provides a clean waterfall waveform 

with distinct horizontal peaks indicated by a high signal intensity. These peaks can be 

interpreted as a specific lamina with in the laminate. All 18 lamina for BVID 3 are 
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labeled in Figure 4.15a as well as the acoustic medium (i.e. water “W” or gel “G”) and 

lamina one interface (W|1 or G|1), and the lamina 18 water  or air “A” for the portable 

system  interface (18|W or 18|A). The gate selection process is performed from the B-

scan image. The center of the interface is used as the center of the gate. The 70ns before 

the center and after the center interface serve as the gate start and stop times. The reason 

70ns is chosen is based on the average thickness of a single lamina in the 18 lamina 

laminates. The average thickness is computed by taking the total time from lamina 1 to 

lamina 18, as seen in Figure 4.15, and dividing by the number of lamina in the laminate, 

which can also be seen in Figure 4.15. This method of determining the average thickness 

of a single lamina, in units of time, does not require knowledge of the manufactured 

laminate as it was determined solely from the average B-scan. The average lamina time 

among all four BVID samples is 148ns. As seen in Figure 4.15 the horizontal lamina 

lines are distinct but do have some waviness to them. Using a value of 70ns from the 

center of the gate allows for the majority of a given lamina to be gated without 

significantly taking in data associated with the previous or subsequent lamina. There is 

one exception to this, for lamina 1 only 20ns are taken before and after the center 

interface value. If a larger step is used before and after the center of lamina 1, the analysis 

of lamina 1 becomes skewed by the data from lamina 2. The gate start and end times are 

shown in terms of depth into the laminate on a length scale in Figure 4.15a and are 

represented by the horizontal dotted lines. Figure 4.15b and Figure 4.15c show the C-scan 

surface plot for the MGA and FSI techniques, respectively. It is worth noting that the 

45° plain wave carbon fiber ply-orientation can be seen clearly using both the MGA 

and FSI techniques similar to that shown in [131], but the ply orientation itself is not of 
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interest in the present study. Observe in Figure 4.15 that the FSI technique has a higher 

visual contrast between the damaged region and undamaged region for this example. 

While ply-orientation may be applicable for related studies and can be more easily 

observed using the MGA technique, it causes noise when trying to accurately select the 

region of damage. The FSI technique produces a higher contrast between the undamaged 

and damaged regions.  

 

 
 

Figure 4.15 a) The Average B-scan for BVID 3 and the C-scans for the Gated Region 
Encompassing Lamina 2 Using the b) MGA Technique and the c) FSI Technique.  

 
 

4.7.3 BVID Tracing  
 

 A total of 18 user selected gates are used for developing the 3D profile for 

damage, one gate for each of the 18 lamina. The damage border is manually identified 

and tracked using a custom MATLAB script. Once the damaged region is identified, the 

script moves to the next defined gate and overlays the previously selected damage region 
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on the C-scan image and any additional damage is selected and added to the current 

damage region. This technique continues through the thickness of the laminate and an 

example tracing of damage based off the MGA technique for the tool side scan of BVID 

3 is shown in Figure 4.16. This method of tracing damage treats the damage as 

cumulative through the thickness of the part due to the acoustic shadowing effect from 

previous lamina where damage has already been detected. In collaborative work by the 

current author [59], X-ray CT was used to eliminate the acoustic shadowing issue found 

in ultrasonic testing. However, X-ray CT requires the sectioning of samples into small 

coupons for testing, which is not practical from any in-service or manufacturing 

perspective. Tracing damage in this way from a single sided scan constrains the damage 

to increase monotonically through the thickness of the laminate and could result in an 

over estimation of the true damage geometry, which may be the case if only one side of 

the composite part is accessible. Having access to ultrasonically scan both sides of the 

part allows for the true damage geometry to be captured. This research uses both tool and 

bag side scans to define the true damage geometry through the thickness of the laminate. 

In practice, the user may only have access to a single side for scanning, and the presented 

technique as it is used would overestimate the actual damage region on the lamina 

opposite the surface being scanned. Future studies need to be performed to identify the 

nature of the acoustically shadowed damage zone so that a proper estimation of the back-

wall damage zone can be extrapolated from un-shadowed damage zone. 
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Figure 4.16 Damage Tracing Technique for BVID 3 Using MGA 
 
 

4.7.4 BVID Geometry  
 

 The coordinates for the damage region at every gate are stored for each lamina. 

The location of maximum damage is determined by computing the minimum difference 

in damage area between the tool side damage area as a function of depth and the bag side 

damage are as a function of depth, shown in Figure 4.17. This figure shows the tool and 

bag side damage areas for BVID 3 using the MGA and FSI techniques. From this figure 

it can be seen that the maximum depth of damage occurs at lamina 11 for the MGA 

technique and at lamina 10 for the FSI technique. All damage areas for all four BVID 

samples will be presented in Chapter Six. 
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Figure 4.17 BVID 3 Intersection of Damage Areas between Tool and Bag Side Scans for a) MGA 
and b) FSI Techniques 

 
 

 The complete 3D damage representation is shown in Figure 4.18 for BVID 3 

using the MGA and FSI techniques at each lamina. The 3D profile incorporates both tool 
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side areas and bag side areas. The tool side areas are used until the lamina where damage 

is at a maximum as seen in Figure 4.17. At the lamina of maximum damage, the scan (i.e. 

tool side or bag side) whichever yields the larger damage area is used for this lamina. For 

BVID 3 the bag side scan has a larger damage area at lamina 11 for the MGA technique. 

Similarly, the bag side scan at lamina 10 for the FSI techniques has the greater area. After 

the lamina of greatest damage, the bag side scan areas are used for the remainder of the 

laminate. There is some planar variation when mapping from the scan taken from the top 

surface and back surface of the part. A rigid body translation is made to the data so that 

all scans align by aligning up the centroids of the maximum damaged regions from the 

tool side and bag side scans.  

 

 
 

Figure 4.18 3D Damage profile for BVID 3 based on a) MGA Technique and b) FSI Technique 
Using a Broad Tracing Method 
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4.8 BVID Summary 
 

 This chapter stepped through the specific manufacturing process, ultrasonic 

scanning, impact damaging, and analyzing results for BVID. The analysis process was 

demonstrated for a single sample, BVID 3, using the immersion system for ultrasonic 

scanning. Two techniques were introduced for analyzing the ultrasonic data, maximum of 

the absolute value of the gated A-scan (MGA) and frequency spectrum intensity (FSI), 

and a resulting true 3D damage profile through the thickness of the laminate is obtained. 

The 3D damage profiles for all BVID samples will be discussed and presented in Chapter 

Six and Appendix A along with a full discussion of the results and conclusions that can 

be drawn from the data. Chapter Six will also reintroduce the FEA model which will 

incorporate the true 3D damage geometry to highlight the importance of including the 

full 3D damaged profile in any estimations of the reduced load carrying capacity.  
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CHAPTER FIVE 
 

Adhesive Layer Thickness 
 
 

 As presented in Chapter Two, adhesive layer geometric properties, specifically 

the adhesive thickness, plays a significant role in final bonded component properties. 

This chapter will present techniques used for fabricating, and ultrasonically analyzing 

carbon fiber composite laminates that have been adhesively bonded together. All stages 

of the experimental process will be discussed in this chapter for a single representative 

adhesively bonded sample. The cumulative results for the complete adhesive bond 

thickness study, and the comparison between immersion scanning and portable scanning, 

will be presented in Chapter Seven. 

 
5.1 Speed of Sound Measurements 

 
 To quantify the adhesive this study requires the speed of sound for the specific 

adhesive being used. This section steps through the process for obtaining the speed of 

sound in the thermoset adhesive. The testing technique is first shown for aluminum, a 

well published material, and then for the specific adhesive used in this work. The 

aluminum results are shown primarily to validate this technique for speed of sound 

measurements. 

 
5.1.1 Speed of Sound  

 
 The ultrasonic technique for quantifying the bondline thickness, discussed in 

subsequent sections, requires the speed of sound for the adhesive used to bond the carbon 
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fiber laminates. The adhesive used in this research is a two part epoxy adhesive 

purchased from Fibre Glast. The speed of sound for the adhesive is not available from the 

manufacturer, so it was necessary to develop a technique for measuring it. The technique 

developed uses the pulse-echo immersion system presented detailed in Section 3.1 with 

the same 10Mhz 12.7mm (0.5in) diameter spherically focused immersion transducer with 

a 38.1mm (1.5in) focal length is used for ultrasonic scanning. 

5.1.1.1 Aluminum speed of sound. Ten A-scans are captured at different locations 

along a 9.65mm 0.034mm (0.38in 0.0013in) thick aluminum sample. Five A-scans are 

captured with a low gain value such that the signal is not saturated, and a clear front wall 

reflection can be obtained. A typical average low gain A-scan is shown in Figure 5.1 

which also shows the location of the front wall echo in terms of samples. The maximum 

peak of the front wall reflection wave is taken to be the front surface of the aluminum 

sample. At the same locations as the five low gain value A-scans, an additional five A-

scans are captured at a high gain value such that the front of the signal is saturated but the 

back wall can be seen. The average of the five high gain values is shown in Figure 5.2 

which also shows the back wall reflection. The minimum peak of the back wall reflection 

wave is taken to be the back of the aluminum sample. The reason the minimum peak is 

selected rather than the max, as was done for the front wall, is due to the phenomenon 

where the sign of the reflection wave is flipped when an acoustic signal travels through a 

high impedance material (e.g. aluminum) in to a low impedance material (e.g. water) 

[132]. The speed of sound is computed as  

2 (5.1) 
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where  is the measured sample thickness,  is the sampling frequency (160MHz), and 

S is the number of samples between the front wall reflection and the back wall 

reflection. Based on the A-scans obtained and the calculation using Equation (5.1), the 

measured speed of sound for aluminum is 6479m
s
 ±7.45m

s
. When compared to a published 

value of 6320m
s
 there is only a 2.5% difference in the speed of sound values, which is 

considered to be insignificant, thus validating this method for use on the unknown 

adhesive material.  

Figure 5.1 Average Low Gain A-Scan for Aluminum 

Figure 5.2 Average High Gain A-Scan for Aluminum 
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5.1.1.2 Adhesive speed of sound. Before the adhesive speed of sound can be 

obtained, a block of adhesive must be manufactured. An aluminum mold shown in Figure 

5.3 is waxed, bolted together, and the mixed adhesive is poured into the mold. The 

adhesive used in this research is a two part epoxy adhesive, shown in Figure 5.4, 

purchased from Fibre Glast and is mixed at a mass ratio of 1:1. The adhesive is cured at 

room temperature for a minimum of 6-8hrs. Once cured the adhesive block is removed 

from the mold and the top side is milled down until a thickness of approximately 8mm 

(0.315in) is obtained. The milling provides a uniform thickness for the adhesive block 

and helps remove surface impurities such as air bubbles that formed during the curing 

process.  

The same process as used for the aluminum sample is used for the adhesive 

samples. Five low gain A-scans and five high gain A-scans are captured at various 

locations along the 7.78mm 0.041mm (0.306in 0.0016in) thick sample. The average 

low gain A-scan for the adhesive showing the front wall location and the average high 

gain A-scan showing the back wall of the adhesive are shown in Figure 5.5 and Figure 

5.6, respectively. Equation (5.1) is used to obtain the speed of sound for the adhesive 

which is 2594m
s
 ±29.2m

s
. The adhesive thickness is not perfectly uniform, so an average 

adhesive thickness, obtained with calipers, is used to calculate the speed of sound. This 

non-uniformity in thickness causes slightly different  values between the five A-scans. 

This explains the larger standard deviation in the adhesive sample compared to the 

aluminum sample.  
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Figure 5.3 Adhesive Speed of Sound Mold 
 
 

 
 

Figure 5.4 Two Part Epoxy Adhesive 
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Figure 5.5 Average Low Gain A-Scan for Adhesive 
 
 

 
 

Figure 5.6 Average High Gain A-Scan for Adhesive 
 
 

5.2 Sample Fabrication 
 

 Carbon fiber laminates are fabricated using the exact same method as described in 

Chapter Three. One three lamina laminate with a stacking sequence of [0/45/0] and one 

six lamina laminate with a stacking of [0/45/0]s are fabricated out of a 3K (6oz.) plain 

weave carbon fiber fabric from ACP composites with planar dimensions of 17.78cm x 

25.4cm (7in x 10in). Once the laminates have cured, they are cut in to six 10.16cm x 

5.08cm (4in x 2in) coupons. A total of five adhesively bonded samples are fabricated for 

this study. Three of the samples are manufactured with a uniform bond thickness and are 

used for validation of the technique. Validation includes sectioning the bonded samples 
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and imaging the cross sections using microscopy to measure the adhesive thickness, the 

results of which are used to compare to the ultrasonically measured thickness.  

