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ABSTRACT 

The objective of this thesis is to develop an algorithm (based on mathematical function 

menus) to improve the signal to noise ratio between constituents of similar acoustic impedance in 

bonded out-of-autoclave carbon fiber reinforced polymer assemblies. In particular, peel ply, a 

release fabric that may be trapped between the adhesive and the substrate during the 

manufacturing process. The assemblies consist of a pre-cured resin infused out-of-autoclave 3D 

woven fabric preform bonded to a pre-cured out-of-autoclave prepreg fabric substrate. 

Conventional ultrasonic nondestructive testing techniques and analysis software cannot 

consistently achieve signal to noise ratios that meet quantifiable rejection thresholds of 

accurately sized peel ply inserts at the bonded interface (i.e. bondline) of the aforementioned 

assemblies. To demonstrate the approach, ultrasonic pulse echo with full waveform capture was 

used to inspect a reference standard (i.e. representation of configuration and complexity of the 

part to be inspected) with peel ply inserts (sized according to minimum detectable requirements) 

placed between the film adhesive and the 3D woven fabric preform. The ultrasonic signal was 

produced by a 64 element array transducer with a central frequency of 2.8 Megahertz, utilizing a 

customary shoe and water bubbler. Waveform post-acquisition analysis with post processing 

software was used to analyze and enhance the signal response between the peel ply and the 

bondline resulting in the final algorithm. To verify the results, the signal to noise ratio of each 

insert was calculated for both the raw and processed data. As the measure of detectability, the 

method relies on principles of statistical measurement to provide an industry standard of 3:1 as 

the signal to noise response. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Carbon fiber reinforced polymer (CFRP) composites are becoming very popular for high 

volume applications such as automobiles, boats, turbine blades, sporting equipment and high 

performance military, commercial and aerospace structures. Structural performance such as high 

specific strength, stiffness, fracture toughness, fatigue strength and durability are favorable 

attributes of CFRP compared to alternative materials. CFRP composites can now be designed to 

incorporate specific geometry configurations as well as provide visual appealing aesthetics. One 

of the main advantages is the capability to tailor CFRP composites towards specific applications 

based on loading conditions in which fibers are aligned to carry the required loads and 

deformations [1]. CFRP also provides opportunities for weight reduction and fuel savings, 

lowering operating expenses. Over 50 percent of next generation commercial aircraft will 

include some type of fiber reinforced composite with percentages increasing for military 

applications [2].   These attributes lead to extended research opportunities to reduce 

manufacturing processing steps and time improving part quality providing a simpler more cost 

effective product.  

Out-of-Autoclave (OoA) materials have long been an established material system for 

secondary structural applications; however, recent advancements in material properties allow for 

more advanced structural applications [2]. Therefore, OoA materials are very close to becoming 

the alternative for primary structure (i.e. responsible for load bearing) applications satisfying 

reduced manufacturing requirements. OoA composite materials can be cured at lower 

temperatures and pressures within ovens via vacuum-bag-assist; therefore, high capital costs 
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such as autoclaves can be disregarded during the manufacturing process especially for very large 

composite parts. Original Equipment Manufacturers (OEM’s) of composite aerospace structures 

(i.e. Boeing, Airbus, Textron, etc.) can now award work to suppliers (i.e. companies that can 

offer more specific services at a reduced cost) that was impossible to obtain due to high 

operating costs attributed to autoclaves. OoA materials can be fabricated with fewer 

complications, allowing for flexible manufacturing. Therefore, large composite structures can be 

produced with various geometrical configurations such as incorporated stiffeners then co-cured 

in one cycle [2].  

1.2 Motivation 

Even though certain OoA properties have achieved parity with autoclaved cured 

materials, OoA materials are cured at reduced temperatures and pressures resulting in less 

compaction. Therefore, voids and volatiles such as air and moisture are not always evacuated 

from the structure. These voids and volatiles cause surface roughness and internal scattered noise 

reducing sensitivity of conventional nondestructive testing (NDT) methods compromising the 

inspection and results.  

Moreover, bonded joints further increase inspection complexity due to the addition of the 

bondline. Adhesively bonded joints in CFRP composites are slowly replacing alternative 

mechanical joining processes providing a number of advantages such as reduced structural 

weight, fabrication costs, and number of structural components with improved damage tolerance 

[3]. Traditional aerospace joining methods utilize various types of fasteners that must be inserted 

into holes, cutting the fibers inducing stress risers significantly deteriorating structural 

performance. These holes and cuts are especially detrimental to OoA materials that currently just 

meet property requirements for primary structures. Hence, bonded joints have been developed to 
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overcome these issues; designed to endure typical static and cyclic loads for specific amounts of 

time with little to no effect on the load bearing capability of the composite assembly [3]. Bonded 

joints are currently being utilized with co-cured OoA materials to manufacture integrated 

aerospace assemblies for structural applications [3]. However, as the number of bonded joints 

increase, so does the opportunity for defects (i.e. rejectable indications) to transpire; increasing 

the need for appropriate in-process NDT inspections during the manufacturing process.  

Defects inherent to each type of composite laminate, including bonded joints, that must 

be reliably detected based on reference standards by instrumental NDT methods are specifically 

voids, delaminations and inclusions. One type of inclusion that may find its way into the 

assembly, especially the bondline, during the manufacturing process is peel ply (i.e. release 

film); by definition an inclusion of foreign material. Peel ply is a Teflon coated polymeric thin 

film used to prevent the prepreg resin from bleeding through the release fabric and into the 

breather fabric during the layup process. It is also used to keep outer surfaces of the pre-cured 

substrates clean and free from contamination prior to any further manufacturing such as bonding. 

Consequently, peel ply must be accounted for during the entire manufacturing process. 

Therefore, nondestructive inspection processes must be able to reliably detect peel ply to ensure 

all foreign materials have been removed. If left behind, peel ply creates a delamination between 

the adhesive and the mating surface due to its design not to adhere. Peel plies are commonly used 

as inserts to establish an initial delamination for a variety of fracture toughness testing modes [4]. 

Therefore, peel ply will be the source of crack initiation causing catastrophic failure.  

Unfortunately, peel ply is one of the most difficult types of foreign material to 

quantifiably detect ultrasonically in OoA fabric materials especially at the bonded interface. To 

distinguish between two types of materials the reflection coefficient from the boundary must be 
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of a distinguishable value to obtain the desired signal to noise ratio. The greater the mismatch, 

the more energy is reflected at the interface increasing the signal amplitude. The acoustic 

impedance Z of a material is the product of material density ρ and acoustic velocity ν according 

to equation (1.1) [5].  

𝑍 = 𝜌 ∗ 𝜈      (1.1) 

The reflection coefficient R for longitudinal waves is then determined by equation (1.2) where Z1 

is the acoustic impedance of the first material and Z2 is of the second [6].  

𝑅 = (
𝑍2− 𝑍1

𝑍2+ 𝑍1
)

2
                 (1.2) 

Table 1 shows the reflection coefficient and percent reflection based on the acoustic impedance 

between selected combinations of materials based on standard material properties.  

Table 1 

Reflection coefficient and percent reflection based on acoustic impedance of selected 

combinations of standard material properties [7-11] 

 

 

Material
Density

[lb/in3]

Material Velocity

[in/µsec]

Acoustic Impedance

[lb/in2s]

Reflection 

Coefficient

Percent 

Reflection

Fiberglass 4.69E-02 1.08E-01 5.07E+03

Composite 5.78E-02 1.20E-01 6.94E+03

Polyamide 4.48E-02 8.70E-02 3.90E+03

Composite 5.78E-02 1.20E-01 6.94E+03

Brass 3.09E-01 1.74E-01 5.38E+04

Composite 5.78E-02 1.20E-01 6.94E+03

Air 4.43E-05 1.30E-02 5.75E-01

Composite 5.78E-02 1.20E-01 6.94E+03

Fiberglass 4.69E-02 0.108 5.07E+03

Polyamide 4.48E-02 0.087 3.90E+03

2.430E-02

7.866E-02

5.954E-01

9.997E-01

1.697E-02

2.43%

7.87%

59.54%

99.97%

1.70%
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It is clear that the acoustic impedance between fiberglass (i.e. material properties selected for the 

peel ply insert) and the polyamide material (i.e. material properties selected for the film 

adhesive) is very similar resulting in a reflection coefficient of 0.01697 with only a 1.70% 

reflection. Therefore, peel ply does not create an easily detectable reflection at the bondline as 

does brass and air with 60% and 99.97% reflection, respectively. Furthermore, Figure 1 shows 

less than a 0.1 Volt difference in the ultrasonic waveform reflection from the peel ply insert and 

the bondline.  

 

Figure 1: (a) C-Scan of two composite parts bonded together with imbedded peel ply inserts and 

the difference in the ultrasonic waveform reflections from (b) the peel ply insert and (c) the 

bondline 

 

1.3 Research Objectives 

Ultrasonic Testing (UT) is the primary approved volumetric NDT method used to inspect 

both autoclave and out-of-autoclave cured composite laminates, and bonded composite 

assemblies for aerospace applications [12- 14]. UT is superior to other evaluation methods for a 
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number of reasons such as the ability to perform single sided inspection to identify critical 

defects (e.g. delamination, disbonds, foreign material, porosity, etc.), depth position and size 

accuracy. However, UT can be challenging in materials that are not homogenous, rough, 

irregular in shape, or very thin [15]. Likewise, porous metals and materials of large grain 

structure can obscure indications from discrepancies due to scattered noise leading to false calls 

and uncertain results. Figure 2 shows a pulse echo (PE) inspection and scattered noise (i.e. noisy 

signal) as a result of large grain sizes within a metallic specimen.  

 

Figure 2: Scattering by material causing grain noise that obscures signals from an internal flaw 

where (a) represents the ultrasonic pulse/echo inspection and (b) represents the ultrasonic A-

Scan as a rectified signal [16] 

 

Out-of-Autoclave CFRP materials are less homogenous than autoclave cured due to 

reduced pressures and temperatures [17]. The consequence is extraneous ultrasonic signals (i.e. 

noise) due to internal reflections and refractions that cause attenuation potentially masking 

defects leading to unidentifiable indications. Figure 3 shows the A-Scan (i.e. analog signal) result 

of extraneous ultrasonic signals within an out-of-autoclave cured fabric standard compared to 

autoclave cured.  
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Figure 3: C-Scan images of (a) autoclave cured fabric standard, (c) oven cured fabric standard 

and the resulting A-Scans (b) and (d) illustrating extraneous ultrasonic signals 

 

Extended research has been conducted to differentiate ultrasonic scattering within the material 

(medium) to improve the probability of defect detection in noisy materials [18]. However, to 

reliably detect defects signal-to-noise ratios (SNR) must be calculated to ensure capability of the 

NDT equipment, verify the process and the quality of reference standards. The SNR is the 

measure of detectability of a defect and is the most appropriate means of quantifying defects by 

statistical methods, eliminating false calls by optimizing reliability. A SNR of 3:1is a typical 

industry standard determined from a signal response of a defect by means of a reference standard 

[14, 19]. Figure 4 depicts the height of the baseline noise (N) from the rectified signal compared 

to the peak signal of interest (S).  



8 

 

 

Figure 4: Rectified signal response illustrating the height of the baseline noise compared to the 

peak signal of interest 

 

SNR values can be calculated according to equation (1.3); the mean value that accurately sizes 

the defect by ±25% is subtracted from the background mean of a known good area adjacent to 

the defect and then divided by the standard deviation of the background. Where µ2 is the mean 

value of the defect, µ1 is the background mean and σ1 is the standard deviation of the 

background. 

                                                        
(𝜇1−𝜇2)

𝜎1
                         (1.3) 

Therefore, it is imperative that the appropriate NDT method and signal processing techniques are 

developed to quantify and reliably detect peel ply at the bondline of OoA composite assemblies. 

