
  

Small Fatigue Crack Detection Using Phased Array Technology 

 

 

by 

 

James C Moore, B.S., M.E. 

 

A Thesis 

 

In 

 

MECHANICAL ENGINEERING 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

MASTER OF SCIENCE 

 

IN 

 

MECHANICAL ENGINEERING 

 

Approved 

 

Dr. Jahan Rasty 

Chair of Committee 

 

 

Dr. Jharna Chaudhuri 

 

Dr. Stephen Ekwaro-Osire 

 

 

Peggy Gordon Miller 

Dean of the Graduate School 

 

 

May, 2012 

  



 

 

 

 

 

 

 

 

 

 

 

Copyright 2012, James Moore 



 Texas Tech University, James Moore, May 2012 

 

ii 

ACKNOWLEDGMENTS 
I would like to thank Dr. Jahan Rasty for his guidance and instruction on this 

research project as well as Dr. Jharna Chaudhuri and Dr. Stephen Ekwaro-Osire for 

their participation on the advisory committee.  I would also like to recognized Nick 

Bublitz and Curtis Dickinson from Olympus NDT for the use of the phased array 

equipment. This research would not have been possible without their cooperation.  

Lastly, I would like to thank my parents David and Patricia for supporting me though 

my schooling and in life.  Their encouragement and expertise helped make this project 

a reality.  

  



 Texas Tech University, James Moore, May 2012 

 

iii 

 TABLE OF CONTENTS 

ACKNOWLEDGMENTS ................................................................................................ ii 
ABSTRACT ................................................................................................................ iv 

LIST OF FIGURES ........................................................................................................v 
LIST OF EQUATIONS ................................................................................................. xi 
I. INTRODUCTION .......................................................................................................1 
II. THEORY .................................................................................................................5 

Introduction to Wave Propagation .................................................................................. 5 
Wave Propagation in Homogeneous Isotropic Materials ................................................. 6 
Phased Array Wave Types ............................................................................................ 8 
Fundamentals of Phased Array .................................................................................... 11 
Fatigue Crack Initiation and Propagation ...................................................................... 14 

III. EXPERIMENTAL WORK ...................................................................................... 18 
Inspection Techniques ................................................................................................. 18 
Panel Fabrication and Fatigue ..................................................................................... 20 

IV. RESULTS ............................................................................................................. 24 
Panel – C1................................................................................................................... 24 
Panel – C2................................................................................................................... 28 
Panel – C3................................................................................................................... 31 
Panel – C4................................................................................................................... 35 

V. CONCLUSIONS AND RECOMMENDATIONS............................................................. 40 
BIBLIOGRAPHY ......................................................................................................... 42 

A.  ULTRASONIC RESPONSES .................................................................................... 45 
B.  PANEL FABRICATION PROCEDURE ...................................................................... 64 

C.  PANEL MOUNTING / DISMOUNTING PROCEDURE ................................................ 65 
D.  INSTRON WAVEMAKER SOFTWARE PROCEDURE ................................................ 66 

E.  PHASED ARRAY PROCEDURE .............................................................................. 67 
F.  DESIGN PROCESS OF PANEL FIXTURES ............................................................... 70 
 

 



 Texas Tech University, James Moore, May 2012 

 

iv 

ABSTRACT 

 

The objective of this research was to investigate the applicability of a non-

destructive testing (NDT) technique to detect fatigue crack initiation and propagation.  

A special area of interest was to determine the capabilities of ultrasonic phased array 

to detect small fatigue cracks under fastener heads in a two layered lap joint 

configuration.  Mock aircraft fuselage panels were created by overlapping two 0.063 

inch thick 2024-T3 aluminum plates with three rows of fasteners.  These test 

specimens were then subjected to a cyclic tension-tension loading between 3,276 lb 

and 327 lb.  These specimens were also inspected periodically for fatigue crack 

growth.  It was determined that although small fatigue cracks could be detected 

underneath the fastener heads, their actual length could not be quantified.  It was also 

found that small fatigue cracks could be detected only when the specimen was under a 

load, but when the load was removed, the cracks became undetectable with phased 

array inspection.  This shows that phased array can be used to monitor the very early 

stages of fatigue crack initiation and growth underneath the fasteners of a mock 

aircraft fuselage lap joint.   
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CHAPTER I 