 The three uniform samples have designed thickness of 0.2032mm (0.008in), 

0.508mm (0.020in), and 1.588mm (0.0625in); and will hence be referred to as, 

respectively, Bond 1, Bond 2, and Bond 3. Bond 2 and Bond 3 are manufactured in a 

similar manner which is highlighted in Figure 5.7. This figure shows the locations where 

the spacers are glued to the six lamina laminate around the perimeter. Two gaps are left 

in the perimeter to allow for extra adhesive to flow out when the three lamina laminate is 

placed on top of the spacers and uniformly pressed in to contact with the spacers.  

 Bond 1 is manufactured in a slightly different manner because there needed to be 

more adhesive outlets to remove excess adhesive, shown in Figure 5.8. The thickness for 

Bond 1 is very thin thus it only requires a small amount of adhesive, if too much adhesive 

is applied the resulting part will either be too thick or the carbon fiber laminates can get 

out of alignment resulting in a failed sample.  

 In addition to the uniform thickness samples, one linear ramp sample is fabricated 

and a schematic of the fabrication is shown in Figure 5.9. This sample is made by placing 

two spacers of different thicknesses, one on either end of the bonded region, and then 

holding the composite in place while the adhesive cures. There is also one ‘random bond’ 

sample fabricated and a representation of this is shown in Figure 5.10. Fabricating the 

‘random bond’ required clamping both ends as well as clamping down at the location of 

the 0.2032mm (0.008in) spacers. The clamping for the random bond sample is shown in 

Figure 5.11, and the resulting bondline thickness will follow a series of complex curves 

and vary spatially as will be shown in the later results. From this point forward these 
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latter two bonded samples will be referred to as Bond Ramp and Bond Random, 

respectively.  

 

 
 

Figure 5.7 Representation of Manufacturing Process for Bond 2 and Bond 3 
 
 

 
 

Figure 5.8 Representation of Manufacturing Process for Bond 1 
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Figure 5.9 Representation of Manufacturing Process for Bond Ramp 
 
 

 
 

Figure 5.10 Representation of Manufacturing Process for Bond Random 
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Figure 5.11 Clamping for Random Bond Sample Fabrication 
 
 

 The manufacturing process for all five bond samples requires adhering the sample 

specific spacers on the bag side of a 10.16cm x 5.08cm (4in x 2in) six lamina laminate 

using super-glue. The sample specific spacers used for the Bond 3 sample are 1.588mm 

(0.0625in) thick aluminum strips, and are shown placed on the laminate in Figure 5.12. 

The adhered spacers are allowed to dry overnight. The adhesive for the bonding between 

the laminates is mixed as discussed in the previous section and applied to the bag surface 

of the six lamina laminate filling in the laminate up to the top of the spacers as shown in 

Figure 5.12. A thin coat of adhesive is also applied to the bag side of the three lamina 

laminate to allow for complete adhesion. Once the adhesive is applied to the bag sides of 

the six and three lamina laminate, the three lamina laminate is set on top of the six lamina 

laminate and firm pressure is applied to squeeze out any extra adhesive. The bonded 

sample is then placed on two wooden blocks such that the holes for excess adhesive can 
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freely drip down and away from the sample. All bonded samples are fabricated in this 

fashion and stacked one on top of the other with a sheet of peel-ply separating each 

sample so the samples do not bond to one another. Once all samples are stacked steel 

weights are set on top to further squeeze out any excess resin and to allow the samples to 

cure under uniform load, shown in Figure 5.13. The method of using the steel weights to 

apply a uniform load is used for the three uniform samples and the ramp sample. The 

random sample uses the clamps during fabrication as previously mentioned. All samples 

are cured for a minimum of eight hours at room temperature. 

 

 
 

Figure 5.12 Bond 3 with Spacers and Adhesive 
 
 

 
 

Figure 5.13 Samples Stacked Together Curing Under Weight of Steel Plates 
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5.3 Adhesive Layer Thickness Ultrasonic Scanning 
 
 

5.3.1 Adhesive Layer Thickness Scan Region 
 

 Once samples are fabricated a scan region of 5.08cm x 2.54cm (2in x 1in) is 

marked on both outside surfaces (i.e. the surface of the three lamina laminate and the 

surface of the six lamina laminate). In addition to marking the scan region, 0.508mm 

(0.02in) thick aluminum tabs are glued perpendicular to one another in order to make 

sure the same scan region is scanned between the two ultrasonic scanning systems. The 

scan region and aluminum tabs on the three lamina laminate surface of Bond 2 are shown 

in Figure 5.14. Results will show that the bondline can be characterized regardless of 

which side one scans from. For comparison purposes, results will be shown for scans 

from both sides.  

 

 
 

Figure 5.14.Bond 2 Showing Scan Region 
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5.3.2 Computational Analysis  
 

 The analysis approach presented in this section is used for all samples 

investigated, but only a single data set from a single sample is shown in this chapter. Scan 

data using the immersion system for Bond 2 is used as the example sample to describe 

the analysis technique.  

 Once the ultrasonic scan is complete the data is processed using a custom 

MATLAB script. The first step in determining the adhesive layer thickness is to manually 

select a gate for the adhesive top surface and a gate for the adhesive bottom surface along 

the  and  axis. The two averaged B-scans with selected top and bottom adhesive 

gates are shown in Figure 5.15 where the  and  axis are shown in Figure 5.14. The 

averaged  B-scan is obtained from the initial 2mm (0.0787in) into the scan region 

along  and the average  B-scan is obtained from the initial 2mm (0.0787in) into the 

scan region along . 

 Once the initial gates are selected for the top and bottom adhesive surfaces, the 

scan data is broken up into a grid of averaged A-scans as shown in Figure 5.16a. Two 

section sizes are used for gridding the scan region a 10 x 10 A-scan section (i.e. 2mm x 

2mm (0.079 x 0.079in) area) and a 20x20 A-scan section (i.e. 4mm x 4mm (0.157in x 

0.157in) area) and are represented as green squares in Figure 5.16. A comparison 

between gridding techniques is presented in Chapter Seven.  

 The total scan area is 254 x 127 A-scans, which comes from a scan region of 

50.8mm x 25.4mm and a resolution of 0.2mm/A-scan. However, gridding the scan region 

into 10 x 10 A-scan sections produces a remainder of 4 A-scans along  and 7 A-scans 

along , and gridding the scan region into 20 x 20 A-scan sections produces a remainder 
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of 14 A-scans along  and 7 A-scans along , as indicated in Figure 5.16a by the blue 

line. To incorporate the entire 254 x 127 A-scan region the 10 x 10 grid technique is 

shifted by 2 sections in the positive  direction and by 3 sections in the positive  

direction. The remaining 4 A-scans along  are split between the first and last section at 

0mm which encompasses the first 2 sections and  50.8mm which encompasses 

the last 2 sections. Similarly, the remaining 7 A-scans along  are split between the first 

and last section at 0mm which encompasses the first 3 sections and  25.4mm 

which encompasses the last 4 sections. To incorporate the entire 254 x 127 A-scan region 

the 20 x 20 grid technique is shifted by 7 sections in the positive  direction and by 3 

sections in the positive  direction. The remaining 14 A-scans along  are split 

between the first and last section at 0mm which encompasses the first 7 sections 

and  50.8mm which encompasses the last 7 sections. Similarly, the remaining 7 A-

scans along  are split between the first and last section at 0mm which 

encompasses the first 3 sections and  25.4mm which encompasses the last 4 

sections. This shifting and adding sections is indicated by the blue line in Figure 5.16b. 

 The method of gridding the scan data allows for an average A-scan value to be 

computed within a region to remove noise caused by either the scanning system or small 

variations within the laminate itself. The adhesive layer thickness algorithm begins by 

selecting the maximum intensity within the selected gated adhesive region for each of the 

B-scans (i.e. along  for  = 0 and along  for  = 0 as shown in Figure 5.15). These 

maximum intensity values serve as the initial seed for the adhesive layer start and stop 

locations. A representative averaged A-scan indicating the adhesive start and end 

locations is shown in Figure 5.17. The adhesive start location is selected as the last peak 
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before a sharp drop off, and the adhesive end location is selected as the next maximum 

intensity peak. The change in material properties between the adhesive and carbon fiber 

laminate produces the high intensity reflections allowing for selection of the start and end 

locations, as discussed in Section 2.3 reflection intensity is directly related to acoustic 

impedance which is a function of material stiffness and density. 

 The algorithm continues by using the initial seed for the adhesive start and end 

locations as the initial guesses for the next section location. The algorithm progresses 

along  starting at the next section location as indicated in Figure 5.16. Using both the 

previous  section adhesive locations and the previous  section adhesive locations as 

initial guesses for the current adhesive location at the new section. The algorithm then 

finds the closet peak intensity average A-scan value associated with each of the initial 

guesses. The two peak values are compared to each other and the location of the larger 

magnitude peak is used as the location for the adhesive surface at the current section. 

This process is performed along both the top and the bottom surfaces. The algorithm uses 

the newly found adhesive locations as the  initial guess values for the next section 

location along , and they will also be used as initial guess values for the next section 

location along .  

 This process of finding the maximum intensity of the average A-scan sections, 

storing the locations as the adhesive top and bottom surfaces corresponding to a specific 

( , ) grid point, and then using those values as the initial guesses for the next grid 

point is fully automated and continues until the last section is processed. Once all the 

sections are processed the subsequent adhesive surface is plotted as shown in Figure 5.18 

and logged to a file for all grid locations. The only manual process is prescribing the 
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initial gate location as shown in Figure 5.15. The 3D adhesive layer thickness for Bond 2 

obtained by immersion UT scanned from the 3 lamina side using a grid of 10x10 A-scan 

sections is shown in Figure 5.18. The results for all five adhesively bonded samples are 

presented in Chapter Seven and surface profiles are shown in Appendix B. As will be 

shown in Chapter Seven, the algorithm captures the thickness to within 0.051mm 

(0.002in) for the uniform samples when compared to the true adhesive layer thickness 

obtained from microscopy imagining.   

 

 
 

Figure 5.15 B-Scan for Bond 2 Showing Bond Start Gate and Bond End Gate 
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Figure 5.16 a) Initial Grid for Averaging A-Scans and b) the Modified Final Grid for 
Averaging A-scans  

 
  



112 

 
 

Figure 5.17 Average A-Scan  
 
 

 
 

Figure 5.18 3D Adhesive Bond Profile for Bond 2 
 
 

5.4 Visual Analysis  
 

 In order to validate the computational analysis from the ultrasonic scan data the 

uniform thickness adhesively bonded samples (i.e. Bond 1, Bond 2, and Bond 3) are 

sectioned using a low speed saw and microscopy is used to measure the adhesive 
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thickness. The process of sectioning and imaging is presented in this section for Bond 2. 

The results for all uniform adhesively bonded samples are presented in Chapter Seven.  

 
5.4.1 Sectioning Adhesive Samples 

 
 Sample sectioning is performed using a Buehler IsoMet low speed saw set to 

approximately 160RPM, corresponding to speed level 6 on the device. Before samples 

are sectioned, a region 8.89cm x 2.54cm (3.5in x 1in) is cut out of the adhesively bonded 

sample using a tile saw. The cut out region for Bond 2 is shown in Figure 5.19. The 

reason for leaving 6.35mm (0.25in) on either side of the adhesively bonded sample is to 

allow for a clean cut at  = 0 and 50.8mm (2in) using the low speed saw. As seen in the 

figure, the silver maker lines are equally spaced at 25.4mm (1.0in) from each other and 

the aluminum scan markers have been removed. These lines are used to create two cross 

sectioned samples, that are each 1.27cm x 2.54cm (0.25in x 1in) that will result in three 

surfaces at 0, 1, and 2 inches to measure the adhesive layer thickness. Prior to the 

first cut, the low speed saw blade (HC15) is dressed as shown in Figure 5.20 following 

the manufactures recommended dressing procedure. Dressing the blade removes any built 

up material and exposes a fresh diamond cutting surface. Figure 5.21 shows Bond 2 

mounted in the low speed saw. Extra precaution is taken by coloring thick silver marker 

lines on the top of the sample and the bottom of the sample as seen in Figure 5.21 to 

make sure the orientation of the sample is always known. The IsoCut cutting fluid and the 

cutting process easily removes the silver marker line, and when the cut has been 

completed the section often falls on the counter or into the cutting fluid reservoir. Once a 

cross sectional cut is made the  surface is cleaned with acetone, wet sanded, and 

polished. The wet sanding process is performed using a variety of sandpapers increasing 
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the grit between each stage starting with a 1000 grit sandpaper and progressing to a 2000 

then a 3000 grit paper. Each surface is sanded two times with each type of sandpaper for 

approximately 10 to 30 seconds each time. The sanding is performed near a sink so the 

sample and sandpaper can be periodically washed to remove any particulates. Once the 

sanding is complete the sample is hand dried and two Maguires polishing compounds are 

used, Maguires 105 and Maguires 205. The polishing compound is applied to a paper 

towel and the surface is polished for approximately 30 seconds. The surface is cleaned 

and dried prior to polishing with the 205 compound. The final surface is nearly defect 

free and provides a high-gloss mirror-like surface. 