1.4 Approach 

To demonstrate the approach, ultrasonic pulse echo with phased array (PA) was 

conducted utilizing a water bubbler system as the coupling mechanism allowing for signal 

transmission from the transducer to the reference standard. Figure 5 shows the working 

mechanism of the array transducer and the array transducer with water bubbler.   
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Figure 5: Illustration of (a) single elements as an array producing longitudinal waves and the 

(b) array transducer with (c) water bubbler 

 

The ultrasonic frequency selected was 2.8 MHz (i.e. central frequency) based on sensitivity, 

resolution and attenuation. Evaluation was performed utilizing a representative reference 

standard shown in Figure 6. The reference standard was assembled with peel ply inserts placed 

between the bondline and the pre cured OoA 3D woven fabric preform and bonded to the pre 

cured OoA fabric substrate. Figure 7 depicts the resulting initial C-Scan (i.e. a two dimensional 

display as a planer view) image of the reference standard. 

 

Figure 6: Representative reference standard that shows the pre-cured OoA 3D woven fabric 

preform, the pre-cured OoA base substrate, the bondline between the two and the peel ply inserts 

placed between the bondline and the fabric preform 
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Figure 7: Resulting C-Scan image of the representative reference standard 

 

Advanced algorithm software tools (Matlab based) were then configured and applied to the raw 

ultrasonic signal to improve the SNR between the peel ply inserts and the bondline. The 

objective of this work is to provide a reliable ultrasonic test method to quantify defects of similar 

acoustic impedance such as peel ply inserts at the bondline of large co-cured OoA composite 

aerospace structures. The results will be incorporated into the manufacturing process as an 

approved ultrasonic inspection technique fulfilling all established requirements for the assembly 

under consideration.   
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CHAPTER 2 

LITERATURE REVIEW 

This chapter provides a review of common nondestructive test methods and recent 

advances relevant to the inspection of CFRP bonded assemblies. Throughout this research each 

nondestructive test method selected to evaluate CFRP bonded assemblies utilized ultrasonic 

testing as the baseline or verification. It is clear that ultrasonic testing is the most 

comprehensively approved and suitable nondestructive test method based on acceptance criterion 

requirements for CFRP materials and bonded composite assemblies. The ultrasonic transducer 

and frequency were selected based on function to provide the desired output for signal 

optimization.   

2.1 What is Nondestructive Testing  

Nondestructive Testing (NDT) provides a mean to determine the condition and quality of 

materials and structures without damaging it, while maintaining its integrity and performance. 

The science of NDT incorporates numerous technologies either in-process (i.e. during 

manufacturing) or in-service (i.e. in operation) that characterize a materials property and or 

integrity. The term applies to non-medical applications such as aerospace, automotive, roads and 

bridges, pipelines, trains, power and refinery stations, and many more. The science of NDT 

cannot determine the future usefulness of a material or structure, but it can provide quality 

assurance ensuring safety and reliability throughout the lifetime. Significant variations in 

material properties and characteristics can be determined and measured from initial test articles 

to final service applications, such as residual stress, alloy type, hardness and microstructure to 

name a few. Depending on the technology, material parameters such as, defects (i.e. rejectable 

indications), discontinuities (i.e. indications that may not be a defect), structural integrity, 
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malstructure, dimensions, physical and mechanical properties, composition and chemical 

analysis and dynamic stress responses can be concluded [20]. The resulting information may be 

determined by a single method or a combination thereof. Secondary methods (i.e. alternative 

NDT method in conjunction with the primary as an aid or verification) may be necessary to 

conclude the inspection. NDT ensures the product meets the requirements and inspections are 

conducted (established by standard practices), based on specific standards such as American 

Society of Testing and Materials (ASTM), Military Standards (MIL-STD), International 

Organization for Standardization (ISO), etc. Rising costs of part failure increases the demand for 

sounder materials; therefore, NDT provides a mean to warrant such materials and structures are 

manufactured and assembled at a higher quality without rising costs [20].   

2.2 Common Non Destructive Test Methods 

The National Material Advisory Board (NMAB) has classified the following NDT 

methods into six categories as the majority: visual, penetrating radiation, magnetic-electrical, 

mechanical vibration, thermal and chemical/electrochemical [20]. Each of which can be 

characterized by a number of principle factors such as source, nature of the signal, means of 

detection, means of recording and interpretation. Research continues to improve NDT methods 

applying physics and scientific principles. Most of these “other methods” have yet to reach 

maturity and become known as an approved industry standard test method.  The most common 

standard test methods include Visual and Optical Testing (VT), Liquid Penetrant Testing (PT), 

Magnetic Particle Testing (MT), Electromagnetic or Eddy Current Testing (ET), Radiography 

Testing (RT), Ultrasonic Testing (UT) and Acoustic Emission Testing (AE) [21]. 
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2.2.1 Visual Testing  

Visual testing (VT) is the oldest and most basic NDT method. It is also the most common 

because it is essential to perform many other test methods [21]. Visual testing depends on the 

human eye to find and verify defects with or without aid [22]. Inspections are either performed 

by direct or indirect (i.e. remote) techniques.  Direct techniques require the eye to be within 24 

inches of the surface of the test object at an angle no less than 30 degrees [22]. Indirect 

techniques include borescopes, cameras and computer aided vision systems with resolution 

comparable to direct. Mirrors and magnification tools are allowed to improve line of sight and 

field of view. 

2.2.1.1 Applications 

VT can be applied to any type of material(s) for the detection of surface and subsurface 

(e.g. translucent materials) defects. Applications consist of outer and inner (e.g. pipe, stringer, 

holes) surface conditions (e.g. tears, cracks, corrosion, chips, etc.), part or material alignment, 

leaks, etc. VT is most commonly conducted prior to any other NDT method to ensure adequate 

part preparation and verify presence of surface anomalies that may misconstrue results.  

2.2.1.2 Advantages 

VT is a simple test method that can be performed quickly. In some cases may be 

conducted while the part or material is in use [23]. VT is inexpensive producing instant results 

with minimal operator training. Secondary inspections with VT are common and effective in 

interpreting results.  
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2.2.1.3 Limitations 

Visual testing is limited to surface inspections on opaque materials. Line of sight, 

adequate illumination and acceptable part surfaces are required to accurately perform the 

inspection. Access to interior surfaces may be difficult and remote equipment may be expensive.  

2.2.2 Liquid Penetrant Testing  

Similar to visual testing, liquid penetrant testing (PT) is used to detect surface defects 

after the surface has been thoroughly cleaned and dried. Any contaminants will affect the test 

results. Once the surface is prepared, colored or fluorescent dyes are applied to the surface of the 

test object. Most common colored penetrant dyes are red and only require white light for 

detection. Fluorescent dyes require a dark area (i.e. dark room) and require ultraviolet light for 

detection. Liquid penetrant dyes rely on capillary action allowing the dye to be drawn into 

surface indications. The excess dye is then removed once the dwell time (i.e. period of time 

allowing the dye to sit) is complete. Then the developer is applied assisting as a blotter to draw 

the dye from the indication to the surface. A visual examination is then conducted to examine the 

surface of the part interoperating the results. The working principles of the liquid penetrant 

process are shown in Figure 8. 

 

Figure 8: Working principles of the liquid penetrant process (a) application of the liquid 

penetrant, (b) removal of the liquid penetrant and (c) application of the developer and resulting 

capillary action [24] 
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The process greatly improves the detectability of surface indications by either providing contrast 

between the dye and the part or by making indications appear larger due to bleed out. Most 

indications found with liquid penetrant testing would have otherwise gone unnoticed with just a 

visual test alone.  

2.2.2.1 Applications 

PT is sufficient for the detection of defects open to the surface of non-permeable 

materials such as pits, cracks, scratches, surface porosity, etc. PT is most commonly conducted 

on materials that are ferrous and nonferrous metals and alloys as well as ceramics, glass and 

plastics [25].  

2.2.2.2 Advantages 

PT is sensitive to small surface defects and can be performed on a large selection of 

material types. PT is a quick inspection method that can be conducted on numerous small parts at 

once, complex geometries or large surface areas. PT is portable and inexpensive.  

2.2.2.3 Limitations 

PT is limited to surface defects that must permit proper penetrant fill. Complete access to 

the inspection surface is required. Inspections may be inconclusive on porous materials such as 

castings, anodized aluminum, and nonmetallic parts. Critical procedures must be followed such 

as surface cleaning, dwell times, and applications of appropriate dyes and developers [24].  

2.2.3 Magnetic Particle Testing  

Magnetic particle testing (MT) is a magnetic flux leakage test that is similar to visual and 

liquid penetrant testing for the detection of surface defects. In some cases based on certain 

parameters such as intensity and defect depth, subsurface (i.e. just below the surface) defects are 

detectable and verified by secondary methods. Testing is conducted on materials that are strongly 
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attracted to magnetic forces (e.g. ferromagnetic materials). MT methods are based on the 

principles of magnetic lines of force around a magnet that continuously enter and exit each pole 

(i.e. north and south). Utilizing this physical phenomenon, a magnetic field is applied to the part 

under test either by alternating current, half-wave rectified current or full wave rectified current 

[26]. Defects break the lines of force creating new poles allowing new lines of force to continue 

creating magnetic flux leakage. Magnetic flux leakage attracts fine magnetic particles applied by 

either dry or wet methods. The colored or fluorescent particles highlight the defect to aid in 

detection. The working principles of magnetic particle testing are shown in Figure 9. 

 

Figure 9: Working principles of magnetic particle testing [27] 

 

2.2.3.1 Applications 

Various forms of ferromagnetic materials such as billets, blooms, rods, bars and tubes are 

most commonly inspected with magnetic particle testing. Application examples include the 

detection of surface defects in castings, laminations in plates, surface defects associated with 

welds, internal and external surfaces of pressure vessels and cargo tanks, to name a few [28].  

2.2.3.2 Advantages 

Both surface and subsurface defects can be detected; otherwise, unnoticed with an 

unaided eye. Surface preparation is not as critical as other NDT methods. It is a safe, quick and 
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low cost NDT method that can be conducted portably. Requires minimal training to conduct and 

interoperate results.  

2.2.3.3 Limitations 

Materials must be ferromagnetic; therefore, non-ferrous materials such as aluminum, 

stainless steel, and magnesium are not applicable [28]. A magnetic field must be applied and 

defects must be perpendicular to the lines of force. Removal of coatings or plating may be 

required. Materials may require demagnetization prior to use. Only small parts or sections can be 

inspected at once.   

2.2.4 Eddy Current Testing  

Eddy current testing (ET) is used to locate surface or subsurface defects in electrically 

conductive materials by principles of electromagnetic induction. Eddy current testing can be 

used to evaluate material characteristics such as hardness, heat treatment condition, and a variety 

of metallurgical conditions [29].  The fundamentals of eddy current testing are based on the 

change in terminal impedance of the coil due to the primary magnetic field of the coil being 

brought into proximity of the electrically conductive materials [30]. Alternating currents are 

applied to the conductor (e.g. a probe usually made of copper wire) simultaneously developing 

the primary magnetic field. Figure 10 shows the working principles of eddy current in which the 

primary magnetic field produces eddy currents (i.e. induced electrical currents that flow in a 

circular path) that then create a secondary magnetic field that is opposed to the primary.  
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Figure 10: Working principles of eddy current testing [31] 

 

The newly formed eddy currents reduce the inductance of the coil increasing the resistance that 

is detected by the instrument in which the coil is attached. Changes or disruptions to the eddy 

currents further reduce the inductance causing more resistance. For example, if a defect is at or 

near the surface of the material, the eddy currents will be disrupted as they flow around the 

crack, changing the resistance. The disruption of eddy currents is shown in Figure 11. 

 

Figure 11: Eddy currents being disrupted by a defect at or near the surface [31] 
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2.2.4.1 Applications 

ET applications include electrical conductivity and resistivity measurements, verification 

of hardness and alloy, material identification, heat treatments and heat damage, coating thickness 

and crack detection. 

2.2.4.2 Advantages 

Numerous applications are possible for electrically conductive materials. ET is sensitive 

to small cracks at or near the surface providing immediate results. Defects are detectable through 

thin surface coatings. Conductivity measurements are very accurate. Surface preparation is 

minimal and equipment is portable and easy to use.  