INTRODUCTION 
 

Over the past 20 years, commercial aircraft certification requirements have 

shifted from static strength analysis to damage tolerance analysis (Proppe) (Anderson, 

Hsu and Carr).  In the late nineties, the Aviation Rulemaking Advisory Committee 

introduced recommended actions to prevent widespread fatigue damage to the aging 

United States commercial fleet (McGuire and Foucault).  One recommendation 

introduced was to investigate the residual strength in the aircraft fuselage because this 

area is susceptible to multisite damage caused from fatigue.  Another recommendation 

was to assess advanced inspection technologies that can detect smaller fatigue cracks 

as well as develop repair strategies to prolong aircraft service life.  Ultrasonic phased 

array inspection is one of these technologies and was used in this research project.  

 One of the advantages of this technique is the fact that fatigue cracks can be 

found below the surface unlike comparative vacuum monitoring (CVM) which can 

only detect surface crack propagation (Lopez and Christofferson).  Another advantage 

that phased array technology has over other non destructive testing techniques is the 

fact that is very easy to use and understand.  Earlier technology, such as eddy current 

testing, induces an electric current or magnetic field into a specimen and then observes 

the electromagnetic response.  This response is very limited in terms of inspection area 

and therefore the probe has to be rotated around the entire fastener.  Phased array uses 

a large number of ultrasonic waves which drastically increases the allowable 

inspection area.  This allows the user to look at a two dimensional sectorial scan or S-

scan of the inspected feature.  In eddy current, the only signal acquired is that of an 

impedance plane.  This is displayed as a plot of the resistance and inductive reactance.  

This type of display requires more training than that of phased array and therefore 

might have less probability of detection.  The implementation of this advanced 

inspection assessment was to perform cyclic tests on mock aircraft fuselage specimens 
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and document crack initiation and growth.  The test plan developed for the cyclic 

fatigue experiment was to always create a positive tension environment on the 

specimens to mimic the actual aircraft flight load behavior.  These stresses are well 

documented from several Federal Aviation Administration reports as well as other 

publications (Rustenburg, Skinn and Tipps) (Makeev and Carter).  These test panels 

consist of two sheets of aluminum riveted together by three rows of fasteners with a 

three inch overlap. 

Fatigue cracking is the greatest factor that limits the lifespan of commercial 

aircraft.  In a continued effort from the Rulemaking Advisory Committee, a large scale 

destructive evaluation of fatigue cracking in commercial aircraft was started.  Sections 

of a Boeing 727 were removed and subjected to a destructive evaluation.  Analytical 

issues and methods were also analyzed (Steadman, Carter and Makeev).  One of the 

goals of this project was to compare existing crack detection technologies, such as 

eddy-current inspection techniques, to emerging inspection technologies (Bakuckas 

and Carter). 

The majority of crack growth occurs on the edges of the fastener holes 

perpendicular to the load.  The hole acts as a stress concentrator and at these points the 

stress is the highest.  Once cracks have formed they begin to propagate outward as the 

number of cycles is increased.  When cracks have formed on several different holes it 

is called multisite damage.  These flaws can then link up and form one very large 

unstable crack (Mosinyi, Bakuckas and Awerbush).  This damage is very dangerous to 

commercial aircraft and needs to be detected before large scale failure can occur.  This 

type of failure mechanism was responsible for the Aloha flight 243 accident in 1988.  

A large section of the fuselage dislodged from the plane during flight and caused rapid 

decompression (NTSB/AAR-89/03).  Other examples of this failure can be seen in 

aviation’s recent history.   

On April 1
st
 2011, a small section of fuselage was ripped off of a Southwest 

Airlines Boeing 737-300 in midflight.  The plane was just over halfway through its 

design life and had only undergone around 39,781 cycles.  One cycle is defined as one 
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takeoff and landing.  The fatigue crack resulted in a fracture that connected 58 

consecutive rivet holes in the lower row of the lap joint (NTSB Press Release).  It was 

later found that a misalignment of the rivets created a higher stress concentration 

which aided in the formation of the cracks. 