 

 
 

Figure 5.19 Cut Out Scanned Region with Cross Sections Marked for Bond 2 
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Figure 5.20 Dressing Low Speed Saw Blade 
 
 

 
 

Figure 5.21 Bond 2 Mounted in Low Speed Saw 
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5.4.2 Adhesive Thickness Microscopy  

The polished sectioned samples are imaged with a Dino-Light digital microscope 

at 100x magnification. A calibration image is taken using a calibration slide with a 

known dot diameter of 0.6mm in order to relate pixels to length. The image obtained 

from the calibration slide is shown in Figure 5.22. A polarizer lens, set to full 

polarization, is used for capturing images of the sectioned samples which provides the 

highest contrast between the carbon fiber laminate and the adhesive. Additionally, the 

monochrome image is used rather than a full color image to provide even more contrast 

between the carbon fiber laminate and the adhesive region. The benefit of a high contrast 

between different material regions is to ensure the highest quality picture is being 

captured. Multiple images are taken for each cross section and manually stitched together 

using Photoshop. The completed stitched image for Bond 2 at  = 0mm (0in) is shown 

in Figure 5.23. This figure also shows the image that is imported into MATLAB. The 

adhesive region is filled in as white manually in Photoshop to eliminate voids and 

possible trouble areas within the bonded region, black is used to fill in any troublesome 

areas within the carbon fiber region with high reflectivity due to porosity. A close-in 

view of a single image of the adhesive region is shown in Figure 5.24 to highlight the 

features that are removed from the analysis. The process of filling in the image with black 

and white makes the MATLAB analysis much smoother and extra precaution is taken to 

stay away from the edge of the adhesive so the measurement value is not skewed.  
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Figure 5.22 Microscopy Calibration Image of 0.6mm Diameter Circle at 100x 

Figure 5.23 Final Stitched Image for Bond 2 
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Figure 5.24 Close-in Picture of an Adhesive Section Showing Void to Fill in and Area to 
be Filled in as Carbon Fiber 

 
 

 The stitched image is imported into MATLAB where a custom script 

incorporating the measured relationship between pixels and length from the calibration 

image is used to measure the adhesive bond thickness. The stitched image is converted 

into a color image where each pixel has a defined numerical color value which is shown 

in Figure 5.25. The conversion to color makes visually identifying the carbon fiber and 

adhesive regions much easier and is vastly different than the black and white image of the 

sample as previously seen in Figure 5.23. Points are manually selected on the top 

boundary and bottom boundary where the adhesive and carbon fiber meet. The top 

adhesive boundary and the bottom adhesive boundary are fit with a cubic spline. The 

average of the difference between the bottom adhesive boundary and top adhesive 

boundary is computed and used for comparison to the ultrasonic data. The average 

microscopy thickness value for the cross section in Figure 5.25 is 0.0309in and the 

average obtained from immersion UT, scanning from the 6 lamina side using the 10x10 
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grid technique is 0.0294in. This is less than 0.002in difference. All microscopy cross 

section comparisons are provided in Chapter Seven.  

 

 
 

Figure 5.25 MATLAB Color Image for Bond 2 at  = 0mm (0in) with Boundary Points 
Selected 

 
 

5.5 Summary: Adhesive Thickness 
 

 This chapter stepped through obtaining speed of sound for the adhesive resin, and 

the specific ultrasonic scan set-up, fabrication technique, ultrasonic analysis for capturing 

the bondline thickness, and microscopy imagining for verification of the adhesively 

bonded samples. A single data set for the bondline thickness obtained from the 

immersion ultrasonic scan is compared to a single sectioned plane, and the results are in 

good agreement with an observed average difference less than 0.002in for the cross 

sectioned plane. The full comparison for the three uniform samples at all three sectioned 

plans is provided in Chapter Seven in addition to the full comparison between the 

immersion UT system and the portable UT system for all five samples.   
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CHAPTER SIX 
 

Barely Visible Impact Damage (BVID) Results 
 
 

 Chapter Four presents the detailed experimental procedure and the computational 

analysis process for the carbon fiber laminated composites that are subjected to drop 

weight impact causing barely visible impact damage. This chapter presents the ultrasonic 

scan results for four identical BVID samples, each subjected to a different impact energy, 

using both the immersion system and the portable system. The results of this chapter are 

an extension of Chapter Four with the impact energy for the four samples provided in 

Table 4.2. This study is similar to that previously presented by the current author [133], 

but consists of new samples, a modified and enhanced drop weight impactor set-up, and 

an expanded analysis. 

 
6.1 3D Microscopy Results  

 
 The height images obtained via the 3D microscopy technique presented in 

Chapter Four, for all four BVID samples, are presented in Figure 6.1. It is worth noting 

that BVID 1, the lowest energy impact, has little to no observable surface damage using 

the high resolution 3D imaging technique, and absolutely no detectable damage using 

classical optical techniques. Table 6.1 provides the measured cross sectional surface areas 

and indention depth for all four BVID samples using the approach discussed previously 

in Section 4.6. This table shows that as impact energy increases so too does the cross 

sectional surface area and average indention depth. It is also worth noting that although 

these increases are not linearly increasing with impact energy, this is not surprising due to 
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the variability in the impact location relative to the fiber weave itself. The specific 

damage observed is expected to vary as this low energy damage is a local phenomena and 

subtle variations in the impact location relative to a fiber tow or the relative placement of 

the tow from one lamina with that of the lamina below will cause subtle variations in the 

damage propagation. The fact that the damage area and depth are both monotonic with 

increasing energy is purely coincidental in the present study, and the absolute values 

given should not be directly correlated with impact energy. In a related study by a 

colleague of the present author investigating laminated composites, the damage area and 

depth both varied for impacts with the same energy on different composite samples that 

were manufactured to the same specifications [128]. 

 

 
 

Figure 6.1 3D Microscopy Height Images for all BVID Samples 
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Table 6.1 BVID Average Indention Depth and Cross-Sectional Surface Area 
 

Sample Impact 
Energy (J) 

Average Indention 
Depth (  Cross Sectional 

Surface Area (mm2) 
BVID 1 8.27 8.53 5.013 
BVID 2 9.41 47.68 27.21 
BVID 3 10.2 48.75 31.28 
BVID 4 10.8 54.15 32.25 

 
 

6.2 BVID Immersion System Results  
 
 

6.2.1 Damage Area Results Using Immersion System  
 

 The size and locations for the lamina of maximum damage for all four BVID 

samples using the immersion scanning technique are presented in Table 6.2 using the 

methodology presented in Section 4.7. Lamina numbering is always from the tool side 

lamina (lamina 1) to the bag side lamina (lamina 18). The percent difference values are 

the difference in the maximum area obtained from the tool and bag side scans, when 

using a given analysis technique (e.g., MGA technique). For example, the difference 

value of 2.69% for the MGA technique for BVID 1 comes by taking the absolute value of 

the difference between the tool side area (71.7mm2) and the bag side area (69.8mm2) and 

dividing that value by the average area as . .. . / 100 2.69%. From this table 

the MGA technique consistently estimates a larger maximum damage area as compared 

to the maximum damage area estimated from the FSI technique. In all instances for both 

the MGA and FSI techniques, the tool and bag side scans yield, at max, just over a 2.5% 

difference in maximum damage area, with the exception of BIVD 1 using the FSI 

technique which has a difference just over 4%. Table 6.2 also shows the lamina that is 

measured to contain the maximum damage for all BVID samples. Notice that both 

methods predict a similar depth of the maximum damage, with a subtle depth differential 
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of only one lamina for BVID 1 and BVID 3. This difference is not concerning as there is 

little damage difference between the lamina with the maximum damage and its nearest 

neighbors, and the repeatability in quantifying the damage zone is of greater impact than 

that of differentiating the lamina with the greatest damage. 

 
Table 6.2 Maximum Damaged Area from Immersion UT  

 
Sample, 

Impact Energy 
Scan 
Side 

Area (mm2) Difference (%) Lamina 
MGA FSI MGA FSI MGA FSI 

BVID 1 
8.27J 

Tool 71.7 67.9 
2.69 4.14 13 12 Bag 69.8 65.2 

BVID 2 
9.41J 

Tool 193.1 189.5 
1.07 0.08 12 12 Bag 195.1 189.3 

BVID 3 
10.2J 

Tool 206.5 199.6 
0.23 0.41 11 10 Bag 207.0 200.4 

BVID 4 
10.8J 

Tool 230.1 226.4 
2.42 1.19 10 10 Bag 224.6 223.7 

 
 

 To compare between analysis techniques, the average percent difference in 

measured damage area for all lamina between the two techniques is calculated and the 

results are presented in Table 6.3. This table shows that there is a nominal difference 

between the analysis techniques for the samples subjected to the higher impact energy. 

The only instance with a substantial difference in the estimated areas of maximum 

damage is in BVID 1 from the bag side. The major contributor to this discrepancy is that 

damage is detected at lamina 17 of the bag side scan with the FSI technique whereas no 

damage is detected at lamina 17 for the MGA technique, where the results for this 

specific lamina are shown in Figure 6.2. Figure 6.2 shows that there is a distinct damage 

region for lamina 17 using the FSI technique but not an obvious damage region for 

lamina 17 using the MGA technique. The first obvious damaged region using the MGA 

technique on the bag side of BVID 1 occurs at lamina 16. If lamina 17 is omitted from 
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the average percent difference calculation the 16.8% difference falls to 5.7%, which is 

not considered significant for this experimental approach. It should also be noted that 

while no damage is detected for lamina 17 using the MGA technique, the damage that is 

detected by the FSI technique is just under 10mm2 which when thought of as a circle 

equates to a circle with a radius of 1.8mm, which is itself nominal and is often neglected 

during service of the part as this is similar to the typical size of the allowed porosity of 

the part from manufacturing. It is worth noting from Table 6.2 that the MGA technique 

consistently estimates the maximum damage area as being 1~4 mm2 greater than the 

maximum damage area from the FSI technique, thus one could consider the MGA 

technique as being the more conservative approach, from the perspective of safety, if one 

considers only the maximum area of damage.  Conversely, the FSI is capable of detecting 

the smaller regions whereas the MGA approach may miss those more subtle damage 

zones as noted in Figure 6.2. 

 
Table 6.3 Average Difference in Damaged Area for all Lamina between MGA and FSI 

Techniques from Immersion UT 
 

Value 
BVID 1 BVID 2 BVID 3 BVID 4 

Tool Bag Tool Bag Tool Bag Tool Bag 
Difference (%) 4.9 16.8 3 1.3 2.1 3.1 2.9 3.7 
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Figure 6.2 Select C-scans for BVID 1 from Immersion UT 
 
 

 The percentage difference between the surface cross sectional damage area, 

presented in Table 6.1, and the maximum damage area obtained from immersion UT, 

presented in Table 6.2, is shown in Table 6.4. This table shows that there is a significant 

difference in maximum damage area at the lamina of maximum damage compared to the 

3D microscopy surface damage. Additionally, the percent difference between surface 

damage and the maximum damage is around 150% for all samples except BVID 1. As 

noted previously, BVID 1 has a virtually damage free surface. This could mean that 

components with little to no damage may pass inspection when in reality they have 

significant damage.  

 
Table 6.4 Percentage Difference between 3D Microscopy Damage Area and Maximum 

Damage Area from Immersion UT 
 

 BVID 1 BVID 2 BVID 3 BVID 4 
Value MGA FSI MGA FSI MGA FSI MGA FSI 

Difference (%) 174 170 151 150 147 146 151 150 
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 The damage area obtained from the immersion UT for lamina 1 is presented in 

Table 6.5. As expected, the damage increases with an increase in impact energy, from 

BVID 1 to BVID 4. Further investigation into the ultrasonically measured damage 

compared to the 3D microscopy damage area is performed by determining the percentage 

difference in damage area between the 3D microscopy damage area and the damage area 

at lamina 1, provided in Table 6.6. The damage area just beneath the surface of the 

laminate is significantly larger than the damage observed via the 3D microcopy 

technique. As seen from this table, with the exception of BVID 1, as the impact energy 

increases so too does the difference in damage area increase between 3D microscopy and 

the damage just beneath the surface at lamina 1. This may seem intuitive, but what is not 

intuitive is that there is a 14% difference in cross sectional surface area between BVID 2 

and BVID 3, but a difference of over 28% in lamina 1 damage area based upon the MGA 

technique. Similarly, there is only a 3% difference in cross sectional surface area between 

BVID 3 and BVID 4 but a 35% difference in lamina 1 damage area based off of the 

MGA technique. The significance of this is that even if surface damage is detected and 

quantified, it does not necessarily correlate to the damage beneath the surface, much less 

the maximum damage within the laminate. BVID 1 has the highest increase in damage 

comparing lamina 1 to the surface damage. This could mean that an in-service part 

classified as undamaged could in fact have substantial internal damage.  