2.2.4.3 Limitations 

ET is limited to electrically conductive materials and is susceptible to magnetic 

permeability changes in ferromagnetic materials. ET is also inadequate for defects orientated 

parallel to the test surface. Signal responses from discontinuities must be interoperated and 

validated with reference standards. The depth of penetration is also limited [31].  

2.2.5  Radiography Testing  

Unlike the previously mentioned NDT methods, radiography testing (RT) is a common 

volumetric inspection method used to detect internal defects providing a permanent photographic 

record of inspection via radiograph or digital detector. Penetrating radiation from either an x-ray 

generator or decaying radioactive isotope is passed through the test object onto a detection 

source (e.g. film or digital detectors such as photostimuable phosphorous, fluorescent screen, or 

camera). The ability to penetrate the test object is a function of the wavelength. Penetrating 

radiation wavelengths are approximately 0.001 to 1 nm for x-ray and 0.01 to 0.0001 nm for 
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gamma rays. Each provides energies greater than 100 eV as indicated in the following 

electromagnetic spectrum shown in Figure 12. 

 

Figure 12: Electromagnetic Spectrum [32] 

 

Upon penetration into the test object, the radiation interacts with the detection source causing 

ionization (i.e. atoms or molecules that become positively or negatively charged). A radiographic 

image is produced by the measure of ionization. For film, the radiation must provide enough 

energy to ionize the film freeing the negative Bromide (Br
-
) ions causing interactions with the 

positive Silver (Ag
+
) ions creating a latent (i.e. invisible) image until developed.  Similarly, for 

digital detectors, the radiation interacts with materials that fluoresce upon ionization, creating the 

image [33].  

Defect detection depends on the difference in the physical density of the material and the 

thickness [34]. An increase in density or thickness contributes to attenuation, reducing the energy 

and amount of radiation the detection source is exposed too. The result is a lighter image for film 

and a darker image for digital detectors. Figure 13 shows the working principles of radiography 

testing in which radiation leaves the anode and is passed through the diaphragm and specimen 

exposing the film [34]. For example, the dark region of the film below the flaw (i.e. defect) has 

been exposed to more penetrating radiation. The dark region indicates the flaw is either less 

dense or has reduced the total overall thickness.   



21 

 

 

Figure 13: Working principles of radiography testing [34]  

 

For accurate detection, the defect must be orientated parallel to the penetrating radiation limiting 

its use for defect detection in CFRP materials. The majority of CFRP defects such as 

delaminations, foreign materials and porosity (i.e. planer distribution between plies) are 

orientated planer to the surface, perpendicular to the radiation beam. Therefore, detection must 

be a factor of significant difference in density between the material and defect. Delaminations 

and planer porosity do not provide enough difference in density compared to defect free areas 

and are therefore undetectable. Similarly, foreign materials inherent to CFRP manufacturing are 

of thin polymeric films and most commonly do not provide the required difference in density to 

be detected.  

2.2.5.1 Applications 

Primary applications include the inspection of metal castings, welds, piping and tubing, 

nuclear, aviation and space flight components, electrical components and honeycomb composites 

[35]. Common detectable defects for applications other than most CFRP laminated composites 

(i.e. metals, castings, ceramics, honeycomb structures, etc.) include porosity, inclusions, 

shrinkage, cracks, slag, tungsten, incomplete penetration, oxidation, corrosion, component 
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placement, terminals, cell wall fractures, node bond separation and foreign material detection of 

contrasting densities [35].  

2.2.5.2 Advantages 

RT is a volumetric inspection method that can be conducted on a variety of material types 

and components providing accurate and permanent records. Inspections can be conducted on a 

variety of shapes and sizes. RT provides improved sensitivity compared to other NDT methods. 

Characterization of discontinuities can also be accomplished [36].  

2.2.5.3 Limitations 

Safety hazards associated with radiation must be made aware of and tested for. 

Thicknesses may be limited due to attenuation. Accessibility to both sides of the part is required. 

Detection is dependent on defect orientation or differences in density and most CFRP laminated 

composite defects are undetectable [36]. RT can be time consuming and requires expensive 

capital equipment costs. Extensive training and experience is necessary to perform inspections 

and interoperate results.   

2.2.6 Ultrasonic Testing  

Ultrasonic testing (UT) utilizes high frequency acoustic waves to inspect and evaluate 

components providing quantitative results. Most generally, UT techniques are categorized as 

internal defect detection, thickness evaluation or bond characterization. Each of which can be 

further subdivided depending on technique [37, 38]. The basic principle of UT is based on solid 

materials transmitting acoustic waves. Acoustic waves are transmitted and received by the 

ultrasonic instrument via a controlled electronic pulse that activates the transducer element(s) 

incased within the search unit or probe.  The transducer element is generally made of a 

piezoelectric ceramic (i.e. smart material) that generates an acoustic wave (i.e. sound wave) in 



23 

 

response to the electronic pulse and vice versa, also known as the piezoelectric effect. When 

activated, the acoustic wave is transmitted and received by one of three setup configurations such 

as pulse-echo, pitch-catch or thru-transmission [39]. Pulse-echo utilizes a single sided setup (i.e. 

placed on one side of the component under test) in which a single probe is used to transmit and 

receive acoustic waves. Pitch-catch is also a single sided setup that utilizes separate transmit and 

receive probes. Thru-transmission is a dual sided technique that also uses separate transmit and 

receive probes placed facing one another on each side of the test object. The pulse-echo, pitch-

catch and thru-transmission setups are shown in Figure 14. 

 

Figure 14: Types of ultrasonic techniques a) pulse-echo, b) pitch-catch and c) thru-transmission 

[39] 

 

There are four modes in which acoustic waves can propagate in solid materials based on 

particle oscillation; longitudinal waves (particle vibration parallel to wave direction), shear 

waves (particle vibration perpendicular to wave direction), surface waves or plate waves (particle 

vibration perpendicular to the surface) [40].  The two most common wave modes are 

longitudinal and shear; however, shear waves require acoustically solid materials such as metals 

and do not effectively propagate in most composite materials [41]. Longitudinal waves are 

applicable for defects orientated parallel to the test surface such as porosity, voids, delaminations 

and foreign materials, as well as material thickness and defect depth. Shear waves are applicable 

for defects orientated other than parallel to the test surface such as defects associated to welded 
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joints; porosity, slag, lack of fusion, deficient root penetration, and longitudinal and transverse 

cracks. The direction of particle motion and wave propagation for longitudinal and shear waves 

is shown in Figure 15.  

 

Figure 15: Illustration of particles at rest, longitudinal and shear wave propagation within a 

solid material [40] 

 

Properties of propagating acoustic waves are based on the wavelength λ, frequency 𝑓 and 

velocity ν. The wavelength is proportional to the velocity and inversely proportional to the 

frequency according to equation (2.1) [40].  

λ =  
𝜈

𝑓
         (2.1) 

Acoustic waves are reflected at interfaces such as front and back surfaces of the test 

object and internal defects. Increasing the frequency results in shorter wavelengths allowing 

more interactions to occur, significantly improving the probability of defect detection. The 

shorter the wavelength, the smaller the defect can be detected. As a common practice, defects 
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must be greater than on-half the wavelength to be accurately detected. Acoustic waves propagate 

through materials via sound pressure. The tighter the molecules or atoms are elastically bound, 

the greater the material density (i.e. amount of mass per unit volume) and pressure. Excess 

pressure allows wave propagation within materials. To determine acoustic wave transmission or 

boundary reflections due to interfaces or dissimilar materials, the reflection coefficient must be 

determined based on the acoustic impedance as described in section 1.2. The greater the 

mismatch, the more energy is reflected at the interface increasing the signal amplitude. In 

contrast, materials of similar acoustic impedance have reduced signal amplitudes making it 

difficult to quantitatively differentiate the two. 

Ultrasonic frequencies greater than 500 kHz require a couplant placed between the search 

unit and the test object to allow sound transmission either by contact or immersion (i.e. 

immersed in a water bath) testing [42]. The couplant must be of a compatible medium that 

improves the acoustic impedance mismatch between air and the test object allowing more sound 

energy to enter the test object. The sound energy can be accurately controlled with immersion 

testing, because the part is fully immersed in the water bath. It is more difficult to maintain 

coupling with contact testing, while moving the transducer through the couplant placed on the 

test surface, resulting in variability. However, the efficiency of energy transfer is greater in 

contact testing, due to less energy reflected back through the water bath [39].  

UT establishes three types of displays used to evaluate discontinuities identified as A-

Scan, B-Scan and C-Scan shown in Figure 16.  
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Figure 16: Typical (a) pulse echo system, (b) A-Scan, (c) B-Scan and (d) C-Scan 

 

The most common is A-Scan, which displays electronic signals in analog form from acoustic 

reflections as voltage versus time on an oscilloscope. The A-Scan display is setup by placing the 

normal signal reflected from the surface of the part at the initial time and the normal signal 

reflected from the back surface furthest in time. Generally, reflected signals from defects 

orientated normal to the surface appear between the front and back while reducing the back 

surface signal. Defects other than normal appear as much weaker signals or a loss of back 

surface signal. The B-Scan displays a cross sectional view of the component under test. The 

location of the defect along the scanning path is illustrated on the x-axis while the depth is 

illustrated on the y-axis.  The C-Scan is generated by moving the transducer in a raster pattern 

along the x and y coordinates while the position and signals are recorded. The result is a two 

dimensional planer view from above. The defect size and location is available based on position.   

2.2.6.1 Applications 

UT is a volumetric NDT method in which most applications are considered as internal 

defect detection, cross sectional evaluation (i.e. thickness and corrosion testing) or adhesive bond 

characterization for in-process or in-service materials and products. UT comprises of an 

assortment of test methods such as pulse echo, angle beam, immersion/modified immersion, 
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multiple transducer, phased array, lamb wave, guided wave, air coupled and resonance [37]. A 

large variety of defects can be detected utilizing ultrasonic test methods such as delaminations, 

voids, cracks, disbonds, variations in thickness, corrosion, corrosion cracking, foreign material, 

inclusions, weld defects, contamination, density variation, and porosity. A variety of materials 

can be inspected such as composite materials including CFRP laminates and honeycomb core as 

well as metals and alloys, ceramics, plastics, and glass [38].   

2.2.6.2 Advantages 

UT is a quantitative, economical, versatile and useful NDT method. UT offers high speed 

testing of large and small scale components of numerous material types throughout many 

industries. Equipment types include digital thickness gauge, automated scanning systems and 

defect detectors, resonance devices and others. When appropriate techniques are combined with 

suitable equipment, UT tests are very sensitive for very thick or long sections of all types of 

materials and bonded assemblies. UT is required by most acceptance criterions allowing for the 

detection of specified defects with accurate location and size via rapid evaluation; either manual 

or automated [12-14, 41]. Unlike many NDT methods, UT only requires access from one side of 

the test object.   

2.2.6.3 Limitations 

UT methods may be limited to certain test object characteristics such as component 

geometry (e.g. size, contour, surface roughness, and complexity and defect orientation) and 

internal structure (e.g. grain size, grain orientation, acoustic impedance differences of joined 

materials) [37]. Most UT applications require a couplant (i.e. a material used to facilitate 

ultrasonic energy into the test object, typically water, gel or oil) to eliminate air between the 

transducer and test object for frequencies higher than 500 kHz. UT instrumentation and 
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equipment may not be compatible with the test environment (e.g. temperature, radiation levels, 

electrical interference and others) that may lead to unreliable results. Finally, operators must be 

highly skilled and trained accordingly to operate equipment and interoperate results.  

2.2.7 Acoustic Emission Testing  

Acoustic emission testing (AE) differs from the preceding NDT methods in two regards. 

First is the origin of the signal; AE is a passive volumetric NDT method in which the origin of 

the energy is released from the source within the test specimen rather than from the test method. 

Secondly, AE ensures structural integrity by monitoring discontinuity initiation and advancement 

due to deformation in real time to detect active discontinuities [43]. Therefore, AE is most 

commonly used as an in-service inspection method rather than in-process by monitoring dynamic 

changes within the material during service.  