The formulation of cracks is not the only damage that can occur within a 

fastener hole.  Fretting can also cause serious problem if left unchecked (Szolwinski, 

Harish and McVeigh).  However, in order to inspect for fretting the fastener must be 

removed which often times can cause more damage than it prevents.  Fretting occurs 

when the contact area between two materials under a load is subjected to small relative 

motions.  In the case of an aircraft fuselage the two materials are the aluminum sheet 

and the deformed end of the fastener or rivet.  Material transfer at the surface can then 

be followed by oxidation of the freed particles.  These particles can then become 

abrasive and decrease the wear resistance of the material.  Fretting fatigue can then 

occur which increases the chances of crack initiation.   

One structure that is susceptible to multisite damage is the 3-row lap joint 

commonly found on aircraft fuselage skin (Steadman, Carter and Ramakrishnan).  An 

example of this 3-row lap joint can be seen in figure 1 below.   
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Figure 1: A typical 3-row lap joint 

 

The top row of fastener holes in the outer skin of a lap joint is especially 

susceptible to multisite damage.  To analyze the damage tolerance of this lap joint 

configuration, several NDE techniques were deployed and compared to electrical 

discharge machining (EDM) notches with varying results (Piotrowski and Bode). 

The objective of this research project was to determine the capabilities of 

ultrasonic phased array to detect very small fatigue cracks.  One of the goals of this 

experiment was to detect fatigue cracks that are less than 0.10 inches from the shank 

of the fastener hole.  This length is an industry wide standard and once a crack of this 

length is found, the fastener is scheduled for repair (Boeing Reference Standard 369).  

The use of phased array technology should allow for the detection and monitoring of 

fatigue cracks that are in the initiation stage and located under the fastener heads in a 

two layer lap joint.  Monitoring these fatigue cracks while they propagate is the key 

goal of this experimentation.  

 

Top row of fasteners 
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CHAPTER II 

THEORY 
 

Introduction to Wave Propagation  
 

 A wave is described as an oscillation or disturbance that transfers energy 

through space and time.  Waves in ultrasonic applications are measured by a signal in 

volts.  Sine waves are one of the simplest kinds of waves in one dimensional space.  

These waves can be represented mathematically in equation 1, where t and x are the 

time and position, ω is the angular frequency, A is the amplitude, and k is the wave 

number. 

Equation  1: Simple Sine Wave 

 
(1) 

                                

When these waves reach a boundary of the medium that is large in comparison 

with the wavelength of the incident wave then these waves can be reflected off of the 

boundary.  Much like the reflection of light, the incident angle of the beam will be the 

same as the angle of reflection.  However, if the boundary is smaller than the 

wavelength much like a crack then the waves become scattered.  These scattered 

waves then bounce back to the ultrasonic probe and the flaw is detected.  This concept 

will later be discussed in further detail.  When pulsed waves leave the probe and enter 

the aluminum plate they are refracted.  This refraction is related to the incident angle 

which in this case is 47 degrees at 10 MHZ.  Because the frequency and the speed of 

waves in aluminum in known, it is possible to find the wavelength using equation 2.  

 

Equation  2: Velocity frequency and 
wavelength 

   
 

 
 (2) 
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 The velocity of longitudinal waves in aluminum is 6,320 m/s while the 

velocity for shear waves is 3,130 m/s (Olympus).  Using this equation the wavelength 

was calculated to be 0.632 mm and 0.313 mm respectively 

Wave Propagation in Homogeneous Isotropic Materials 
 

Waves commonly used in nondestructive testing applications are generally 

much more complex.  In this case these wave forms can be represented as a finite or 

infinite sum of sine waves.  These waves can also differ by a finite or infinite number 

of phase angles.  When there are numerous amounts of these waves at varying phases 

they can be considered a group of waves or a pulse.  This large group of waves is 

effective in nondestructive testing because can cover a very large cross sectional area. 

(Metals Handbook 8th Edition Nondestructive Inspection and Quality Control)  

When waves propagate through a homogeneous isotropic linear elastic material 

the particles of the material are subjected to stress and strain.  The forces that create 

these stress and strain values are generated by the transfer of energy that the wave 

carries.  These stresses in their respective components can be found using equations 3a 

through 3f where σii are the stress components, and εii are the strain components.  