 
Table 6.5 Lamina 1 Damage Area from Immersion UT 

 
 BVID 1 BVID 2 BVID 3 BVID 4 

Value MGA FSI MGA FSI MGA FSI MGA FSI 
Area (mm2) 19.3 17.3 57.5 54.0 76.4 83.2 108.3 108.0 

 
 



127 

Table 6.6 Percentage Difference in Damage area Between the 3D Microscopy Damaged 
Area and Lamina 1 Damaged Area from Immersion UT 

 
 BVID 1 BVID 2 BVID 3 BVID 4 

Value MGA FSI MGA FSI MGA FSI MGA FSI 
Difference (%) 118 110 72.0 66.0 84.0 91.0 108 108 

 
 

 All 3D damage profiles showing the dual cone damage geometry are provided in 

Appendix A for immersion UT in Figures A.1 – A.8 for the MGA and FSI techniques. 

Line plots of the damage area through the thickness of the laminate, obtained from the 

immersion system and both analysis techniques are provided in Figure 6.3 and Figure 6.4 

for all four samples. Notice from these figures that the maximum area of damage is 

within the center region of the laminate (lamina 10 to lamina 13) and it is considerably 

larger than that which occurs on or near the surface (lamina 1). It is also worth noting that 

the damage area is fairly consistent throughout much of the center region with the 

greatest changes occurring near the outer lamina. The area values displayed in these 

figures are used for implementing the true damage geometry into the FEA model 

developed presented in Section 4.1 with the results of the FEA study provided in the next 

subsection.  
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Figure 6.3 Damage Areas from Immersion UT Using the MGA Technique 
 
 

 
 

Figure 6.4 Damage Areas from Immersion UT Using the FSI Technique  



129 

6.2.2 FEA Results Based on Immersion System Scans 
 

 The 3D damage profiles for BVID 2, BVID 3, and BVID 4 obtained 

ultrasonically are put into the FEA model discussed in Section 4.1. Instead of using the 

cylindrical damage zone from Section 4.1, which assumed a though thickness cylindrical 

damage zone with a diameter equal to that of the drop weight impactor tip (16mm), the 

damage zone obtained from the ultrasonic scan is used. It should be noted that BVID 1 is 

left out of this study as the mesh refinement required to handle the significant gradient 

associated with the damage area at lamina 1 is prohibitive for the current study but is 

worth further investigation.  

 The damage area is obtained by approximating the damage zone to be 

axisymmetric along the axis normal to the plane of the laminate. The area at each lamina 

boundary is taken directly from the ultrasound data. Note, damage is uniform through 

lamina 18 for modeling purposes and there is no visible damage on the surface of lamina 

18 but damage is detected at the interface between the 17th and 18th lamina. Figure 6.5 

shows the true damage geometry for BVID 3 as it appears in COMSOL. 

 The mesh for BVID 3 is shown in Figure 6.6 for the XY plane and Figure 6.7 for 

the YZ plane. Figure 6.6 shows the meshing used around the damaged region for lamina 

1. In this figure the damage radius for lamina 1 is 4.93mm and the corresponding offset 

profile can be observed. The offset radius is, defined to have a radius 5% larger than 

lamina 1 yielding a radius of 5.18mm. Additionally, a cylinder with a fine mesh and 

higher order elements is used and has a radius of 2 times the largest damage radius. For 

BVID 3 the largest damage radius is 8.11mm thus the mesh cylinder has a radius of 

16.2mm. The mesh cylinder has undamaged material properties and is used to allow 
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mesh refinement up to the offset profile. Figure 6.7 shows a close-in view of the mesh 

within the damage zone on the YZ plane for BVID 3. Five elements are used through the 

thickness of each lamina. 

 

 
 

Figure 6.5 FEA Damage Profile for BVID 3 from Immersion UT 
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Figure 6.6 Zoomed in Mesh for XY Plane on the Top Surface (Lamina 1) for BVID 3 
 
 

 
 

Figure 6.7 Mesh in YZ Plane at X = 4.5in for BVID 3 
 
 

 The boundary conditions and material properties are identical to the model 

developed in Section 4.1. The normalized von Mises stress profile for BVID 3 is shown 
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in Figure 6.8. This figure shows the maximum normalized von Mises stress occurs near 

the surface of the laminate within lamina 1 and lamina 18. This figure also shows that the 

stress is non-uniform through the thickness of the laminate, which is due to the non-

uniform damage profile. The percent increase in the maximum normalized von Mises 

stress defined as  

% , 100 (6.1) 

 
where ,  is obtained from the FEA results and 1  are 

provided in Table 6.7. The results provided in this table are a comparison of maximum 

normalized von Mises stress and are not stress concentration values. The ‘cylinder’ 

column in this table is comparing the undamaged model to the damage estimated by 

projecting the surface area damage obtained from the 3D microscopy technique of the 

surface, throughout the entire laminate and does not use any ultrasonic data for the 

formation of the cylinder model. The ‘actual’ column in Table 6.7 is the increase in the 

maximum normalized von Mises stress from the geometry obtained using data captured 

exclusively from the analyzed ultrasonic waveform using the MGA approach. 

The finite element model is run for a 10% reduction in elastic stiffness 

representing the lower bound on the damage (i.e., matrix cracking being the dominating 

form of damage) as well as a 90% reduction in elastic stiffness representing the upper 

bound on the damage (i.e., delaminations and fiber breakage being the primary form of 

damage), the stiffness values are provided in Table 4.1. Table 6.7 shows that for every 

single scenario there is a significant increase in maximum normalized von Mises when 

the true damage geometry is accounted for in the FEA model rather than simply assuming 

a through the thickness cylinder with a radius equal to that obtained by 3D microscopy. 
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Thus, demonstrating that knowledge of the true damage geometry is important and can 

greatly aid in understanding the increase in stress outside of the damage region. It should 

be noted that the results from lamina 1 and lamina 18 are not included in the maximum 

normalized von Mises stress calculation due to stress concentrations arising from the step 

function change in the damage profile, resulting in an unacceptable resolution of the for 

the secondary variables. Additional studies should be performed to determine the actual 

residual load carrying capacity as there is a significant difference between the 10% 

reduction in elastic properties and the 90% reduction in elastic properties. Based on the 

collaborative work by the current author with x-ray CT [59], there is clearly a mixed 

mode of damage and it is hypothesized that the mode of failure will be caused by a 

combination of the fiber/matrix behavior along with the mechanism of damage. 

 

 
 

Figure 6.8 BVID Normalized von Mises Stress Profile 
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Table 6.7 FEA Results for Immersion UT Geometry 
 

Sample 
Cylindrical 

Radius (mm) 

10% Stiffness Reduction 90% Stiffness Reduction 
Cylindrical 

(% increase) 
Actual 

(% increase) 
Cylindrical 

(% increase) 
Actual 

(% increase) 
BVID 2 2.94 4.95 9.6 140 320 
BVID 3 3.16 4.96 7.5 140 220 
BVID 4 3.20 4.96 9.1 140 290 

 
 

6.3 BVID Portable System Results  
 
 

6.3.1 Damage Area Results Using Portable System  
 

 Similar analysis techniques and comparison tables as discussed in the previous 

section for the immersion UT results are presented and discussed in this section for the 

portable UT results. The size, location, and scan location (e.g., tool side or bag side scan) 

for obtaining the maximum damage area via the portable ultrasonic scanning procedure 

are presented in Table 6.8 using the methodology presented in Section 4.7. This table 

shows that the MGA technique produces a larger maximum damage area when compared 

to the damage area obtained with the FSI technique for all samples with the exception of 

BVID 2 bag side scan. In all instances for both the MGA and FSI techniques, the tool and 

bag side scans yield, at max, just over a 2.5% difference in maximum damage area. Table 

6.8 also shows the lamina that is measured to contain the maximum damaged area. Both 

methods predict a similar depth of damage with the subtle difference of one lamina for 

BVID 1. This difference is not concerning as there is little damage difference between the 

lamina with the maximum damage and its nearest neighbors, and the repeatability in 

quantifying the damage zone is of greater impact than that of differentiating the lamina 

with the greatest damage. 
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Table 6.8 Maximum Damaged Area from Portable System 
 

Sample, 
Impact Energy 

Scan 
Side 

Area ( ) Difference Lamina 
MGA FSI MGA FSI MGA FSI 

BVID 1 
8.27J 

Tool 68.5 65.2 
0.08 0.63 11 12 Bag 68.5 64.8 

BVID 2 
9.41J 

Tool 184.1 183.2 
0.89 2.72 12 12 Bag 185.8 188.2 

BVID 3 
10.2J 

Tool 211.7 209.0 
1.61 2.03 12 12 Bag 215.2 213.3 

BVID 4 
10.8J 

Tool 236.8 229.7 
0.34 2.48 11 11 Bag 236.1 235.4 

 
 

 In order to compare the two analysis techniques, the average of the percentage 

difference for all lamina between the MGA and FSI techniques for tool side damage areas 

and bag side damage areas is computed and presented Table 6.9. This table shows that 

there is not a significant difference between the two techniques for samples subjected to 

high impact energy. The only instance with a significant difference in the estimated areas 

of maximum damage is in BVID 1 when scanned from the bag side. The major 

contributor to this discrepancy is that damage is detected at lamina 17 of the bag side 

scan using the FSI technique whereas no damage is detected at lamina 17 using the MGA 

technique. Figure 6.9 presents C-scans for lamina 17 and lamina 16, obtained from the 

bag side scan of BVID 1. This figure shows that there is distinct damage in lamina 17 

using the FSI technique but not an obvious damage region using the MGA technique. 

This first obvious sign of damage using the MGA technique is at lamina 16. If lamina 17 

is omitted from the average percent difference the average percent difference presented in 

Table 6.9 for BVID 1 bag would drop from 11.6% to 1.6%, which is not considered 

significant for this experimental approach. It should also be noted that while no damage 

is detected for lamina 17 using the MGA technique, the damage that is detected by the 
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FSI technique is just under 7mm2 which when thought of as a circle equates to a circle 

with a radius of 1.5mm, which is itself nominal and is often neglected during service of 

the part as this is similar to the typical size of the allowed porosity of the part from 

manufacturing. It is worth noting from Table 6.8 that the MGA technique consistently, 

with the exception of BVID 2 bag scan, estimates the maximum damage area as being 

1~4 mm2 greater than the maximum damage area from the FSI technique, thus one could 

consider the MGA technique as being the more conservative approach if one considers 

only the maximum area of damage. Conversely, the FSI is capable of detecting the 

smaller regions whereas the MGA approach may miss those more subtle damage zones as 

noted in Figure 6.9.   

 
Table 6.9 Average Difference in Damaged Area for all Lamina between MGA and FSI 

Techniques from Portable UT 
 

 BVID 1 BVID 2 BVID 3 BVID 4 
Value Tool Bag Tool Bag Tool Bag Tool Bag 

Difference (%) 3.6 11.6 3 1.3 2.5 1 3.2 2.3 
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Figure 6.9 Select C-Scans for BVID 1 from Portable UT 
 
 

 The percentage difference between the surface cross sectional damage area, 

presented in Table 6.1, and the maximum damage area obtain from portable UT, 

presented in Table 6.8, is shown in Table 6.10. This table shows that there is a significant 

difference in maximum damage area at the lamina of maximum damage compared to the 

3D microscopy surface damage. Additionally, the percent difference between surface 

damage and the maximum damage is around 150% for all samples except BVID 1, which 

is the same conclusion that was made from the immersion UT results, (see e.g., Table 

6.4). As noted previously, BVID 1 has a virtually damage free surface. This could mean 

that components assumed to have an acceptable level of damage based on surface 

inspection techniques may in reality have substantial internal damage. 
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Table 6.10 Percentage Difference between 3D Microscopy Damaged Area and Maximum 
Damaged Area from Portable UT 

 
 BVID 1 BVID 2 BVID 3 BVID 4 

Value MGA FSI MGA FSI MGA FSI MGA FSI 
Difference (%) 170 171 149 149 149 149 152 152 

 
 

 The damage area obtained from portable UT for lamina 1 is presented in Table 

6.11. As expected, the damage increases with an increase in impact energy, from BVID 1 

to BVID 4, also seen for immersion UT results. Further investigation in to the 

ultrasonically measured damage compared to the 3D microscopy damage area is 

performed by determining the percentage difference in damage area between the 3D 

microscopy damage area and the damage area at lamina 1, provided in Table 6.12. The 

damage area just beneath the surface of the laminate is significantly larger than the 

damage observed via the 3D microcopy technique. As seen from this table, with the 

exception of BVID 1, as impact energy increases so too does the difference in damage 

area increase between 3D microscopy and the damage just beneath the surface at lamina 

1. This may seem intuitive, but what is not intuitive is that there is a 14% and 3% 

difference in cross sectional surface area between BVID 2 and BVID 3, and BVID 3 and 

BVID 4; but over a 30%, and 14% difference in the lamina 1 damage area, respectively. 