AE waves are similar to ripples created by a stone that is thrown into a pond.  The ripples 

propagate from the stone (i.e. the source) until they reach the banks. A bobber floating on the 

surface simulates the sensor which reacts to the ripples by bobbing up and down for extended 

periods of time compared to the impact of the stone. Figure 17 shows the working principles of 

acoustic emission testing. As the specimen is stressed by external forces, the source releases 

energy due to deformation in the form of acoustic waves that propagate through the material. The 

waves extend to the surface and are received by a nearby sensor that is connected to the detection 

instrument that analyzes and records the resulting signal. 
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Figure 17: Working principles of acoustic emission testing [44] 

 

There are a variety of mechanisms that generate the source of acoustic emission from 

applied external stresses. For metals, the energy source originates from indications such as crack 

initiation and growth, dislocations, slip, sliding of grain boundaries, and fracture. Composite 

energy sources include delamination and disbond, matrix cracking, interfacial failure, and fiber 

fracture [43- 45].  

2.2.7.1 Applications 

A wide variety of structures can be externally stressed and monitored by AE such as 

metals and nonmetals or any variety thereof (i.e. composites). AE is effective in monitoring 

CFRP materials in the presence of the primary source mechanism compared to other NDT 

methods [45]. AE is the most effective in-service method used to monitor materials and 

characterize failure mechanisms due to active behavior such as cracks, corrosion and hydrogen 

embrittlement.  

2.2.7.2 Advantages 

In contrast to other NDT methods, AE is a dynamic test monitoring system used to detect 

discontinuities and defects within an entire structure during a single test. AE provides 

accessibility otherwise inaccessible with other NDT methods. AE allows the opportunity to 
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continue service by monitoring discontinuities until rework or repair is required. AE will detect 

and monitor active discontinuities preventing catastrophic failures.  

2.2.7.3 Limitations 

Static discontinuities do not produce acoustic emission signals. Qualitative results are 

produced; therefore, secondary NDT methods such as UT must be conducted to determine the 

severity of damage [44]. AE can only contribute to material characterization by monitoring the 

direction of wave travel, frequency and amplitude of acoustic waves [45]. Material properties, 

conditions and setup also influence signal responses; therefore, extensive training must be 

completed to obtain and interpret the results.  

2.3 Recent Advances of Non Destructive Test Methods - CFRP Bonded Assemblies 

Carbon fiber reinforced polymers (CFRP) are progressively being utilized for structural 

applications in aerospace and aircraft components slowly replacing traditional metals and alloys 

due to the ability to further tailor certain properties while maintaining or reducing weight. It is 

important to note that CFRP defects differ from traditional metals and must be accounted for. 

These defects include foreign materials (i.e. backing film or peel ply, etc.), delamination, 

porosity, impact damage and disbonds [46]. From a manufacturability standpoint, large CFRP 

structures may be fabricated and assembled as smaller sections through bonding techniques.  

Subsequently, bonding techniques and processes provide the capability to manufacture large 

final structures that would have otherwise been difficult due to accessibility to large curing 

facilities. The bonds between CFRP assemblies are interfacial bonds (i.e. held together by 

intermolecular forces) between the adherend and the adhesive and are essential to the overall 

joint strength [47]. However, adhesive bonding techniques are inherent to several types of 

defects that can reduce the overall joint strength [46, 47]. Bondline defects occur either within 
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the adhesive or the adherend-adhesive interface and are generally categorized as foreign 

material, disbond, voids or kissing bonds as shown in Figure 18. 

 

Figure 18: Bondline defects a) foreign material, b) disbond, c) voids, d) kissing bond  

 

Each of these defects is most commonly attributed to poor preparation, inclusion of 

foreign material or inadequate assembly techniques. While procedures are in place to overcome 

these issues, appropriate NDT methods must be in place to detect and distinguish defects during 

the manufacturing process. Therefore, in-service monitoring NDT methods such as structural 

health monitoring (SHM) [48- 50], acoustic emission (AE) [51, 52], and guided wave inspection 

(GWI) [48, 53, 54] will be omitted. The following sections review recent advances of in-process 

NDT methods applicable to the inspection of CFRP bonded assemblies.  

2.3.1 Laser Bond Inspection  

Laser Bond Inspection (LBI) has been specifically designed for the inspection of CFRP 

bonded assemblies and scarf repairs. A high energy pulsed laser beam is applied to the surface of 

the assembly creating a mechanical stress wave that propagates through the composite material 

to the bonded interface. The mechanical wave applies stress to the bond resulting in a test of 

relative strength. If the bond is substandard (i.e. below designed strength) resulting from 

insufficient surface preparation or foreign material, LBI identifies the associated defects [55-57]. 

Alternatively, strong bonds are unaffected.  
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Part preparation is conducted by applying a thin light absorbing material to the surface 

and then a thin layer of water must be poured over the material. The laser is passed through the 

water and absorbed by the opaque material. An ionized gas (i.e. plasma) is created and is 

temporarily contained by the water. During containment, the stress wave intensifies permitting 

transmission through the material to the bondline. The results are correlated to the bond strength 

by the Fluence Number (i.e. optically delivered energy per unit area). The energy and diameter 

of the laser pulse can be varied to establish the desired strength of the stress wave depending on 

application [55]. A diagram of the process is shown in Figure 19.  

 

Figure 19: Overall Laser Bond Inspection (LBI) process [56] 

 

Recently a test was conducted comparing LBI with UT using a composite-to-composite 

adhesive interface [56]. The results of the comparison are shown in Figure 20. It was concluded 

that LBI detected a bond failure at 5.6 J/cm
2
, while UT marginally detected the same failure. The 

failure was secondarily inspected by ultrasonic A-Scan verifying the marginal indication.   
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Figure 20: Results comparing Laser Bond Inspection (LBI) fluence (J/cm
2
) to ultrasonic testing 

(UT) of a pulse echo C-Scan image [56] 

 

2.3.1.1 Applications 

LBI has been specifically designed for the detection of bondline defects such as foreign 

material, disbonds, voids and kissing bonds in a variety of composite assemblies and scarf 

repairs. Complex geometries and assemblies are easily inspected. LBI can be used during initial 

manufacturing processes as well as subsequent inspections throughout [57].  

2.3.1.2 Advantages  

LBI inspection processes can be performed in all types of environments on numerous 

joint configurations such as composite to composite, metal to composite and metal to metal [57]. 

LBI provides quantitative strength measurements identifying weak bonds otherwise undetectable 

with conventional NDT methods.  

2.3.1.3 Limitations 

LBI systems are relatively expensive compared to alternative NDT methods. The surface 

of the test object must be prepared with a light absorbing material. Water must be applied to the 
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surface in conjunction with the laser during the inspection. Safety protocols must be in place for 

the use of lasers. LBI is a relatively slow inspection method compared to UT with arrays. 

Currently, LBI inspections are limited to structures that are less than 1 inch thick. There is an 

unknown amount of damage applied to the bond during inspection and may need to be verified 

with UT. 

2.3.2 Infrared Thermography Testing  

Infrared Thermography Testing (IRT) is a non-contact NDT method, which can be 

classified as either a passive or active method [58 -62]. Both methods use external heat sources 

(e.g. heat gun, halogen lamps, etc.) to stimulate the part surface increasing the temperature 

allowing for the detection of variations in thermal emissivity (i.e. material(s) ability to emit 

thermal radiation) by an infrared (IR) camera. Each material type including trapped air provides 

a unique thermal emissivity [59]. IRT provides a visual display of infrared energy emitted or 

transmitted by the material(s). The presence of a defect will change the path and heat flow within 

the test object, resulting in a disparity of thermal emissivity [60]. The passive approach provides 

a qualitative temperature profile of the part surface, based on differences between areas that react 

to the heat source and the surroundings. Passive approaches typically do not provide sufficient 

temperature contrasts between surface and subsurface defects [58]. Active approaches utilize 

external heat sources to actively create a significant thermal contrast between suspect and good 

areas allowing subsurface detection via thermal diffusivity during the transient phase [61]. 

Known characteristics such as bandwidth and time duration of excitation allow for quantification 

of subsurface defects either quantitatively or qualitatively. The most common active 

thermography applications are shown in Figure 21.  



35 

 

 

Figure 21: Flow chart illustrating the different active thermography approaches [61] 

 

Recently active methods such as pulsed heating [62- 64], step heating [65] and lock-in 

thermography (LT) [66, 67] have been used to evaluate and characterize bonded joints in 

composite materials. The following is a review of lock-in thermography based on the ability to 

provide more inspection details and image definition at greater depths in CFRP materials 

compared to other IRT methods [68]. 

2.3.3 Lock-In Thermography Testing  

Lock-in thermography testing (LT) methods are active methods that apply the external 

heat source at a single “lock-in” frequency, periodically controlled, heating the surface of the test 

object. The heat generates thermal waves that propagate longitudinally through the thickness of 

the article via temperature gradient-induced heat conduction [66]. The thermal infrared emission 

at the surface is monitored and recorded by an infrared (IR) camera. The resulting wave is 

reconstructed by measuring the progress of temperature differences in amplitude and phase 

changes at the surface [67]. The phase shift ϕ based on depth (z) can be defined by equation 

(2.5), where λ is the frequency wavelength and µ is the thermal diffusion [67]. 
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𝜙(𝑧) =
2𝜋𝑧

𝜆
=

𝑧

µ
                   (2.5) 

According to equation (2.6) the thermal diffusion µ can be calculated in which ω is the 

modulation frequency, α is the thermal diffusivity, cp is the specific heat constant, ρ is the 

density, and k is the thermal conductivity [67]. 

 

µ = √
2𝑘

𝜔𝜌𝑐𝑝
= √

2𝛼

𝜔
        (2.6) 

Recently, Palumbo Davide et al. [67] evaluated the bondline of composite adhesive lap 

joint samples exposed to hygrothermal aging (i.e. form of environmental conditioning) with 

lock-in thermography. The tests were performed with a Flir 640 IR camera with a thermal 

sensitivity of <30mK. The setup is shown in Figure 22. 

 

Figure 22: Top view of the setup used for lock-in thermography of composite lap shear samples 

(β = 30
o
, DT = 30cm, DL = 20cm) [67] 

 

The test was conducted on one side of each lap joint specimen to detect the initial bonded 

interface, prior to mechanical testing. Each specimen consisted of the same adherend and 

adhesive thickness of 2.5mm and 0.76mm, respectively. For reference, a Teflon foil insert was 
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placed between the bonded interfaces, simulating a disbond. A total of 12 lap joint specimens 

were identified by VA and followed by the lot number to determine the magnitude of debonding 

adjacent to the Teflon insert prior to and after aging. Test sample VA0 was used to determine the 

optimum frequency of 0.0125 Hz, based on absolute phase angle |Δϕ| (deg) vs. frequency (Hz) 

shown in Figure 23. Figure 24 show the resulting phase images of the test sample VA0 along 

with sequential test specimens VA01 – VA12. Black areas indicate debonding and green lines 

represent areas of interest (i.e. discontinuity) due to partial debonding.  

 

Figure 23: Maximum phase angle by testing carried out on specimen VA0. A1 and A2 represent 

defect and defect free areas, respectively, to determine phase angle [67] 

 



38 

 

 

Figure 24: Phase image results, based on optimum frequency of 0.0125 Hz obtained by test 

specimen VA0 and sequential test specimens VA01 – VA12, where black areas indicate 

debonding and green lines represent areas of interest due to partial debonding [67] 

 

Results concluded lock-in thermography’s ability to identify bondline defects caused by 

exposure to environment or manufacturing processes via hygrothermal aging processes [67]. 

Verification and correlation of the results was conducted with UT. Quantitative analysis was 

conducted to identify bondline defects based on a predetermined threshold. It was proven that the 

LT results were in agreement with the UT results.  

2.3.3.1 Applications 

Both IRT and LT methods provide the ability to reliably detect a variety of defects in 

adhesively bonded joints [62-69]. Depth profiles of thermal conductivity or diffusivity can be 

measured on CFRP materials. CFRP coating thickness measurements such as variations and 
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wear can also be determined. Moisture can be validated during in-process or in-service 

applications.   