Equations 3-6 all come from the Nondestructive Testing Handbook (Henneke II and 

Chimenti). 

Equation  3 a-
f: Stress 
component of 
waves  

 
(3 a) 

 
(3 b) 

 

(3 c) 

 
(3 d) 

 
(3 e) 

 
(3 f) 
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The other variables λ and μ are Lamé’s constants.  These constants are related 

to the material properties of Young’s modulus E and Poisson’s ratio ν.  These 

variables can be found using equations 4 a-b. 

 

Equation  4 a-
b: Lamé’s 
constants   

(4 a) 

 

(4 b) 

 

In 3D space the governing equations of motion for waves in the x, y and z axis 

can be found in equations 5 a-c respectively.  

 

Equation  5 a-c: Governing 
equations of motion of 
waves in 3D space 

 

(5 a) 

 

(5 b) 

 

(5 c) 

 

In these equations the ux, uy, and uz represent the particle displacement vectors in the 

medium.  These vectors can be found using equations 6 a-c.  

 

Equation  6 a-
c: Particle 
displacement 
vectors  

 
(6 a) 

 
(6 b) 

 
(6 c) 
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It should be noted that these equations are very similar to equation 1 with the 

added components of kx, ky, and kz.  These components are the wave vectors.  Waves 

can have a constructive or destructive interference with one another.  If waves are in 

phase then they are said to have a constructive interference and if they are out of phase 

then they have destructive interference.  Constructive increases the energy of the front 

wave while destructive decreases it. 

Phased Array Wave Types 
 

Ultrasonic waves have several different properties that need to be discussed.  

The first of which is reflection.  Reflection occurs when a wave bounces off of an 

interface because the mating materials have different acoustic velocity and density 

values.  An example of this is when an ultrasonic wave bounces off the upper and 

lower surface of a plate. This is due to the change in medium from aluminum to air.  

Air does not support ultrasonic frequencies because the particles are too far apart.  

Another property of waves is refraction.  Refraction is the change in direction of a 

wave when it passes from one medium to another medium of varying velocities.  This 

concept directly relates to Snell’s law.  Snell’s law is applicable to reflection and 

refraction.  It relates the angle of incidence and the angle of reflection or refraction to 

the corresponding wave velocities in different mediums.  The equation for Snell’s law 

can be seen in equation 7 (Bar-Cohen and Mal). 

 

Equation  7: 
Snell’s Law 

 

(7) 

 

Since the elements of the probe can be assumed to be a line source emitting 

ultrasonic waves, the sound pressure will be cylindrical in nature.  This cylindrical 

pressure wave can easily be visualized in figure 2.  
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These cylindrical waves vary in sound pressure as a function of the change in distance.  

The pressure drop in these waves can be calculated by equation 8 (Olympus).  This 

loss of energy is called attenuation.  In order to make ultrasonic measurements more 

accurate it is best if they are taken at the same location and distance to the object being 

measured. 

Equation  8: 
Pressure drop 
/ attenuation 
in cylindrical 
waves  

(8) 

 

These cylindrical waves are a type of longitudinal wave and travels through the 

material at the initial refracted angle.  In other words the wave particle motion is 

parallel to the wave direction.  When Snell’s law was applied to this research project it 

was found that these longitudinal waves do not exist in this specific application.  Shear 

waves on the other hand are present.  Shear or transverse waves are waves in which 

the particle motion is perpendicular to the wave direction.  A comparison of 

longitudinal and shear waves can be seen in figure 3. 

 

 

 

 

Figure  2: Cylindrical waves emitting from a line source (Olympus) 
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(A) (B) 

Figure 3: Longitudinal wave (A) compared to a shear wave (B) 
(http://www.acs.psu.edu) 

 

These are not the only waves created by the phased array probe.  There are also 

surface or Rayleigh waves.  These waves travel along the material surface and have an 

elliptical vibration.  Rayleigh waves are constrained at the surface and therefore they 

can only expand in two dimensions.  This means they travel near the surface and any 

discontinuities are easily detected. These waves are especially beneficial in this study 

because they allow the ultrasonic waves to stay within a single sheet of aluminum.  