The significance of this is that even if surface damage is detected and quantified, it does 

not necessarily correlate to the damage beneath the surface, much less the maximum 

damage within the laminate. BVID 1 has the highest increase in damage comparing 

lamina 1 to the surface damage. This could mean that an in-service part classified as 

acceptable could in fact have substantial internal damage.  
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Table 6.11 Lamina 1 Damaged Area from Portable UT 
 

 BVID 1 BVID 2 BVID 3 BVID 4 
Value MGA FSI MGA FSI MGA FSI MGA FSI 

Area (mm2) 15.1 14.1 58.9 55.2 80.5 77.2 92.7 92.6 
 
 

Table 6.12 Percentage Difference in Damage Area Between the 3D Microscopy 
Damaged Area and Lamina 1 Damaged Area from Portable UT 

 
 BVID 1 BVID 2 BVID 3 BVID 4 

Value MGA FSI MGA FSI MGA FSI MGA FSI 
Difference (%) 100 95.1 73.6 67.9 88.0 84.6 96.7 96.7 

 
 

 All 3D damage profiles showing the dual cone damage geometry are provided in 

Appendix A for portable UT in Figures A.1 – A.8 for the MGA and FSI techniques. Line 

plots of the damage area through the thickness of the laminate, obtained from the portable 

system and both analysis techniques are provided in Figure 6.10 and Figure 6.11 for all 

four samples. Notice in all instances that the maximum area of damage is within the 

center region of the laminate and it is considerably more than that which occurs on or 

near the surface. It is also worth noting that the damage area is fairly consistent 

throughout much of the center region with the greatest changes occurring near the outer 

lamina.  
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Figure 6.10 Damage Areas for Portable UT Using the MGA Technique 
 
 

 
 

Figure 6.11 Damage Areas from Portable UT Using the FSI Technique 
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6.3.2 FEA Results Based on Portable System 
 

 For demonstration purposes the geometry for BVID 3 obtained from the portable 

UT system is incorporated into the FEA model developed in Section 4.1. The damage 

area is obtained by approximating the damage zone to be axisymmetric along the axis 

normal to the plane of the laminate. The area at each lamina boundary is taken directly 

from the portable UT data, and damage is extended through lamina 18 for modeling 

purposes even though there is no visual damage on the outer surface of lamina 18. Figure 

6.12 shows the true damage geometry for BVID 3, obtained from portable UT, as it 

appears in COMSOL. The boundary conditions and material properties are identical to 

the model developed in Section 4.1. The percent increase in the maximum normalized 

von Mises stress from the undamaged model to the damaged model is shown Table 6.13 

and calculated using Equation (6.1). The undamaged model is compared to the ‘cylinder’ 

damage model where the ‘cylinder’ damage is modeled by projecting the cross sectional 

surface area obtained from the 3D microscopy technique through the thickness of the 

laminate. The increase in the maximum normalized von Mises stress from the geometry 

obtained ultrasonically and analyzed using the MGA approach are shown in Table 6.13 as 

the ‘Actual’ column, the 3D microscopy surface area measurements are not used in 

‘Actual’ damage geometry. Additionally, the finite element model is run for a 10% 

reduction in elastic stiffness representing the lower bound on the damage (i.e., matrix 

cracking being the dominating form of damage) as well as a 90% reduction in elastic 

stiffness representing the upper bound on the damage (i.e., delaminations and fiber 

breakage being the primary form of damage), these material properties are presented in 

Table 4.1. Table 6.13 shows that there is a significant increase in maximum normalized 
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von Mises stress when the true damage geometry is accounted for in the FEA model 

rather than simply assuming a through the thickness cylinder with a radius equal to that 

obtained solely by the 3D microscopy technique. Thus, concluding that true damage 

geometry is important, as was the same conclusion when the immersion UT geometries 

were used in the FEA model. As was done in the immersion UT section, lamina 1 and 

lamina 18 are omitted from the maximum normalized von Mises stress calculation due to 

stress concentrations arising from the step function change in the damage profile, 

resulting in an unacceptable resolution of the for the secondary variables. Note, the mesh 

used for the portable FEA study is similar to that shown in Figure 6.6 and Figure 6.7, 

where the damage radii obtained from the portable system are used.  

 

 
 

Figure 6.12 FEA Damage Profile for BVID 3 from Portable UT 
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Table 6.13 FEA Results for BVID 3 Geometry Using Portable UT 
 

Cylindrical 
Radius (mm) 

10% Stiffness Reduction 90% Stiffness Reduction 
Cylindrical 

(% increase) 
Actual 

(% increase) 
Cylindrical 

(% increase) 
Actual 

(% increase) 
3.16 4.96 8.4 140 250 

 
 

6.4 Ultrasonic Measurement Uncertainty 
 

 Uncertainty associated with ultrasonic damage measurements can be analyzed by 

investigating the governing equation, Snell’s law, for refracted signals which is defined 

as  sinsin  (6.2) 

 
where  is the maximum incident acoustic angle from the transducer, 1486  the 

speed of sound for water,  is the refracted angle into the composite which is treated as 

an isotropic homogenous material with a speed of sound 2800 . The maximum 

uncertainty for ultrasonically measuring the damage area is determined by  as seen in 

Figure 6.13, which is the difference between where the transducer is and where the 

damage begins. The value  is determined based on Snell’s law and when  

2 2  (6.3) 

 
where  is the diameter of the ultrasonic transducer, which is 0.5in for the work 

presented in this dissertation. As seen from this figure the damaged region is detected 

before the transducer is physically over the damaged region. Considering an 18 lamina 

laminate with a ply thickness of 0.234mm, the  value is 1.12mm for damage at lamina 

18, which is shown in Figure 6.14. This figure also shows that damage is a function of 

depth and increases with depth into the material with the minimum uncertainty at lamina 
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1 with 0.074  and the maximum at lamina 18 with 0.94 . If damage is 

treated as a circle the true damage circle would have a true damage radius 0.074mm less 

than the radius of the ultrasonically measured damage area at lamina 1 and a true damage 

radius 0.94mm less than the radius of the ultrasonically measured damage area at lamina 

18. As seen in the immersion and portable results presented in Section 6.2 and Section 

6.3, respectively, the deepest damage area that is used for the total damage profile is 13 

laminas deep. This depth corresponds to 0.75  and an over approximation of the 

true damage region radius by 0.75mm.  

 

 
 

Figure 6.13 Signal Uncertainty 
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Figure 6.14 Signal Uncertainty as a Function of Depth 
 
 

6.5 BVID Immersion vs. Portable  
 
 

6.5.1 Compare Scan Results for Immersion UT and Portable UT 
 

 As noted in Table 6.2 and Table 6.8 the maximum damage and the location of the 

maximum damage is quite similar between the immersion and the portable system. For 

the lamina location of maximum damage, the portable UT more often than not, yields a 

lamina of maximum damage that is equal to or one lamina deeper in depth as compared 

to the results measured by the immersion UT system. BVID 1 using the MGA technique 

is the only scenario where portable UT produced the lamina of maximum damage at a 

shallower lamina, compared to immersion UT. Table 6.14 provides a summary of these 

results. It should be noted that the human error associated with tracing the damage region 

may be significant in this case. Subtleties in trace path can produce significant area 

differences when comparing analysis techniques and scanning systems. Based on 
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multiple trial studies by the author, the characterized area varied by up to 30 mm2 upon 

repeated analysis, easily accounting for the slight variations between the portable and the 

full immersion scan results. These small errors in area measurements can shift the lamina 

of maximum damage. Regardless, the key variable to quantify is the maximum damage 

area as will be presented below. 

 
Table 6.14 Immersion vs Portable Lamina of Maximum Damage  

 

Sample 
MGA FSI 

Immersion Portable Immersion  Portable 
BVID 1 13 11 12 12 
BVID 2 12 12 12 12 
BVID 3 11 12 10 12 
BVID 4 10 11 10 11 

 
 

 The final comparison between immersion and portable UT comes from looking at 

the absolute difference, and absolute difference in radius in measured damage area for 

each lamina and both of the analysis techniques. The results for the MGA technique are 

shown in Figure 6.15, and Figure 6.16. These figures show that for lamina 1 through 

lamina 14 is less than 35  and from lamina 7 to 14 the difference is less than 45 . The absolute difference for the FSI technique is less than 25  for lamina 1 

through 15 thus making the FSI technique appear to be the preferred of the two 

techniques in moving from the immersion to the portable scanning system. Based on 

Figure 6.17 there appears to be no relationship between higher impact energy (i.e. greater 

damage) and a greater difference in damage area between the two systems. Additionally, 

the immersion system more often predicts a damage area that is larger than the damage 

area predicted by the portable system, which is shown in Figure 6.19 and Figure 6.20. 

These figures show the system that predicted the larger damage area for each lamina. The 
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immersion system tends to predict a larger damage area from lamina 1 though lamina 10. 

Since the immersion system often predicts a damage area larger than the portable system 

a correction factor could be used to account for these differences and additional studies 

are warranted to determine this correction factor. However, the immersion system does 

not always predict a larger damage area which implies that there is a true error associated 

with the tracing technique presented. This error could be contributed to a variation in the 

hardware between the two systems, or minor unpredictable differences in the human 

aspect of tracing the damage. It is important to note that the two systems have very 

different translation hardware. The immersion system contains very robust translation 

stages with a higher quality and higher tolerance coarse threaded screw, whereas the 

portable system contains a lighter weight less robust translation stages with very fine 

screws. The finer screws are great for special resolution but the increase in rotations 

causes waviness in the acoustic signal which hinders the analysis. The significant 

differences in the damage area beyond lamina 14 are likely due to the fact that the bag 

sides scans, either using immersion or portable UT, are very difficult to properly capture 

the depth within the laminate due to the roughness of the bag side surface causing 

variability in the resin thickness on the surface of the composite. The significant 

differences in the first few lamina could be attributed to signal saturation. If a technique 

such as distance amplitude correction could be implemented this could be mitigated. 

Lastly, while hardware is believed to play a role in the variation of the damage area, the 

main contributor to these differences is from the significant amount of human interaction 

required by the technique. This is a very human intensive process of selecting damage 

from the processed data and is subjective to visual interpretation by the individual 
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performing the tracing. As can be seen in Figure 6.15, the maximum difference in 

damage area between the immersion and portable system is 43mm2 which corresponds to 

a circle with a radius less than 3.7 mm. To put this into perspective, as seen in Figure 

6.16 the difference in radius for the 43mm2 area difference is just over 1mm, which is the 

maximum for all samples using the MGA technique and the maximum radius difference 

for all samples using the FSI technique is 1mm, shown in Figure 6.18. This is all to say 

that it is extremely easy to over or under trace the damage region. Since there is no 

definitive conclusion as to the “true” damage region given the resources currently 

available to the author, a concise statement stating if a result is an overestimate or an 

underestimate cannot be obtained, but the results can only be compared to each other and 

to their consistency. The primary explanation for differences in damage areas between 

the immersion and portable systems is variation in the manual process of identifying the 

damage boundary of the processed and filtered image.  