2.3.3.2 Advantages 

IRT and LT are single sided non-contact surface inspection methods in which large area 

surfaces can be inspected simultaneously. Small thermal emissivity differences of materials are 

easily detectable providing exceptional foreign material and delamination detection. Phase and 

modulation images are available with frequency processing. Numerical modeling such as slope 

derivatives due to emissivity are easily conducted and interpreted. The main advantage LT has 

over IRT is that a single optimum frequency can be locked in based on the phase angle allowing 

for greater definition at greater depths [67, 68]. 

2.3.3.3 Limitations 

IRT and LT require thermal perturbation of the part surface through external heat 

sources. Cooling losses due to convection can cause contrasting results and must be accounted 

for. Active processes require uniform heating, which may be difficult to achieve. Subsequent 

mathematical analysis may be required to provide necessary quantitative analysis. Observable 

defects are generally shallow; therefore, material thickness is limited compared to other 

volumetric NDT methods such as UT.  

2.3.4 Digital Shearography Testing  

Digital Shearography Testing (DST) measures the in-plane and out-of-plane derivatives 

of surface deformations of the test object under mechanical stress. The shearing interferometer 

(i.e. shearography camera) captures the interferometric (i.e. diffuse surface reflections) image 

and delivers resulting phase change information of the gradient of interfering light waves [70]. 

First, an interferometric image of the test object surface is acquired prior to being stressed. The 
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surface is then stressed by thermal, vacuum or dynamic loading, nondestructively, to intensify 

deformations around any defect. A second interferometric image of the surface under stress is 

then acquired and compared resulting in the shearogram (i.e. digital image depicting differences 

in gradients of the surface). The shearogram is similar to a topography map in which the defects 

can be measured based on peak amplitude [71].  DST offers measurable surface strains via 

surface displacements to aid in the detection of CFRP defects such as delaminations, disbonds, 

impact damage and thickness variations [73, 74].  However, most of the literature reviewed only 

referred to detecting disbonds between the CFRP face sheet (≤ 0.078 inches thick) and 

honeycomb or foam core assemblies [75, 76]. A schematic layout of the principle of digital 

shearography is shown in Figure 25.  

 

Figure 25: Schematic layout of the working principles of digital shearography a) working 

principles of the system, b) non deformed and deformed observations (1 and 2) of the acquired 

analog signals, c) digital interferometric images (state 1 and state 2) with the resulting 

shearogram (relative phase change) [72] 
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Recently, De Angelis G. et al. [77] documented the investigation of a disbond due to 

impact damage in an air cooled inlet CFRP assembly. A photo of the assembly and disbonded 

region between the composite local stiffener and composite external skin is shown in Figure 26. 

 

Figure 26: CFRP air-cooled inlet (top view) illustrating the cracked region and the length and 

width of the disbond between the local stiffener and external skin [77] 

 

The flange thickness of the stiffener was not documented; however, flat bottom hole (FBH) 

standards from 0.067 inches to 0.157 inches were used to validate the test. This concludes the 

flange thickness did not exceed 0.157 inches. UT was conducted to validate the disbond prior to 

DST. The method of dynamic (piezo shaker up to 20 kHz) and thermal (650W fan-less halogen 

lamps) loading was used to conduct the DST. To ensure coverage, it was necessary to move the 

piezo shaker to six different locations (a-e) to complete the dynamic loading inspection shown in 

Figure 27. Based on the figure, it was unclear where the piezo shaker was located in locations b, 

c and e. Figure 28 shows the imposed stress vibration field and the localized complex fringe 

pattern affected by the difference in bending stiffness between the bonded (A, B and C) and 

disbonded (D) interfaces.  
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Figure 27: Shearogram with Piezo shaker placement on the inspection surface at six different 

locations a-f [77] 

 

 

Figure 28: Shearogram illustrating the imposed stress vibration field and localized complex 

fringe pattern for regions of interest (ROI) reinforced by bonded stiffeners (A, B, and C) and 

disbonded ROI (D) [77] 

 

Thermal loading was applied to inspect a larger area reducing the need for multiple loading 

locations. The thermal loading shearogram results are shown in Figure 29. Shearograms a) and b) 
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are the resulting inspection conducted from the back surface of the composite assembly while c) 

is the result from the external surface. Local differences in displacement gradient were due to 

local changes in heat flow revealing the disbond shown in shearograms b) and c). The thermal 

loading technique was more feasible than dynamic loading, while disbonds were recognized 

almost instantly [77].   

 

Figure 29: Shearograms of thermal loading inspections from (a) and (b) the back surface of the 

composite assembly, as well as from (c) the external surface. The revealed disbonded stiffener is 

highlighted in shearograms (b) and (c) [77]  

 

The results conclude that DST is capable of detecting disbonds in thin (≤ 0.157 inches) 

CFRP assemblies. However, the results are qualitative pictures of features and surface anomalies 

verified with UT. Quantitative DST results such as defect size, area, and depth and material 

deformation vs. loading was not provided. Furthermore, additional equipment is necessary to 

determine surface derivative slope changes for further analysis, if required [74]. 



44 

 

2.3.4.1 Applications 

DST provides either portable or large area (i.e. gantry system) noncontact inspection 

solutions for the detection of delaminations, disbonds, cracks, and impact damage, strain and 

modulus changes.  DST can be used to measure surface deformation to an applied load as well as 

derivatives of surface displacements as strain results. DST also offers a high speed low cost 

inspection method for quality assurance, material optimization and manufacturing process 

control [74].  

2.3.4.2 Advantages 

DST is sensitive to in-plane and out-of-plane surface displacements through non-contact 

inspection. DST can be performed over a large area compared to other NDT methods and can be 

automated for production applications. DST can detect defects at early stages within the 

manufacturing process and is also applicable to in-service inspections. Extensive technical 

experience is not necessary to operate the equipment.   

2.3.4.3 Limitations 

Surface conditions such as glossiness interfere with DST inspection skewing the results. 

Consequently, surface dulling agents may be necessary for accurate inspections. Surfaces must 

be mechanically stressed to reveal defects that may lead to unwanted stress. Surface and 

subsurface defects are detected as surface displacements; DST does not provide the ability to 

accurately size or determine the depth of subsurface defects. Material thickness is limited 

compared to other volumetric NDT methods. Additional equipment is necessary to determine 

quantitative results and is limited to qualitative observations providing descriptive results.  
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2.4 Ultrasonics and Optimization 

There are many volumetric NDT methods capable of detecting discontinuities in CFRP 

materials. However, not all discontinuities that are detected by NDT methods are considered 

unacceptable. Acceptance criterions have been established based on destructive testing to 

determine the minimum requirements, such as discontinuity type, size and depth location that 

significantly reduce the performance of the material. Any discontinuity that does not meet the 

acceptance criterion is defined as a defect and is deemed rejectable. To be effective, appropriate 

NDT methods are identified based on the ability to meet acceptance criterion requirements. 

Ultrasonic testing has been specified as the most effective NDT method capable of complying 

with CFRP acceptance criterion requirements [12-14, 19, 41, & 74]. Ultrasonic testing is also the 

most effective NDT method used to meet bondline acceptance requirements and is often used as 

the baseline to alternative methods [47, 49, 62, 67, 68, 70, 73, 77-81]. Therefore, in this study all 

testing will be conducted with ultrasonic pulse echo and full digital waveform acquisition for 

post processing analysis. Amplitude (i.e. attenuation levels of the peak signal in decibels) C-Scan 

information along with digital A-Scan will be used for data interpretation.    

2.4.1 Ultrasonic Transducer  

The array transducer selected for this application was manufactured by General Electric 

Inspection Technologies; a 4 inch, 2.8 MHz array of 64 elements (i.e. 1D single row of 64 

elements) with a 0.0629 inch pitch (i.e. the center distance between each element) and water 

bubbler shown in Figure 30. The array probe specification is included in Appendix A. 
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Figure 30: Array transducer with a water bubbler manufactured by GE Inspection Technologies 

 

Ultrasonic arrays consist of multiple single elements (i.e. small individual transducers) epoxied 

together to form either a 1D linear array or a 2D matrix array. Arrays are electronically 

controlled to either send or receive ultrasonic signals, individually or as an active group of 

aperatures (i.e. group of elements that are controlled simultaneously) that can be steered, 

scanned, swept and focused [37]. The element pitch is the distance between the centers of each 

element. The smaller the pitch the more sensitivity and resolution. An illustration of the working 

principles of an array is shown in Figure 31. Each element produces independent sound fields 

similar to one single element probe as shown in Figure 32. 

 

Figure 31: Working principles of a 1D focused linear array transducer utilizing an active group 

of elements electronically focused to a specific depth and scanned horizontally [37] 
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Figure 32: Single element transducer and the ultrasonic sound field that is produced [40] 

 

The final ultrasonic wave front is created by constructive or destructive interference of the 

individual ultrasonic waves from each element. Figure 33 shows an illustration of the transducer 

array with the initial ultrasonic waves from each element resulting in the final wave front due to 

constructive interference.  

 

Figure 33: Illustration of the transducer array  

 

Ultrasonic scanning with arrays is much faster than conventional single element probes, 

providing improved coverage [37]. Sensitivity and resolution is also improved due to the size of 

each individual element and the pitch between each center. Ultrasonic arrays also offer much 

more flexibility; therefore, setups can be changed quickly, depending on the application [37].  
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2.4.2 Ultrasonic Frequency 

Most commonly CFRP laminated composites and bonded assemblies are ultrasonically 

inspected at frequencies greater than 500 kHz in regards to sensitivity and depth [73]. Lower 

frequencies between 500 kHz and 2.25 MHz allow for more penetration in the material. Higher 

frequencies between 15 MHz and 25 MHz provide greater sensitivity with reduced penetration 

[40]. As previously discussed, out-of-autoclave CFRP materials are manufactured at reduced 

pressure and temperature compared to autoclave cured materials resulting in less compaction and 

more volatiles. The result causes attenuation and unwanted noise (i.e. reflections and scattering) 

of the ultrasonic signals at higher frequencies, further limiting penetration and wave propagation. 

Also, under consideration is the infinitesimal acoustic impedance difference between peel ply 

and the cured film adhesive (i.e. bondline); higher frequencies are more sensitive, improving 

differentiation. Selecting the correct frequency requires a compromise between lack of 

penetration and attenuation due to noise that increases with frequency and sensitivity that 

decreases with frequency [78]. Based on the considerations, a central frequency of 2.8 MHz was 

selected for the inspection of the fabricated reference standard to achieve the final results.  

2.4.3 Signal Optimization 

Boeing Automated Systems Group (BASG) provides digital waveform acquisition, 

storage and analysis tools permitting detailed real-time and post-acquisition analysis of received 

RF signals in digital format. To improve the reliability of the ultrasonic inspection the digital 

waveform will be acquired and post processed with user defined algorithms (developed by 

BASG) in an effort to satisfy the specified 3:1 SNR.  
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CHAPTER 3 

METHODOLOGY 

This chapter elucidates to the method used to develop the reference standard, ultrasonic 

system setup and inspection of the standard. The manufactured reference standard is a 

representation of the configuration and complexity of the part to be inspected. Reference 

standards are utilized to properly perform the initial setup prior to the inspection, to ensure 

accuracy of the system and reliable defect detection. The following system setup was configured 

with the appropriate parameters to ensure accuracy of the ultrasonic inspection of the standard.  

3.1 Reference Standard Materials  

Each of the materials selected for the reference standard construction are designed for 

Out-of-Autoclave (OoA) applications for primarily structural components. 

3.1.1 Out-of-Autoclave Fabric Substrate  

Figure 34 depicts the OoA fabric substrate; a prepreg CFRP material which includes a 

toughened epoxy resin system with an 8 harness satin weave (8HS) carbon fabric. Figure 35 

shows the pattern of the 8HS. The epoxy resin system was designed for the use of OoA prepreg 

materials and can be cured at lower temperatures producing quality components for structural 

applications.  

 

Figure 34: OoA fabric substrate – prepreg CFRP of 8HS fabric  
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Figure 35: Pattern of an 8 Harness Satin Weave Fabric [82] 

 

3.1.2 Out-of-Autoclave Fabric Preform 

Figure 36 shows the OoA fabric preform; a carbon based 3D multilayer woven fabric 

similar to the material shown in Figure 37. The same epoxy resin system that was incorporated 

into the prepreg substrate was heated and injected into the 3D woven fabric and oven cured via 

resin transfer molding (RTM) completing the preform.  

 

Figure 36: OoA fabric preform – oven cured 3D woven multilayer fabric 

 

 

Figure 37: 3D multilayer woven fabric [83] 



51 

 

3.1.3 Peel Ply Inserts 

Figure 38 depicts the material used as the peel ply inserts between the film adhesive and 

the OoA fabric preform; a non-porous Polytetrafluoroethylene (PTFE) coated plain weave 

fiberglass cloth which allows for easy removal pre or post-cure. 

 

Figure 38: PTFE-coated plain weave fiberglass a) cloth and b) inserts 

 

3.1.4 Film Adhesive 

The film adhesive used to bond the substrate to the preform has been designed for co-

cured, co-bonded or secondary bonding applications and is compatible with both the substrate 

and preform.  

3.2 Reference Standard Assembly 

Both OoA fabric substrate and OoA fabric preform were laid up and cured per 

manufacturer specifications. The OoA fabric substrate was then machined to 32 inches long by 

12 inches wide, represented in Figure 39. Once cured, the peel ply was removed from the 

substrate and the film adhesive was centered and placed, represented in Figure 40. The 8 peel ply 

inserts (4 @ 0.250 x 1.00 inches and 4 @ 0.375 X 1.00 inches) were then placed at specific 

locations atop the adhesive represented in Figure 41. The peel ply was then removed from the 
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top substrate and place atop the peel ply inserts encompassing the film adhesive represented in 

Figure 42. An exploded view of the reference standard is represented in Figure 43. The assembly 

was then bagged and cured per the film adhesive manufacturer specifications for secondary 

bonding applications. The peel ply inserts were intentionally left extended beyond the bonded 

interface for visual reference shown in Figure 44. 

 

Figure 39: Representation of the OoA fabric substrate and dimensions 

 

 

Figure 40: Representation of the film adhesive placed atop the OoA fabric substrate 

 

 

Figure 41: Representation of the peel ply insert locations and dimensions placed atop the film 

adhesive 
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Figure 42: Representation of the OoA fabric preform placed atop the peel ply inserts 

 

 

Figure 43: CAD model illustrating the reference standard in an exploded view 

 

 

Figure 44: Peel ply inserts extended beyond the fabric preform for reference. 

 

3.3 Ultrasonic Setup and Inspection of the Reference Standard  

Once the standard assembly was complete, the ultrasonic parameters were setup using the 

standard as a reference. The reference standard was then ultrasonically inspected with the 

Automated Ultrasonic Scanning System Generation Seventeen (AUSS XVII), manufactured by 

the Boeing Company.  
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3.3.1 Ultrasonic System Details 

The AUSS XVII is an ultrasonic pulse echo inspection system designed for phased array 

inspection applications with the selected array transducer. The water bubbler system was 

incorporated within the housing surrounding the transducer to apply a thin film of water as the 

couplant medium between the transducer and the reference standard. Figure 45 is an illustration 

of the overall system. Figure 46 shows the array setup atop the reference standard (i.e. on the 

OoA fabric substrate side) to establish the ultrasonic parameters prior to inspection. 

 

Figure 45: Representation of the overall system 

 

 

Figure 46: Array transducer setup atop the reference standard 
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3.3.2 Ultrasonic Parameters  

The ultrasonic parameters were configured by utilizing “Machine State Editor” (AUSS 

XVII software package and user interface for ultrasonic setup, configuration and evaluation) 

shown in the following figures. The “Effector Selection” and “Data Parameters” were 

established within the Parameters tab shown in Figure 47.  The primary location was selected as 

the forward horizontal scan (FwdHorizScan) effector with the standard (Std) terminal. The 

DelayLine (i.e. optimum distance between the array and the test object) was assigned with the 

appropriate transducer (Xducer) frequency of 5 MHz (i.e. optimum setting for the 2.8 MHz 

array) for the flat array (Array-Flat). The data parameters collected were from the transmitting 

(XMT) side of the system (i.e. only one transducer transmitting and receiving the signal) that 

include both the amplitude (Ampl) of the ultrasonic signal and surface distance (i.e. real time 

surface distance data collected to ensure constant contact between the transducer and test object).  

 

Figure 47: Parameters tab utilized to configure the end effector selection and data parameters  

 

The Edit Pulser/Receiver information is shown in Figure 48. The transmit aperature (i.e. 

the group of active elements that electronically transmit the signal) was set to 5 and the receive 

aperature (i.e. group of active elements that electronically receive the signal) was set to 4. The 

pulser was set to 40 volts with a focused beam at a depth of 5.00 inches (i.e. ideal voltage and 
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focal depth for the thickness of the part to be inspected). The receiver was set to a damping 

resistance of 50 Ohms.  

 

Figure 48: Edit Pulser/Receiver window 

 

The depth and amplitude parameters were configured within the “PE Depth” and “PE 

Amplitude” tabs shown in Figure 49 and Figure 50, respectively. The parameters are established 

to capture and record the depth in inches and the peak amplitude of the signal in decibels (dB). 

The depth is determined by the distance the sound wave travels from the surface of the test 

object to the surface of the defect or the back surface of the test object. The distance can be 

calculated according to equation (3.1), where d is the distance traveled in inches, v is the velocity 

of sound within the material (in/µsec), and t is the measured round trip transit time [40].  

  

𝑑 = 𝑣𝑡/2                                                       (3.1) 

The peak amplitude of the signal is based on the achieved voltage level and then converted to dB 

(i.e. logarithmic attenuation level) according to equation (3.2), where V is the measured potential 

in volts and Vo is the reference potential in volts [40].   
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𝑑𝐵 = 20log (
𝑉

𝑉𝑜
)                                                        (3.2) 

From the PE Depth tab, the “Gate” selected was the pulse echo depth gate (PED Gate) 

configured to ensure the reflected signals from the front and back surface of the test object that 

were obtained encompassing the entire part thickness. The “Video Signal Control” was 

configured to establish the optimum signal. The “Event Generation” was configured to establish 

accurate thickness readings in which the event marks (CEmrk) are triggered by the peak of the 

front and back surface signals, respectively. The “Part Characteristics” were configured per the 

type of material under inspection.  

 

Figure 49: PE Depth tab utilized to configure the desired output in inches 

 

From the PE Amplitude tab, the “Gate” selected was the pulse echo amplitude transmit 

gate (PEA XMT) configured to ensure the back surface signal was included. The peak amplitude 

(in volts) of the signal is detected by the PEA XMT Gate and then converted to dB according to 

equation (3.2) with ½ dB resolution with no additional gain required.   
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Figure 50: PE Amplitude tab utilized to configure the desired output in dB 

 

The “Low Pass Filter” tab shown in Figure 51 is utilized to allow signals with a 

frequency lower than the selected cutoff frequency to pass while attenuating signals of higher 

frequencies. The cut off frequency was set to 5 MHz with an additional gain of 3.00 dB (i.e. 

additional gain to maintain the desired signal strength initially reduced by the low pass filter).  

 

Figure 51: Low Pass Filter tab utilized to configure the low pass filter   
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The Time Corrected Gain (TCG) tab shown in Figure 52 is utilized to electronically 

compensate the signal gain as a function of time to obtain the same signal amplitude of 

reflections from equal reflectors at different thicknesses.   

 

Figure 52: Time Corrected Gain (TCG) tab utilized to setup the TCG over a range of thicknesses 

 

The following Figure 53 through Figure 56 show the video output displayed in real time 

via the A-Scan scope display based on the selected ultrasonic parameters. 

 

Figure 53: A-Scan display illustrating the reflections from the surface and back surface of the 

test object 
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Figure 54: A-Scan display illustrating the pulse echo depth gate, triggered by the “main bang” 

(i.e. initial signal transmitted by the transducer) 

 

 

Figure 55: A-Scan display illustrating the pulse echo amplitude gate, triggered by the first 

interface (i.e. initial signal transmitted by the surface of the test object) 

 

 

Figure 56: A-Scan display illustrating the time corrected gain (TCG), triggered by the first 

interface (i.e. compensation of gain as a function of time to obtain the same signal amplitude of 

reflections form equal reflectors at different thicknesses) 
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3.3.3 Ultrasonic Inspection 

Once the ultrasonic parameters were set and the initial setup was complete, the reference 

standard was ultrasonically inspected as shown in Figure 57. Figure 58 shows the resulting 

amplitude C-Scan of the reference standard. The A-Scan depicts the front and back surface 

reflectors at one point on the fabric substrate for reference. 

 

Figure 57: Ultrasonic inspection of the reference standard 

 

 

Figure 58: Amplitude C-Scan of the reference standard with front and back surface reflectors as 

reference 



62 

 

 

The edge of each insert is appearant due to edge reflections that are not normal to the surface 

resulting in signal loss (i.e. attenuation) as shown in Figure 59.   

 

Figure 59: Resulting edge reflection that is not normal to the surface 

 

Figure 60 shows the resulting attenuation from the edge of the insert compared to the center of 

the insert illustrated by the A-Scan. The C-Scan was set to an upper threshold of 20 dB (i.e. to 

distiguish signals that attenuate more than 20 dB) for clarificatoin. Nevertheless, the appearent 

edge of each insert is not an accurate measure of detectability based on size and will be further 

addressed in Chapter 5. 

 

Figure 60: Comparison of attenuation due to the edge of the insert and the center of the insert  
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CHAPTER 4 

ALGORITHM DEVELOPMENT 

This chapter illustrates the method used to define the final algorithm through waveform 

analysis and real time post processing. Libraries of post processing software functions are strung 

together in a linear workflow. The digital waveforms are viewed as either raw or processed via 

the A-Scan scope. The resulting output is a desired C-Scan to further interpret the results.  

4.1 Algorithm Workflow 

The post process algorithm follows a linear workflow in which, calculations are based on 

engineering tools (i.e. function menus) to develop the algorithm. The workflow starts with the 

raw ultrasonic waveform from the array. A library of function menus can then be strung together 

with the appropriate parameters to generate a properly scaled C-Scan. Figure 61 shows the 

algorithm workflow for processing the ultrasonic waveform.  

 

Figure 61: Algorithm Workflow 
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4.2 Signal conditioning functions 

Raw ultrasonic data received from the array can be post processed and conditioned by 

filtering, rectification, gain control and scale and offset depending on the desired signal output.  

4.2.1 Filtering 

Raw data is subject to noise due to undesirable reflections, signal noise and other sources. 

The types of noise received depend on ultrasonic frequency, surface irregularities and internal 

reflections of the test object, the ultrasonic scanning system and electronics performing digital 

signal conversion. Low pass and high pass filter options are available to remove any unwanted 

noise. Low pass filters allow signals with a frequency lower than the cutoff frequency to pass 

while attenuating signals of higher frequencies. High pass filters allow signals with a frequency 

higher than the cutoff frequency to pass while attenuating signals of lower frequencies. Figure 62 

shows an example of low-pass and high-pass filtering. The input signal is three cycles of a sine 

wave plus a slowly rising ramp. The impulse response is a smooth arch resulting in only the 

slowly changing ramp being passed to the output signal [84].  

 

Figure 62: Examples of (a) low-pass and (b) high-pass filtering including an input signal, 

impulse response and output signal [84] 
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Figure 63 depicts the Infinite Impulse Response (IIR) low pass and high pass filter menu 

function. For example, the low pass filter option is selected with a cutoff frequency of 10 MHz. 

The 2 Pole Express option provides faster post processing times for large amounts of data 

associated with array inspections.  