 

 
 

Figure 6.15 Absolute Difference in Damage Area Estimation for MGA Between 
Immersion and Portable Scanning Systems 
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Figure 6.16 Absolute Difference in Damage Area Estimation Converted to Radius for 
MGA Between Immersion and Portable Scanning Systems 

 
 

 
 

Figure 6.17 Absolute Difference in Damage Area Estimation for FSI Between Immersion and 
Portable Scanning Systems  



150 

 
 

Figure 6.18 Absolute Difference in Damage Area Estimation Converted to Radius for FSI 
Between Immersion and Portable Scanning Systems  

 
 

 
 
Figure 6.19 The System that Predicted the Larger Damage Area for Each Lamina Using 
the MGA Technique 
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Figure 6.20 The System that Predicted the Larger Damage Area for Each Lamina Using 
the FSI Technique 

 
 

6.5.2 FEA Comparison for Immersion UT and Portable UT 
 

 The FEA model developed in Section 4.1 was reintroduced and the actual damage 

geometries were used. Results were provided confirming that compared to assuming the 

surface damage as a cylinder through the thickness of the laminate the actual geometry 

produces a higher increase in maximum normalized von Mises stress; an increase in 

maximum normalized von Mises stress upwards of 300% for the immersion UT system 

compared to an increase of 140% for the cylindrical damage model.  

 Comparing BVID 3 for the immersion UT system and the portable UT system it 

can be seen that they produce similar increases in maximum normalized von Mises stress 

when compared to the undamaged model, 220% increase for the immersion UT system 

and 250% for the portable UT system. The difference between the actual maximum 
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normalized von Mises stress for the immersion UT system and the portable UT system is 

9.5%. This difference in maximum normalized von Mises stress is considered to be 

reasonable for this experimental approach and FEA model 

 Further studies are warranted to obtain better mesh refinement of the FEA model 

to allow for meshing of all BVID geometries. Additionally, it should be investigated as to 

what is causing the difference in maximum von Mises stress between the immersion UT 

system and the Portable UT system, as it was shown that the geometries are in good 

agreement with one another. Further development of the manually tracing procedure to a 

more automated procedure would aid in the convergence between the two systems. 
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CHAPTER SEVEN 
 

Adhesive Layer Thickness Results  
 
 

 Chapter five presents the experimental procedure and the computational analysis 

process for ultrasonically determining the spatially varying adhesive layer thickness 

between two bonded carbon fiber laminates. This chapter presents the ultrasonic scan 

results for all five of the adhesively bonded samples using both the immersion UT system 

and the portable UT system. Scan results are compared to physical microscopy 

measurements of the adhesive layer performed by sectioning the part and imaging the cut 

surface. As will be seen there is a consistent and repeatable absolute difference in 

thickness of less than 0.0021in between the ultrasonically measured adhesive layer 

thickness and the as-manufactured adhesive layer thickness, independent of the adhesive 

thickness. For this reason, all comparisons are based on the absolute value of the 

difference between values being compared, as percentage values would falsely conclude 

that thick bond samples are easier to obtain and have less error in the measurement. In 

future certification efforts for use in industry, this shift factor could be logged once and 

all reported results could be scaled accordingly. 

 
7.1 Microscopy Measurements and Results  

 
 Microscopy measurements are obtained according to the method outlined in 

Section 5.4.2 and these results are presented in Table 7.1 for the three samples designed 

to have a consistent thickness. As can be observed by the results in Figure 7.1 for the 

second sample on a single plane, the bondline separation is not a constant value, but has 
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slight variations due to the nonuniform surface morphology of the bag-side surface. This 

table shows that the method for obtaining the true adhesive layer thickness is consistent, 

as the standard deviation for a particular sample and cross section remains consistent. The 

standard deviation values show that the thickness variation is independent of the 

thickness of the adhesive layer itself as would be expected from the surface finish on the 

bag side is caused by the infusion mesh and peel ply placed between the laminate and the 

vacuum bag. There is also some small variability in identifying where the adhesive bond 

ends and the carbon fiber laminate begins, but based on the results shown in Figure 7.1, it 

is clear that the majority of the variability is the roughness of the bag side. Also, due to 

the inherent interlocking woven carbon fiber tow pattern associated with woven fabrics, 

there will also be alternating accordion like variations in the thickness as the adhesive 

will flow in to and around the peaks and valleys as shown in Figure 7.1.  

 
Table 7.1 Microscopy Adhesive Thickness Measurements (in) 

 
Cut Loc. (in) Bond 1 Bond 2 Bond 3 

0 0.0156 0.0026 0.0309 0.0027 0.0675 0.0023 
1 0.0135 0.0027 0.0307 0.0025 0.0666 0.0018 
2 0.0152 0.0030 0.0320 0.0026 0.0674 0.0031 
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Figure 7.1 Accordion like Adhesive Thickness Shown for Bond 2 Cross Section at 0  
 
 

7.1.1 Scan Area Alignment 
 

 Prior to the analysis of the data set, alignment of the sample is critical. This is 

especially important when the samples are scanned from opposite sides of the bond, and 

the scan data is then correlated to the sectioned sample. While it is not obvious from the 

uniform samples, this issue is even more essential for the ramp sample. For example, a 

sample immersion scan setup is shown in Figure 7.2. In this instance the scan starts 

approximately 0.125in from where it was intended in  and in . This will then cause 

the scan to end 0.125in after intended, as shown in Figure 7.2 for the  offset. This 

figure shows the intended scan start location (at ruler mark 3.375in) and the actual start 

location obtained by subtracting the radius of the transducer tube (0.368in) from the 

distance between the intended start location and the edge of the transducer tube, which is 
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obtained from the vertical wooden stick at ruler location 3.875in. Combining these 

values, it is determined that the actual start location is 0.132in into the scan region.  

 As mentioned previously, scan area is marked with silver marker and the same 

region is transferred to the back side of the laminate. However, if the scan begins just 

over 0.125in after anticipated on both sides, there will be a combined difference of 0.25in 

in , as the sample is flipped about the  axis for scanning the opposite side. By 

flipping the sample about the  axis, the offset in  is conserved between scans and 

alignment in  does not need to be considered. Figure 7.3 provides a representation of 

the overlapping scan region viewing the -  plane which is the same for all samples, 

and the -  plane for the ramp sample. While the results for the ramp sample are 

presented later, they are needed to aid in the discussion of aligning scan area, as the ramp 

sample caught this misalignment in scan region, and would have been missed if the ramp 

sample was not part of the study. From this figure the 1.75in x 1.0in scan region is 

highlighted, along with a visual representation as to the 0.125in offset. Figure 7.3b shows 

the profile of the ramp sample.  

 To back up the visual determination of scan start offset, shown in Figure 7.2, 

similar triangle relationships can be used to determine, based on the ultrasonically 

measured heights of the lamina 3 scan (i.e. 0.03in and 0.052in) and the fact that the total 

distance covered in  is still 2.0in, the  value is 0.24in. From here, knowing that 

the 6 lamina scan also covers 2.0in in  it becomes obvious that 0.24  This means that the initial 0.25in in for all of  for the 3 lamina scan are 

ignored and the initial, pre-flipped about the  axis, 0.25in in  and all of  for the 6 

lamina scan are ignored. The data that is ignored is only ignored for the analysis portion 
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comparing the adhesive thickness layer measurements dependence on scan side and all 

data points are used in comparing the immersion UT to the portable UT and in generating 

the surface profiles. Additionally, in order to appropriately compare the grid 10 and grid 

20 techniques the same  distance needs to be ignored. Thus 0.315in are ignored which 

equates to four  sections for the 10x10 grid analysis and two  sections for the 20x20 

grid analysis. 

 

 
 

Figure 7.2 Actual Scan Start and Stop Location Along   
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Figure 7.3 Actual Overlap Scan Region 
 



159 

 Since the scan regions are shifted by 0.125in it is not appropriate to compare the 0  ultrasonically obtained thickness to the corresponding microscopy obtained 

thickness for the 3 lamina scans and similarly for the 6 lamina scans it is not appropriate 

to compare the ultrasonically obtained thickness for the 2  cross section to the 

microscopy thickness measurement at 2in. The values of 0in, 1in, and 2in refer to a 

global dimension which are mapped appropriately for comparing to ultrasonically 

determined thickness by using ultrasonically measured thickness values at 0.875in for the 

1in cross section and 1.875in for the 2in cross section, obtained using the 3 lam, scan and 

also 1.875in for the 0in cross section, obtained from the 6 lam scan pre-data flip. The 6 

lam data is flipped at the very end for plotting purposes only to visually compare the 3 

lam and 6 lam adhesive bond profiles. Comparison of microscopy thickness 

measurements and ultrasonically determined thickness measurements is provided in the 

follow sections.  

 The main difference in the girds comes from visually looking at the adhesive 

surfaces as surface plots. The surface plots highlighting this visual difference between 

grid technique for the Bond 1 scanned from the 3-lamina side using immersion UT is 

shown in Figure 7.4. From this figure it is obvious that the 20 x 20 A-scam grid technique 

produces as smoother adhesive surface profile. This is expected as the 20 x20 A-scan grid 

technique takes the average A-scan value over a larger area compared to the 10 x 10 A-

scan grid technique. All Bond samples using the two grid techniques are provided in 

Appendix B. 
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Figure 7.4 Bond 1 Scanned from the 3 Lamina Side Using Immersion UT and the a) Grid 
10 Technique and the b) Grid 20 Technique. 

 
 

7.1.2 Immersion UT vs Microscopy Results 
 

 Ultrasonic C-scans are performed from both the three lamina side and the six 

lamina side of the bonded sample. The three uniform thickness samples are cross 

sectioned using the method presented in Chapter Five. The results of the microscopy 

imaging and comparison to the ultrasonic immersion scanning are shown in Table 7.2, 

Table 7.3, and Table 7.4 for Bond 1, Bond 2, and Bond 3 respectively. The tables are 

composed of the average thickness from the microscopy measurements for each of the 

samples and the average error from both the Grid 10 and the Grid 20 immersion UT 
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results. The average error obtained using a local 10 x 10 grid for the average A-scan is 

defined as | | (7.1) 
 

where  is the average thickness obtained from the sectioned samples at the given 

cut location and  is the average thickness along the given cut location from the 

ultrasonic scan from a 10x10 grid for the average A-scan. Similarly, the average error 

obtained from a local 20 x 20 grid for the average A-scan is defined as | | (7.2) 
 

where  is the average thickness along the given cut location from the ultrasonic scan 

from a 20x20 grid for the average A-scan. These three tables all show that the 

ultrasonically obtained thickness measurements for all scan sides and grid sizes are 

reasonable when compared to the microscopy measurements, as the average difference in 

thickness measurements, both  and , across an individual cross section is just 

over 0.002in, with the exception of the Bond 2 for the 2.0in cross section where the 

average difference between the microscopy measurement and immersion UT 

measurement is 0.0028in. The difference in cross sectional measurements for the 1in 

cross section for Bond 2 in insignificant. Bond 2 was the first sample that was cut and 

polished and the polishing technique was improved as more samples were polished. This 

helps explain the larger difference in the 2.0in cross sectional measurement for Bond 2. 

Bond 2 has an adhesive thickness that is in-between Bond 1 and Bond 3. Bond 1 and 

Bond 3 samples are the lower and upper bounds, respectively, of the adhesive thickness 

experiment. Since they produce acceptable ultrasonically measured adhesive thickness 
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values compared to the microscopy measured thickness values, it is believed that refining 

the polishing process would yield similar results for the Bond 2 sample.  

 
Table 7.2 Bond 1 Absolute Difference in Average Adhesive Bond Thickness at Various 

Locations Between Immersion UT and Microscopy (10-3 in) 
 

Cut Loc. (in)  
  

3 Lam 6 Lam 3 Lam 6 Lam 
0 15.6 - 0.8 - 0.5 
1 13.5 1.6 2.1 2.0 1.4 
2 15.2 1.2 - 0.8 - 

Avg 14.8 1.4 1.5 1.4 1.0 
 
 

Table 7.3 Bond 2 Absolute Difference in Average Adhesive Bond Thickness at Various 
Locations Between Immersion UT and Microscopy (10-3 in) 

 

Cut Loc. (in)  
  

3 Lam 6 Lam 3 Lam 6 Lam 
0 30.9 - 1.5 - 0.9 
1 30.7 0.4 1.0 0.5 0.9 
2 32.0 2.8 - 2.8 - 

Avg 31.2 1.6 1.3 1.7 0.9 
 
 

Table 7.4 Bond 3 Absolute Difference in Average Adhesive Bond Thickness at Various 
Locations Between Immersion UT and Microscopy (10-3 in) 

 

Cut Loc. (in)  
  

3 Lam 6 Lam 3 Lam 6 Lam 
0 67.5 - 0.2 - 0.2 
1 66.6 0.6 1.0 0.6 1.5 
2 67.4 0.6 - 0.8 - 

Avg 67.2 0.6 0.6 0.7 0.9 
 
 

7.1.3 Portable UT vs Microscopy Results  
 

 Similar to the immersion UT results, the results comparing the portable UT to the 

true microscopy measured adhesive layer thickness are presented in Table 7.5, Table 7.6, 

and Table 7.7 for Bond 1, Bond 2 and Bond 3 respectively. Similar conclusions for the 
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average error values  and  are drawn for the accuracy of the portable UT 

system, as were made for the immersion UT system. Scans from both sides of the sample 

reveal that neither side stands out as significantly better or worse compared to the 

microscopy measured true thickness values. There is also no significant benefit in an 

increased grid size, from the perspective of absolute difference. Appendix B shows the 

surface plots of all five bond samples, similar to that of Figure 7.4 for the immersion 

scan, obtained from the portable UT system and it can be seen that the 20x20 grid 

produces smoother surface plots. Again, the average error from the 2.0in cross section for 

Bond 2 is an outlier, with an absolute difference between the microscopy measurement 

and the portable UT measurement around 0.003in for the 3 lamina scan and the 6 lamina 

scan. This outlier is similar to the results comparing immersion UT to the microscopy 

measurements, and as previously discussed it is believed that this is caused by improper 

sample preparation for the sectioned sample. Bond 3 has the lowest maximum absolute 

difference out of the three uniform samples with a value of 0.0in, meaning perfect 

agreement between the cross sectional measurement obtained ultrasonically compared to 

microscopy. 