 

Figure 63: IIR low pass and high pass filter menu function and parameters 

 

4.2.2 Rectification 

The raw RF signal can be post processed and rectified (e.g. full wave, negative half-wave 

and positive half-wave) depending on the desired output shown in Figure 64. Full wave 

rectification is the absolute value of the peak amplitude of the waveform samples (i.e. amount of 

data acquired per waveform). The positive half-wave rectification is the remaining positive 

samples with negative samples set to zero. The negative half-wave rectification is the remaining 

negative samples with positive samples set to zero. Figure 65 depicts the rectifier menu function 

and parameters.  
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Figure 64: Raw data (yellow) and post processed data (white) of (a) full wave rectification, (b) 

positive half-wave rectification and (c) negative half-wave rectification 

 

 

Figure 65: Rectifier menu function and parameters 
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4.2.3 Gain Control 

Gain controls are used to increase the power or amplitude of the ultrasonic signal. There 

are two gain control options that can be utilized based on the desired output, variable gain 

control and automated gain control. The variable gain control shown in Figure 66 varies the gain 

of the amplitude signal with time, either linearly or exponentially, to the desired maximum input. 

The variable gain control shown in Figure 67 is most commonly used to electronically 

compensate the signal gain as a function of time to obtain the same signal amplitude of 

reflections from equal reflectors at different thicknesses. The automatic gain control holds the 

desired (+/-) signal to a specific voltage level along the entire waveform, inside or outside of the 

gate. This option is typically used to provide consistent threshold levels for improved defect 

detection.  

 

Figure 66: Variable gain menu function and parameters 

 

 

Figure 67: Automatic gain control (ACG) menu function and parameters 
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4.2.4 Scale/Offset 

Each point of the waveform can be multiplied by a given positive or negative scale value. 

The scale can be useful to eliminate undesirable portions of the waveform or enhance desirable 

portions. The offset is applied to the input and can also be a positive or negative value. The offset 

is most commonly used to offset the post processed signal from the raw signal for better 

interpretation. Figure 68 shows two scale/offset menu functions and parameters with the raw and 

post processed A-Scan results. For example, the first scale/offset function menu applies a scale 

of zero to eliminate the front surface reflector with an offset of 0.4 volts. The second scale/offset 

function menu applies a scale of 1.5 to enhance the back surface reflector with an offset of 0.4 

volts. 

 

Figure 68: Examples of the Scale/Offset menu function and parameters, with the raw and post 

processed A-Scan results  

 

4.3 Gating Functions 

Data collection gates are established within specified regions of the waveform to monitor 

the signal levels at each point. Specific gating functions determine the region of the waveform 

that is used for the calculations.  
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4.3.1 Fixed Gate 

The fixed gate function is a fixed length based on specified start and end triggers. The 

gate can be set to start and end at any sample of the waveform. For example Figure 69 shows the 

fixed gate to start at 0 samples and end at 1023 samples. 

 

Figure 69: Fixed gate menu function and parameters 

 

4.3.2 Variable Gate 

The variable gate allows for the gate to be placed based on the first interface (i.e. first 

signal that exceeds the selected voltage threshold level) or the maximum signal. The trigger start 

window enables the start of the gate to be triggered in between a specified range of samples. The 

trigger selection can be set to threshold or maximum “signal + the start delay”. The gate will end 

at the “start + end delay”. The gate delays in which the gate actually starts and stops can be any 

(+/-) value. The threshold is the specified value in which the signal must cross in order to trigger 

the gate. The material velocity is set based on the material inspected for accurate thickness 

measurements (e.g. 115995.7969 in/sec). Figure 70 shows the variable gate menu function and 

the parameters to be selected and specified.  
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Figure 70: Variable gate menu function and parameters 

 

4.3.3 Peak Tracking Gate 

The peak tracking gate is based on the number of peaks above a threshold (Peak Thres). 

A peak is defined as a point above the selected threshold that is greater than the preceding and 

following points. Peak A represents the start of the gate and peak B represents the end. Peak A 

and peak B can also be offset to a specified value to encompass a desired portion of the 

waveform other than the peak itself. The trigger can be based on either the peak of the signal (i.e. 

center of the signal) or the positive slope (i.e. left side of the signal at the threshold point) or the 

negative slope (i.e. right side of the signal at the threshold point). Figure 71 shows the peak 

tracking gate menu function and the parameters to be selected and specified.  
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Figure 71: Peak tracking gate menu function and parameters 

 

4.4 Output  

The following function menus and parameters are available to further process the data 

into an output C-Scan for interpretation and results.  

4.4.1 Minimum- Maximum Output 

The minimum-maximum output locates the minimum or maximum value of the 

waveform within the current gating configuration and displays the information as user defined 

engineering units or on a logarithmic scale (i.e. dB). The distance from the gate count at the 

beginning of the waveform to the minimum or maximum value can also be determined for a 

variety of thickness measurements. Figure 72 shows the minimum-maximum function menu and 

parameter options. For example, the name of the C-Scan parameter tab is Maximum and only the 

maximum value will be displayed from 0 to 100 as a percentage.  
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Figure 72: Minimum-Maximum function menu and parameters 

 

4.4.2 Gate Position 

The gate position output provides additional feedback on the length of the gate. The 

current gate length = start of the gate + the end of the gate +1. This function menu can be used 

when the gate length is a relevant parameter utilized for accurate thickness reading. The 

minimum and maximum values can be set based on the number of samples taken and displayed 

in user defined engineering units. Figure 73 shows the gate position function menu and 

parameters. For example, the name of the C-Scan parameter tab is GatePos and the samples 

taken are from 0 to 1023 with the output displayed from 0 to 100 as a percentage.   
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Figure 73: Gate position function menu and parameters 

 

4.4.3 Integrate 

The integrate output is the sum of all the x axis data points within the current gate relative 

to the amplitude. A simple calculation can be performed of the running sum according to 

equation (4.1). The running sum is calculated by summing all of the points in the original signal 

to the left of the sample location where x[n] is the original signal and y[n] is the running sum 

[84].  

𝑦[𝑛] = 𝑥[𝑛] + 𝑦[𝑛 − 1]                                                     (4.1) 

The integrate function menu is useful for differentiating signals of similar nature and reflections 

of similar acoustic impedance. The minimum and maximum values can be set based on the 

number of samples taken and displayed in user defined engineering units.  Figure 74 shows the 

integrate function menu and parameters. For example, the name of the C-Scan parameter tab is 

Integrate and the samples taken are from 0 to 1023 with the output displayed from 0 to 100 as 

percent integration.   
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Figure 74: Integrate function menu and parameters 

 

4.4.4 Peak Detection 

The peak detection output is either the amplitude of the signal or the time in which the 

signal occurred (i.e. to determine thickness) or both. The peak is defined as a point above the 

threshold that is greater than the preceding or following points. The amplitude parameters are the 

amplitude of peaks A or B, the difference between the two or the ratio. The time parameters are 

either the width of the maximum peak, the distance from the start of the waveform (i.e. 0) to the 

maximum peak or the distance between peak A and B.  Figure 75 shows the peak detection 

function menu and parameters. For example, the name of the C-Scan parameter tabs are 

Amplitude and Time in which both amplitude and time are selected as the output displaying the 

amplitude of peak A and time as the maximum peak width. The threshold is set to 0 volts and the 

user defined engineering units are 0-100 volts for amplitude and 0-1 samples for time.    



75 

 

 

Figure 75: Peak detection function menu and parameters 

 

4.4.5 A-Scan Output 

The A-Scan output function menu shown in Figure 76 displays the waveform by making 

use of the parameter tab created by the function, shown in Figure 77. This allows the user to 

visually see the A-Scan output (e.g. both raw and processed waveform) at any point in the 

algorithm, as the algorithm is created.  
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Figure 76: A-Scan Output function menu and parameters 

 

 

Figure 77: A-Scan Output tabs that shows the result in the A-Scan 

 

4.5 Ultrasonic Waveform Region of Interest 

As previously mentioned the difference in signal reflections from the peel ply inserts and 

the bondline are alike, due to very little acoustic impedance difference. The ultrasonic waveform 

of each reflection was reviewed in the frequency and time domain to determine regions of 

interest (ROI) and what signal processing techniques could be applied to improve the results.  

Fourier analysis can be applied to the frequency domain of waveforms with different amplitudes, 

frequencies and phases [85]. Figure 78 shows the ultrasonic waveform of the peel ply insert and 

the bondline in the frequency domain.  Both contain similar frequencies and phases; however, 

the most significant difference is the change in amplitude below 0.5 MHz. This will be the region 

of interest in which a low pass filter will be applied to isolate the signal.  
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Figure 78: Ultrasonic waveform of the peel ply insert and the bondline in the frequency domain  

 

Analyses of the time domain can further differentiate between signal amplitudes in volts 

or dB, time and phase shifts. Figure 79 shows the ultrasonic waveform of the peel ply insert and 

the bondline in the time domain.  The portion of the waveform found to be of greatest difference 

is the magnitude of the negative half wave reflection. In theory, integration will be an 

appropriate signal processing technique to further differentiate between the two signals by 

summing each ROI. This technique would provide more information compared to simple 

difference in amplitude to improve the signal to noise ratio.  
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Figure 79: Ultrasonic waveform of the peel ply insert and the bondline in the time domain 

 

Therefore, the final algorithm will be constructed by appropriate signal conditioning and gating 

configurations of the digital waveform of interest to be output in individual C-Scan parameter 

tabs for further analysis. 

 

4.6 Final Algorithm  

The following illustrates the workflow of the final algorithm with the corresponding 

ultrasonic waveforms shown by the corresponding A-Scan scopes at selected points on the C-

Scan. The raw data is in yellow and the post processed data is in white. 

4.6.1 Signal Conditioning Algorithm Workflow 

The following signal conditioning algorithm, shown in Figure 80, was performed to 

eliminate unwanted noise (i.e. reflections and refractions) inherent to the OoA CFRP bonded 

assembly and then scaled to invert negative half wave reflections enhancing the desired ROI.  
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Figure 80: Signal conditioning algorithm workflow 

 

First, the fixed gate was set to incorporate all of the sampled data from 0 to 512 samples. Next, 

variable gain was applied to linearly increase the gain to a maximum of 2 volts, shown in Figure 

81. A low pass filter with a 0.5 MHz cutoff was then applied to isolate the signal of interest 

discovered in the frequency domain, shown in Figure 82. Each point of the waveform was then 

scaled by a negative 9 inverting all negative points and then offset for visual representation, 

shown in Figure 83.  The scale offset function was performed to enhance the region of interest 

(i.e. negative wave reflections from the peel ply inserts just beyond the bondline) shown in 

Figure 84.  
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Figure 81: Ultrasonic waveform with variable gain  

 

 

Figure 82: Ultrasonic waveform with low pass filter  

 

 

Figure 83: Ultrasonic waveform with scale/offset  
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Figure 84: Ultrasonic waveform illustrating the region of interest  

 

4.6.2 Zero Front Surface Algorithm Workflow 

The following zero front surface algorithm, shown in Figure 85, was performed to set all 

of the points just beyond the front surface reflector to zero. This ensures all desired reflections 

beyond the front surface exceed the defined threshold.  

 

Figure 85: Zero front surface algorithm workflow 
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First, the fixed gate was set to incorporate all of the sampled data from 0 to 512 samples. 

A variable gate was then set at a threshold of 0.01 volts starting at negative 50 samples after the 

start trigger (i.e. threshold + start delay) and ending 220 samples after the stop trigger (i.e. start + 

end delay). All of the points within the variable gate were then scaled by zero, eliminating the 

front surface signal reflection, shown in Figure 86. 

 

 

Figure 86: Front surface signal refection set to zero 

 

4.6.3 Integrate Algorithm Workflow  

The following integrate algorithm, shown in Figure 87, was performed to sum the 

amplitude data under the reflected signal of interest within the current gate (i.e. set to incorporate 

only the signal of interest) to differentiate the peel ply insert and the bondline.  
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Figure 87: Integrate algorithm workflow 

 

First, the fixed gate was set to incorporate all of the sampled data from 0 to 512 samples. A 

variable gate was then set at a threshold of 0.33 volts starting at 0 samples after the start trigger 

(i.e. threshold + start delay) and ending 18 samples after the stop trigger (i.e. start + end delay). 

All of the points within the variable gate were then integrated (i.e. summed) and set to display 

engineering units of %INT from 0 to100. The post processed integrated waveform of the 

bondline (i.e. area adjacent to the peel ply insert) and selected peel ply insert are shown by the A-

Scan scope in Figure 88. The resulting final algorithm is shown in Figure 89. 
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Figure 88: Post processed integration of the bondline and peel ply insert 

 

 

Figure 89: Final integration algorithm 
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CHAPTER 5 

ANALYSIS AND RESULTS 

5.1 Analysis 

The following results include the amplitude data acquired by conventional gating 

techniques (i.e. from the setup in section 3.3.2 ) and the post processed data utilizing the final 

integration algorithm. The amplitude data is displayed in dB based on attenuation of the gated 

signal amplitude. The integration data is displayed as %INT (i.e. percent integration) based on 

the sum of all points in the gated signal. The data was output to individual C-Scan parameter tabs 

for further analysis. Figure 90 depicts the amplitude C-Scan of the peel ply inserts with the 

individual parameter tab (AmplBW). The edge of each insert is clearly defined at the 20 dB 

upper threshold; set to color red. Figure 91 depicts the integration C-Scan of the post processed 

data with the individual parameter tab (Integrate_XMT_pp). The area of each insert is clearly 

defined at the 88.00% integration threshold; set to color red. 

 

Figure 90: Amplitude C-Scan data with parameter tab (AmplBW) 
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Figure 91: Integration C-Scan post processed data with parameter tab (Integrate_XMT_pp) 

 

The peel ply inserts were identified on the C-Scan by AMP (i.e. amplitude) or INT (i.e. 

integration), shown in Figure 92. The polygon histograms placed around each insert (e.g. to 

include the entire area of each insert) and adjacent areas define the statistical data included 

within the polygon. The data was then analyzed and signal to noise ratios were calculated using 

the histogram statistics tool, shown in Figure 93.  

 

Figure 92: Identification of peel ply inserts with histogram polygons on C-Scan by (a) amplitude 

and (b) integration 
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Figure 93: Histogram statistics tool displaying data from within the polygon  

 

Inserts with length perpendicular to the OoA fabric preform extend beyond the edge of the 

preform by 0.15 inches. To provide accurate signal to noise ratios based on the area of the insert, 

signal reflections from the edge of the OoA fabric preform were excluded. Length of the inserts 

were taken as 0.85 inches long, shown in Figure 94.  

 

Figure 94: Length of inserts with length perpendicular to the edge of the OoA fabric preform 
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It is important to understand how the signals were gated to ensure accurate sizing and to 

obtain correct signal to noise results for both the amplitude and integrated data. The amplitude 

data is based on a single gate that starts after the front surface reflector capturing the signal 

amplitude as attenuation. The signal amplitude from the center of the insert is higher than the 

edge of the insert as previously mentioned in section 3.3.3. Figure 95 shows an illustration of the 

amplitude gate and the signal amplitude from the edge and center of the insert.  

 

Figure 95: Illustration of the amplitude gate and the signal amplitude from both the edge and 

center of the insert 

 

Consequently, there are two sets of data resulting in a histogram with bimodal distribution 

illustrating low signal attenuation (i.e. set to color blue), from the center of the insert and high 

signal attenuation (i.e. set to color red), from the edge, shown in Figure 96. Furthermore, the area 

of low attenuation is an accurate size of the insert. Figure 97 shows the AMP1 peel ply insert 

with high attenuation areas from the edge of the insert extending beyond the actual size. Areas in 

blue beyond the edge of the insert are low attenuation areas from the bondline and are similar to 

the peel ply insert. 
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Figure 96: Bimodal histogram with low and high signal attenuation  

 

 

Figure 97: AMP1 insert with high attenuation extending beyond the actual size 

 

The integrated data is based on a running sum of the all points in the original signal, based on the 

signal amplitude shown in Figure 98. The result is a unimodal distribution of an accurately sized 

insert with areas in red above the upper threshold, shown in Figure 99.  
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Figure 98: Integrated signals from the (a) gated bondline and (b) the gated peel ply 

 

 

Figure 99: Unimodal histogram with an accurately sized insert using upper threshold 

 

5.2 Results 

Upon analysis, the signal to noise ratio of the amplitude data was calculated using the 

lower threshold (i.e. set to color blue) as the mean value of the insert and the signal to noise ratio 

of the integrated data was calculated using the upper threshold (i.e. set to color red) as the mean 

value of the insert. Figure 100 shows the amplitude C-Scan data of each insert, using the lower 

threshold. Figure 101 shows the integrated C-Scan data of each insert, using the upper threshold. 

Each display the polygon histograms and statistical values used to calculate the signal to noise 

ratios.  
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Figure 100: Amplitude C-scan with statistical values for each insert using the lower threshold 

 

 

Figure 101: Integrated C-Scan with statistical values for each insert using the upper threshold 
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Table 2 

Peel ply insert signal to noise ratio summary 

 

 

Table 2 shows the summary of signal to noise ratio results for the peel ply inserts. The acceptable 

signal to noise ratios that exceed 3:1 are indicated with a green background in the far right 

column. The majority of the inserts that were inspected with the amplitude setup did meet the 

specified 3:1 SNR; however, AMP1, AMP7 and AMP8 did not. Three of the peel ply inserts did 

not provide sufficient signal response, compared to the bondline with the background noise of 

the out-of-autoclave material. In other words, there was not enough difference between the 

maximum reject threshold and the background mean to overcome the background standard 

deviation with gating the amplitude alone. Therefore, a wide amplitude gate alone does not meet 

the inspection requirements. On the other hand, it can be seen that all of the inserts, INT1 

through INT8, did exceed a 4:1 SNR. This proves that low pass filtering and integrating the 
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signal within a finite gate significantly improves the peel ply signal response, compared to the 

bondline through the out-of-autoclave material. 

A comparison between the peel ply inserts sized at 0.25” x 1.00” and 0.375” x 1.00” is 

shown in Figure 102 and Figure 103, respectively. 

 

Figure 102: Signal to noise ratio of 0.25” by 1.00” peel ply inserts 

 

 

Figure 103: Signal to noise ratio of 0.375” by 1.00” peel ply inserts  
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The integrated data with the greatest signal to noise ratios were 5.89 and 5.84 for the INT2 and 

INT6 peel ply inserts, respectively. For each of these inserts the background standard deviation 

was lower compared to the mean. In contrast, AMP2 and AMP6 inserts had the highest standard 

deviations. The difference was likely due to the unfiltered signal and the wide amplitude gate 

compared to the filtered signal within the finite gate. Again, this proves the unnecessary noise 

was eliminated and the integrated signal, within the finite gate, provided for a lower standard 

deviation compared to the mean. The integrated signals with the lowest signal to ratios were 4.06 

and 4.07 for the INT5 and INT3 peel ply inserts, respectively. These inserts did not exceed 

beyond the edge of the fabric preform and may have been partially bonded in.  

Finally, care was taken when sizing each insert and the utilization of appropriate 

thresholds to ensure accurate results. The results conclude that the signal to noise ratio of each 

peel ply insert was enhanced with the integration algorithm exceeding the industry standard SNR 

of 3:1.  
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CHAPTER 6 

CONCLUSION 

This research provides a detailed analysis into the influence of out of autoclave materials 

assembled together with film adhesives and the reliability of finding finite peel ply inserts at the 

bondline with ultrasonic inspection. The critical aspects of the effects of foreign materials at the 

bondline of composite assemblies are identified. This research addresses ongoing problems with 

successfully identifying foreign materials with a similar acoustic impedance response as the 

bondline with ultrasonic methods. Novel ultrasonic signal processing techniques have been 

established to provide a better representation of the peel ply inserts post inspection. A method of 

measuring the signal to noise ratio, between non relevant, extraneous signals from the 

background and inserts of a finite size, is presented. The method relies on correct sizing, 

appropriate thresholds, and principles of statistical measurement to provide accurate signal to 

noise ratios from a representative reference standard to meet the industry standard of 3:1. 

The reference standard was manufactured to include peel ply inserts of predetermined 

minimum detectable sizes at one side of the bonded interface, between an out-of-autoclave fabric 

substrate and preform. The research concluded that ultrasonic testing is the most 

comprehensively approved and suitable nondestructive test method to identify and quantify the 

inserts. The selected ultrasonic system was appropriately configured to perform the inspection of 

the manufactured reference standard. Post inspection analysis of the reflection response from the 

peel ply inserts and the bondline was conducted, utilizing the frequency and time domain of the 

ultrasonic waveform to determine regions of interest.  

For this research, a novel integration algorithm was developed through function menus to 

provide a C-Scan output parameter detailing the peel ply inserts on one side of the bonded 



96 

 

interface. Such algorithms have never been established to improve the detection of peel ply at 

either of the bonded interfaces of out-of-autoclave assemblies of this configuration. Function 

menus with user defined parameters were established to accomplish signal conditioning and 

gating techniques to generate the desired output parameter. A low pass filter and signal 

amplification, via scaling, was performed to further condition the region of interest, based on 

analysis of the frequency domain. The theory of mathematical integration was executed post 

signal conditioning; providing the most distinguishable output, based on the region of interest, as 

a result of the time domain analysis.  

Ultrasonic amplitude data acquired by conventional gating techniques were compared to 

data that were post processed with the final integration algorithm. The resulting data was output 

to individual C-Scans for further analysis with existing evaluation software. Initial assessment 

with color thresholds revealed the edge of each insert in the amplitude C-Scan and the area of the 

insert in the integration C-Scan. Further analysis revealed sizing issues due to reflections from 

the edge of the inserts and the edge of OoA fabric preform and was accounted for.  

Polygon histograms were implemented and sized appropriately to acquire the mean and 

standard deviation of the peel ply inserts and areas adjacent as the background. The signal to 

noise ratio between each insert and the background were calculated for both the amplitude and 

integration with lower and upper thresholds, respectively. The calculated results conclude that 

the signal conditioning and the theory of applying integration over the region of interest did 

improve the signal to noise ratio of the peel ply inserts, based on the reference standard. 

This concludes the difficulty of ultrasonically identifying and differentiating between 

materials of similar acoustic impedance in out-of-autoclave composite assemblies. As the 

technology moves in the direction of less expensive manufacturing and assembly processes, it is 
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imperative to continue the research to establish and ensure conclusive nondestructive test 

methods to meet the measure of detectability established by governing specifications of 

aerospace structures. The methods and results of this work will be incorporated into the 

manufacturing process as an approved ultrasonic inspection technique fulfilling all established 

requirements for the assembly under consideration. 
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CHAPTER 7 

FUTURE WORK 

The reference standard was designed as a prototype, based on the problem statement and 

established requirements. For simplicity and success, it was determined to place the peel ply 

inserts on only one side of the bondline to support the theory and the design of the algorithm, as 

an initial solution. Now that the theory was proven and the initial algorithm was successful an 

alternative reference standard will need to be manufactured with inserts incorporated on both 

sides of the bondline. Based on the developed algorithm, an additional working algorithm will 

need to be developed that is capable of detecting the peel plies on each side of the bondline. 

Finally, more reference standards are necessary with geometries that further represent the final 

product. Once complete, the ultrasonic inspection and pulse processing techniques with the final 

algorithm must be proven as robust to consistently identify and size defects accurately to meet all 

customer requirements.  

Technology is moving in the direction to replace mechanically fastened repairs with 

adhesively bonded scarf repairs, resulting in higher performance and restoring load-carrying 

capability [86]. The same bondline defects, inherent to bonded assemblies, also apply to bonded 

repairs. Hence, this ultrasonic inspection and post processing technique can also be applied to 

such repairs, specifically for out-of-autoclave materials. The gating scheme within the algorithm 

ensures that the varying bondline signal is captured in conjunction with the taper of the scarf 

repair. Further analysis with this inspection technique would ensure the capability to identify 

defects inherent to adhesively bonded scar repairs of OoA materials. 

In an effort to find a faster and a cost-effective NDT solution, further research regarding 

alternative NDT methods, other than ultrasonic testing, is needed. Methods such as laser bond 
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inspection and infrared thermography have been proven as an alternative solution for inspection 

of composite materials of finite thicknesses but they cannot be as effective when the thickness 

exceeds certain limits. To compete with ultrasonic testing, future research and development is 

necessary to overcome these thickness limitations. Once a method is proven to be successful, it 

must be justified and certified so that customers will accept it and implement it is an equivalent 

process.  
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