 
Table 7.5 Bond 1 Absolute Difference in Average Adhesive Bond Thickness at Various 

Locations Between Portable UT and Microscopy (10-3 in) 
 

Cut Loc. (in)  
  

3 Lam 6 Lam 3 Lam 6 Lam 
0 15.6 - 0.3 - 0.3 
1 13.5 1.6 0.2 1.7 1.5 
2 15.2 0.9 - 0.7 - 

Avg 14.8 1.3 0.3 1.2 0.9 
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Table 7.6 Bond 2 Absolute Difference in Average Adhesive Bond Thickness at Various 
Locations Between Portable UT and Microscopy (10-3 in) 

 

Cut Loc. (in)  
  

3 Lam 6 Lam 3 Lam 6 Lam 
0 30.9 - 0.6 - 0.7 
1 30.7 0.5 0.3 0.8 0.7 
2 32.0 2.8 - 3.1 - 

Avg 31.2 1.7 0.5 2.0 0.7 
 
 

Table 7.7 Bond 3 Absolute Difference in Average Adhesive Bond Thickness at Various 
Locations Between Portable UT and Microscopy (10-3 in) 

 

Cut Loc. (in)  
  

3 Lam 6 Lam 3 Lam 6 Lam 
0 67.5 - 0.3 - 0.6 
1 66.6 0.3 0.6 0.0 0.7 
2 67.4 0.1 - 0.3 - 

Avg 67.2 0.2 0.5 0.2 0.7 
 
 

7.1.4 Conclusion of UT Systems and Microscopy Results 
 

 The previous results conclude that immersion UT and portable UT produce 

precise results when compared to the true adhesive layer thickness as measured using a 

microscopy technique. All but the 2in cross section for Bond 2 had a difference in 

adhesive thickness values compared to the microscope measured values of no greater 

than 0.0021in. The aim of this work is to provide a technique for precisely determining 

the adhesive layer thickness between two carbon fiber laminates and it is not in the scope 

of work to conclude weather an uncertainty of 0.0021in would be significant to the 

loading conditions associated with an actual component. Based on conversations with 

personnel in the industry [125], this resolution puts this technique within a range of 

applicability for some aerospace systems. This capability is something that is currently 

unavailable from any large-scale inspection technique. 
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7.2 Adhesive Layer Thickness Immersion vs. Portable  
 
 

7.2.1 Comparison Between UT Systems for Uniform Thickness Samples 
 

 Comparison between the two ultrasonic scanning systems is performed by 

comparing their average Point-by-Point Absolute Difference for adhesive layer thickness 

(PPAD). The PPAD is computed for each sample and analysis combination, where an 

analysis combination consists of a grid method and a scan side. It is computed by taking 

difference in calculated adhesive thickness between corresponding grid locations for the 

sample/analysis combination in comparison. Two PPAD values are used. The PPAD36 is 

used for comparing the 3 lamina scan side to the 6 lamina scan side and is shown in 

Figure 7.5. The PPADIP analysis is used for comparing the immersion UT to the portable 

UT and is shown in Figure 7.6. For both PPAD values N and M are defined by the 

number of grid sections (e.g., the 10x10 grid for the local A-scan average has N = 25 and 

M = 12 and the 20x20 grid for the local A-scan average has N = 12 and M = 6).  

 The average value of all the section differences comparing scan side is computed 

and results are presented in Table 7.8 for PPAD36 comparing the 3 lamina side scans to 6 

lamina side scans, holding the ultrasonic scanning technique and grid size constant. In 

other words, the value of 0.001in for the Grid 10 from Bond 1 is determined by taking the 

difference in Bond 1 adhesive thickness obtained from the 3-lamina side and the adhesive 

thickness of Bond 1 obtained by scanning the 6-lamina side at a single section. Then 

taking the average of the difference values among all the sections. This table is useful in 

showing the insensitivity of the approach when scanning from either a thin laminate or a 

thick laminate. Table 7.8 shows that the variability associated with scan side is 

consistently around 0.001in with a maximum difference of 0.0018in and a minimum 
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difference of 0.0005in. This means there is no real significance from which side the scan 

is obtained. This table also shows that the immersion system appears to be more 

consistent as all the grid 10 values are identical and the grid 20 values are equal for Bond 

1 and Bond 2 and only differ by 0.0001in for Bond 3. The portable system on the other 

hand has all unique values but the variability is less than 0.001in, as a function of initial 

laminate thickness. 

 The PPADIP results are provided in Table 7.9 for comparing the two ultrasonic 

scanning techniques, holding from which lamina side the scan was obtained and grid size 

constant. In this instance the same part is scanned on the same side, the difference is that 

one scan is performed using the immersion system and one is performed using the 

portable scanner. Again, it should be noted that the full data set was used for PPADIP 

comparison between ultrasonic scanning systems as the whole scan region overlaps from 

system to system. Table 7.9 concludes that for the 10x10 grid the PPADIP is no greater 

than 0.0016in and for a 20x20 grid the maximum PPADIP is 0.0011in. This table 

concludes that there is no significant difference between adhesive layer thickness 

measurements obtained from immersion UT or portable UT. Again, the 20x20 grid yields 

a lower PPADIP compared to the 10x10 grid. This makes sense as the 20x20 produces a 

smoother average incorporating more adhesive layer area within each grid, making slight 

variations in adhesive layer thicknesses less significant to the overall adhesive layer 

thickness. But as shown, the grid size does not play a significant role in the adhesive 

measurement precision compared to the true microcopy measurement for uniform 

thickness samples. The results presented provide a comparison between the two scanning 

techniques; the portable UT system provides reasonable adhesive thickness 



167 

measurements as the results are similar (i.e. PPADIP values no greater than 0.0016in for 

either grid or scan side) to the lab immersion UT system.  

 

 
 

Figure 7.5 Representation of PPAD36 
 
 

 
 

Figure 7.6 Representation of PPADIP 
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Table 7.8 PPAD36 Comparing Difference in Measured Adhesive layer Thickness 
Between Scan Side (10-3 in) 

 
 Immersion UT Portable UT 

Sample Grid 10 Grid 20 Grid 10 Grid 20 
Bond 1 1.0 0.6 1.3 0.9 
Bond 2 1.0 0.6 1.8 0.7 
Bond 3 1.0 0.5 0.9 0.6 

 
 

Table 7.9 PPADIP Comparing Immersion UT and Portable UT (10-3 in) 
 

 Grid 10 Grid 20 
Sample 3 Lam 6 Lam 3 Lam 6 Lam 
Bond 1 0.8 0.8 0.6 0.5 
Bond 2 1.1 1.6 0.6 0.7 
Bond 3 1.3 1.3 0.9 1.1 

 
 

7.2.2 Comparison Between UT Systems for Non-Uniform Samples 
 

 Two non-uniform adhesive bond samples (i.e., a ramp sample and a random 

sample) are manufactured and analyzed as previously presented in Section 5.2. The 

ability to precisely capture the adhesive layer thickness using immersion UT and portable 

UT is presented in the previous section by looking at cross sections of the sample and 

comparing the true adhesive thickness using a microscopy technique to the ultrasonically 

obtained adhesive thickness measurements. For this reason, cross sections are not 

performed on the non-uniform samples and only comparisons between the immersion UT 

and portable UT results are made.  

 The non-uniform ramp adhesive sample for a 10x10 grid for the average A-scan 

using immersion UT from the 3 lamina side is presented in Figure 7.7a, with the 

remaining non-uniform adhesive ramp profiles given in Appendix B. Figure 7.7a shows a 

distinguishable ramp profile with an average adhesive thickness of 0.0518in at  = 0in 

and decreasing to 0.0270in at  = 2in. Similarly the ramp adhesive bond obtained from 
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the portable UT system from the 3 lamina side using a 10 x 10 A-scan grid size is shown 

in Figure 7.7b. This figure visually shows good agreement with the same adhesive region 

obtained from the immersion UT. The ramp adhesive sample obtained from the portable 

system decreases from 0.0527 at  = 2in to 0.0269 at  = 0in. This difference is 

considered insignificant as the difference in thickness between the immersion UT and 

portable UT at  = 0in and  = 2in is less than 0.0001in. 

 

 
 

Figure 7.7 Ramp Adhesive Bond Profile Scanned from the 3 Lamina Side for Grid 10  
Obtained Using a) Immersion UT and b) Portable UT. 
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 The non-uniform random sample is shown in Figure 7.8a which is obtained from 

immersion UT using an analysis grid of 10 and scanning from the 3 lamina side shows a 

very random shape with a spike around  = 1.8in and obvious curvature from  = 0in 

to  = 1.4in along  = 0in, and curvature from  = 0in to  = 1in along  = 0in. All 

random adhesive surface profiles are provided in Appendix B. This figure shows a 

random bond profile with distinguishable thinner regions which correspond to where the 

clamps were placed as shown in Figure 5.10. 

 

 

Figure 7.8 Random Adhesive Bond Profile Scanned from the 3 Lamina Side for Grid 10  
Obtained Using a) Immersion UT and b) Portable UT. 
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 Comparison between the 3 lamina and 6 lamina scan side is provided in Table 

7.10 for both the ramp and random samples. As seen from this table, the 3 lamina and 6 

lamina scans for the non-uniform samples are in agreement with the exception of the 

random sample specifically for the portable system. However an absolute difference of 

less than 0.004in when the bond region varies in thickness by 0.041in over a 2in x 1in 

scan region is not considered to be significant. The rapid change in adhesive thickness 

causes difficulties in the adhesive bond algorithm due to the fact that the location of bond 

surfaces from the previous grid are used as the initial guesses for the new grid location of 

adhesive surfaces. If the change in thickness between grids is significant the initial guess 

could be poor and result in not finding the correct peak, as the peak closet to the guess 

would not be the adhesive surface but noise in the acoustic signal or a lamina peak. This 

also explains the significant roughness of the random adhesive bond profile shown in 

Figure 7.8. 

 
Table 7.10 PPAD36 Comparing Difference in Measured Adhesive Layer Thickness 

Between Scan Side (10-3 in) 
 

 Immersion UT Portable UT 
Sample Grid 10 Grid 20 Grid 10 Grid 20 
Ramp 1.2 0.5 1.0 0.8 

Random 1.6 2.0 3.0 3.9 
 
 

 The comparison between immersion and portable UT for the ramp and random 

sample is provided in Table 7.11. This table concludes that there is not significant 

difference in adhesive layer thickness measurements between the two UT systems for the 

ramp sample, as the maximum difference is 0.0013in. This table also shows that both the 

3 lamina and 6 lamina scan sides have a reduction in adhesive layer thickness variation of 
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0.0004in when a grid of 20 is used rather than a grid of 10. The values in Table 7.11 for 

the random sample, variation in adhesive layer thickness are not considered significant as 

the maximum is just over 0.003in, thus concluding there is no significant difference 

between UT systems for analyzing the random sample 

 
Table 7.11 PPADIP Comparing Immersion UT and Portable UT (10-3 in) 

 
 Grid 10 Grid 20 

Sample 3 Lam 6 Lam 3 Lam 6 Lam 
Ramp 0.9 1.3 0.5 0.9 

Random 2.8 2.4 3.3 2.3 
 
 

7.5 Adhesive Layer Thickness Conclusions 
 

 The focus of this research was to obtain adhesive layer thickness measurements 

for a bonded pair of carbon fiber laminates using ultrasound. The results showed a typical 

error between the ultrasonic results and sectioned microscopy results of less than 

0.0021in for nearly all scenarios presented. This conclusion was made for both the 

classical immersion system results and the novel portable scanning system. Based on the 

results presented above there is no significance between scanning a sample with the thick 

lamina closer or farther away from the transducer, nor is there a significance in grid size. 

The random sample has the worst agreement between adhesive thickness measurements 

when comparing sensitivity to scan side. However, the random sample is an extreme and 

the likelihood of an actual component in an industry application having such extreme 

adhesive thickness variation over such a small area is believed to be infrequent. Results 

have been presented and discussed validating the use of an ultrasonic scanning procedure 

for obtaining high resolution and accurate adhesive thickness measurements, with the 

scanning procedure proving to be consistent between the two scanning platforms. 
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CHAPTER EIGHT 
 

Conclusions and Future Work 
 
 

 This research focused on the development, validation, and practical 

implementation of an ultrasonic scanning technique to allow for use of spherically 

focused transducers to be used outside of a traditional immersion UT lab scale system for 

use in a portable UT system capable of scanning in nearly any environment. The added 

benefit of through thickness and planar resolution of spherically focused transducers 

makes them desirable for a limitless amount of applications. This research focused on 

Barely Visible Impact Damage (BVID) in carbon fiber laminated composites induced by 

drop weight impact and adhesive bond thickness measurements for bonded carbon fiber 

laminated composites.  

 
8.1 BVID Conclusions and Future Work 

 
 A detailed experimental process and results are presented for analyzing BVID in 

carbon fiber laminated composites that were subjected to drop weight impacts. The 

ultrasonic technique is developed on a lab scale UT system and then implemented into a 

portable UT scanning device that is capable of scanning in virtually any environment. 

The developed non-destructive testing technique is material independent and does not 

require any knowledge about the ply stacking sequence or manufacturing process. Being 

able to determine a 3D damage profile with respect to individual ply without needing 

information regarding the layup is beneficial as often times this information is 

unavailable, unless you are the OEM. The FEA model shows that damage geometry plays 
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a significant role in the von Mises stress distribution and the dual stacked baes-to-base 

cones causes a greater increase in localized maximum normalized von Mises stress than a 

simple cylinder through the thickness of the lamina, as would be assumed if only the 

surface damage was seen. Upwards of a 320% increase in maximum normalized von 

Mises stress from the undamaged model to the true geometry model is shown.  

 Two analysis techniques are presented (i.e. MGA and FSI) for processing the raw 

acoustic waveform and plotting C-scan images to trace the damage. Comparing the 

immersion system to the portable system it is concluded that the FSI is slightly more 

consistent than the MGA technique. 

 A significant conclusion from the BVID work is that surface damage increases 

monotonically between all four samples starting at 5.0mm2 for BVID 1 and ending at 

32.3mm2 for BVID 4. However, maximum internal damage is much greater, and also 

increases monotonically with increasing impact energy, the internal damage values range 

from 65mm2 for BVID 1 up to 236mm2 for BVID 4. That’s 13 times larger than the 

surface damage for BVID 1 and over seven times larger than surface damage for BVID 4.  

 The comparison between UT systems shows that they are within reasonable 

agreement and is explained in terms of a radius increase between measured damage areas, 

when the damage area is approximated as a circle. It is shown that the maximum increase 

in radius for damage at any given lamina is just over 1mm which is not considered 

significant. The poor quality in bag sides scans is a limitation and makes obtaining 

damage area for the deep lamina difficult. 

 The process of tracing damage is extremely manual and time intensive. This 

manual process introduces significant error and it was shown that small differences over 



175 

the entire damage boundary can have significant impact on the determined damage area. 

An automated technique is desired for tracing damage, which could possibly involve a 

machine learning algorithm, that is trained to recognize damage regions from a C-scan 

image.  

 The final 3D damage profiles showing the dual stacked cones geometry and 

plotting damage area as a function off specific lamina within the laminate is a significant 

contribution. The implementation of this damage geometry in to an FEA model will 

allow for quick analysis of a component to assure it is still fit for service.  

 
8.1.1 Broad Tracing vs Detailed Tracing 

 
 Section 4.7.3 discusses the tracing method used in the current research. However, 

there are infinite options to trace the damage. One additional method was used for BVID 

3 only, and is a detailed tracing method shown in Figure 8.1.Whereas the method in 

Chapter Four (see e.g., Figure 4.16) is considered a broad tracing method. The difference 

between these figures is in the degree of detail that was used to trace the damaged region.  

 Comparison between tracing techniques can be seen in Figure 8.2. This figure 

shows that the damage shape is conserved regardless of tracing technique, and as 

expected the broad tracing produces a larger damage area for every lamina compared to 

the detailed tracing method. The percentage increase in damage area from detailed to 

broad is shown in this figure and the average increase for the MGA technique is 14.5% 

and, similarly, the average increase in damage area between the tracing techniques is 

14.6% for the FSI analysis technique. Further studies are warranted to investigate the 

effects different tracing methods have on the stress distribution for the component in 

question.  
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Figure 8.1 Detailed Damage Tracing for BVID 3 
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Figure 8.2 Damage Area for Sample 3 Comparing a Detailed Trace and a Broad Trace for 
a) the MGA Technique and the b) FSI Technique 
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8.2 Adhesive Bond Thickness Conclusions and Future Work 
 

 A non-destructive ultrasonic analysis technique was developed for determining 

adhesive layer thickness between two carbon fiber laminates. Five samples were 

fabricated in house by adhesively bonding a 3 lamina laminate to a 6 lamina laminate. 

The three uniform samples provide validation for the use of ultrasound to determine 

adhesive thickness. This validation comes from the scanning and cross section 

microscopy to compare adhesive thickness values. The maximum difference between 

ultrasonically obtained thickness and the microscopy obtained thickness for a single cross 

sectional measurement and a permutation of ultrasonic analysis technique is 0.0031in. 

This value is significantly reduced to 0.0021in when the 2.0in cross section is ignored for 

Bond 2. The 2.0in cross section for Bond 2 produces the highest difference in adhesive 

thickness measurements when comparing either UT system to the microscopy technique. 

 As previously mentioned, there is uncertainty in the microscopy imaging that is 

believed to contribute to the error associated with the difference between ultrasonically 

measured thickness and microscopy measured thickness. It is difficult to pin-point 

exactly where the carbon fiber laminate meets the adhesive. The next step would be a 

more refined sample prepping and imaging procedure, or the use of a X-ray CT system, 

which at the time of research was unavailable, to obtain the exact as-manufactured 

thickness values. X-ray CT imaging of the adhesive bond samples would not only 

provide precise and accurate true adhesive measurements, it would require little sample 

prep. Depending on the machine size the entire bonded specimen could be imaged. This 

would eliminate uncertainty in cross section cut locations and measurements, and would 
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allow for subsequent ultrasonic scanning after as-manufactured adhesive thickness CT 

images are obtained, as the specimen would still be intact.  

 The point-by-point average difference values associated with comparing the 

uniform thickness values between scanning techniques was used to confirm that the 

portable UT is equally as good at obtaining adhesive thickness measurements as the ideal 

lab immersion UT system. The PPAD values all fall within 0.0005in and 0.0016in. 

concluding that there is no significant difference between the systems. Additionally, there 

was no consistency regarding one system always over determining the adhesive thickness 

compared to the other.  

 Analysis of two non-uniform samples was also performed and microscopy 

imaging was omitted as the ultrasonic technique was validated with the uniform samples. 

Analysis of the non-uniform samples revealed scan side was not significant in influencing 

adhesive thickness measurements. Comparison between immersion and portable UT 

revealed that the two systems are in agreement for determining adhesive bond thickness. 

The random sample did produce higher absolute difference value in adhesive thickness 

measurements however, the extreme thickness variation over the small scan area is not 

believed to be realistic in an industry application and the random sample serves as an 

extreme that the systems can detect but the uncertainty in measured thickness values is 

greater than a ramp adhesive bond or a uniform adhesive bond.  

 Further investigation into a more robust algorithm needs to be performed. The 

current algorithm performs well for uniform and ramp type adhesive bonds, but if there is 

a step change or sudden, intentional or un-intentional, change in bond thickness it will 

propagate through the remaining grid locations along the path. An effort has been made 
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to mitigate this by using both the previous  section and the previous  section (i.e. 

approaching the new grid from the bottom and left side) as the new section guesses with 

the hopes that if one guess causes the bond to shoot off in the wrong direction the other 

one would preserve the true adhesive thickness for the section. This technique helped 

compared to previous techniques of approaching the section from the  or  side only, 

but there are still places where the algorithm is not tracking the correct peaks. This is 

seen in the roughness and drastic spikes in the random bond surface profiles. An 

algorithm that contains the ability to check if the current adhesive locations are 

reasonable and then ask the user for input would be a step in the right direction, and 

eventually quite possibly though machine learning the algorithm would need to ask for 

user input less and less.  

 Additional studies are warranted to investigate the capability of the technology in 

determining the adhesive bond thickness between dissimilar material (e.g. carbon fiber 

bonded to aluminum, carbon fiber bonded to fiber glass, carbon fiber bonded to foam 

core, carbon fiber bonded to honeycomb core, etc.).  

 
8.3 Final Statement 

 
 The bottom line is as the technology becomes more robust driving down 

uncertainty in BVID measurements and adhesive thickness measurements so to can the 

over designing of components be scaled back. This would result in significant weight and 

cost savings. Improvements in BVID to be able to precisely and quickly detect actual 

damage geometry will allow for the next generation of aircraft to be designed from these 

new detectable limits. Improvements in adhesive thickness measurements will allow for 

more primary aircraft structures to be adhesively bonded and certified, reducing weight 
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and manufacturing time, and increasing structural properties by providing a region where 

stresses are uniformly distributed.  
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APPENDIX A  
 

3D Damage profiles  
 
 

 
 

Figure A.1 BVID 1 Damage Profile Using the MGA Technique from a) the Immersion 
System and b) the Portable System 
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Figure A.2 BVID 1 Damage Profile Using the FSI Technique from a) the Immersion 
System and b) the Portable System  
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Figure A.3 BVID 2 Damage Profile Using the MGA Technique from a) the Immersion 
System and b) the Portable System 
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Figure A.4 BVID 2 Damage Profile Using the FSI Technique from a) the Immersion 
System and b) the Portable System 
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Figure A.5 BVID 3 Damage Profile Using the MGA Technique from a) the Immersion 
System and b) the Portable System 
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Figure A.6 BVID 3 Damage Profile Using the FSI Technique from a) the Immersion 
System and b) the Portable System 
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Figure A.7 BVID 4 Damage Profile Using the MGA Technique from a) the Immersion 
System and b) the Portable System 
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Figure A.8 BVID 4 Damage Profile Using the FSI Technique from a) the Immersion 
System and b) the Portable System 
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APPENDIX B 
 

Adhesive Layer Thickness Profiles  
 
 

 
 

Figure B.1 Bond 1, Immersion UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.2 Bond 1, Immersion UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.3 Bond 1, Immersion UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.4 Bond 1, Immersion UT, Grid 20, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.5 Bond 1, Portable UT, Grid 10, Scanned from the 3 Lamina Side  
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Figure B.6 Bond 1, Portable UT, Grid 20, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.7 Bond 1, Portable UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.8 Bond 1, Portable UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.9 Bond 2, Immersion UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.10 Bond 2, Immersion UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.11 Bond 2, Immersion UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.12 Bond 2, Immersion UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.13 Bond 2, Portable UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.14 Bond 2, Portable UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.15 Bond 2, Portable UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.16 Bond 2, Portable UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.17 Bond 3, Immersion UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.18 Bond 3, Immersion UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.19 Bond 3, Immersion UT, Grid 10, Scanned from the 6 Lamina Side  
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Figure B.20 Bond 3, Immersion UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.21 Bond 3, Portable UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.22 Bond 3, Portable UT, Grid 20, Scanned from the 3 Lamina Side  



201 

 
 

Figure B.23 Bond 3, Portable UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.24 Bond 3, Portable UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.25 Ramp, Immersion UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.26 Ramp, Immersion UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.27 Ramp, Immersion UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.28 Ramp, Immersion UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.29 Ramp, Portable UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.30 Ramp, Portable UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.31 Ramp, Portable UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.32 Ramp, Portable UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.33 Random, Immersion UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.34 Random, Immersion UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.35 Random, Immersion UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.36 Random, Immersion UT, Grid 20, Scanned from the 6 Lamina Side  
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Figure B.37 Random, Portable UT, Grid 10, Scanned from the 3 Lamina Side  
 
 

 
 

Figure B.38 Random, Portable UT, Grid 20, Scanned from the 3 Lamina Side  
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Figure B.39 Random, Portable UT, Grid 10, Scanned from the 6 Lamina Side  
 
 

 
 

Figure B.40 Random, Portable UT, Grid 20, Scanned from the 6 Lamina Side  
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