However, these waves can be affected by the amount couplant applied on the test 

specimen. If there is too much couplant in front of the probe then the reflected signal 

received by the phased array will have a lot of excess noise. If there is not enough 

couplant on the surface of the specimen the fastener hole might be hard to detect.  A 

schematic of a surface wave can be seen in figure 4. 

 

 

 

Figure 4: Rayleigh or surface wave 
(http://www.acs.psu.edu) 

 

Direction of wave Propagation → 

Particle Motion ↕ Particle Motion → 

Edge of plate ↓ 
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Fundamentals of Phased Array  
 

Phased array probes contain a large number of small piezoelectric elements set 

in a polymer base material.  Each element has the ability to produce an ultrasonic 

wave and is acoustically isolated from the other elements by connectors, time delay 

circuits, and A/D converters.  Each element is pulsed in groups with pre-determined 

time delays to create acoustic phasing.  These individual delays are tracked and 

measured for each group of elements. The delay circuit also allows the ultrasonic 

beam to be steered and focused to an area of interest.  This acoustic steering allows the 

multiple ultrasonic wave components to combine with each other and form a single 

wave front traveling from out of the probe in the desired direction. Similarly, the 

receiver function combines the input from multiple elements into a single presentation. 

A diagram of a typical phased array probe assembly can be seen in figure 5.  

 

 

 

 

 

 

 

 

The active aperture of a probe is the total active probe length. A larger active aperture 

will provide the user with more scanning area.  This aperture can be found using 

equation 9. 

Equation  9: Active 
aperture of a probe 

           (9) 

      

In this equation A is the aperture length, n is the number of elements in the phased 

array probe, p is the pitch or the distance between the centers of two adjacent 

Figure  5: Phased array probe assembly (Olympus) 
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elements, and e is the element width.  Figure 6 displays the design variables for phased 

array probes. 

 

 

 

 

 

 

 

 

 

Since each element is individually wired they can be fired at various time delays.  

When multiple element in a probe are fired at different times beam focusing can occur. 

This beam focusing technique is seen in figure 7.  

 

 

 

 

 

 

 

 

 

 

The ultrasonic beam can also be steered by staggering the delay of firing each element 

(Azar, Shi and Wooh).  An example of this can be seen below in figure 8.   

 

 

 

Figure  7: Time delay resulting in beam focusing (Olympus) 

Figure  6: Phased array probe design variables (Olympus) 
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The phased array probe is coupled to a Rexolite® wedge.  This wedge can be 

of varying angles.  As the angle of the wedge changes different waves can be 

propagated into the material.  In this study a 70
o
 wedge was used.  A picture of the 

final probe and wedge assembly can be seen below in figure 9. 

 

 

 

 

Figure  8: Time delay resulting in beam steering (Olympus) 

Figure  9: Complete assembly of phased array probe detecting a fastener hole 
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Fatigue Crack Initiation and Propagation 
 

One interesting phenomenon that occurs when the panel is loaded is the fact 

that the stresses differ by location.  Not only does the top row of rivets carry more of 

the load than the other two rows but also has a much higher stress concentration factor 

(Beuth and Hutchinson).  The stress contours between each row of rivets can be 

obtained through the use of thermal imaging.  Figure 10 shows a thermal image of a 

panel with three sets of holes.  The panel was loaded with 5000 pounds of force and 

values for the stress that occurs in each area can be seen (Harish and Farris).   

 

 

 

 

Linear-elastic fracture mechanics can be used in to determine the fatigue life of 

a simple specimen.  However, in the “short” or “small” crack regime, where the cracks 

are on a scale of μm, the linear-elastic fracture mechanics model breaks down and no 

longer applies (Walker and Hu).  In order to get the reader familiar with fatigue life 

Figure  10: Stress contours obtained from thermal imaging (Harish & Farris) 
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and crack propagation it will be assumed that fatigue cracks will be on a larger scale 

and that the typical fracture mechanics methodology still applies.  

One of the complicating factors in determining fatigue crack length is the fact 

that there is such a high variability in growth rate.  One research project found that the 

number of cycles for a fatigue crack to reach a specified length varied greatly from 

22,500 cycles to 75,100 cycles (Maymon).  Fatigue cracks start to grow when a 

specimen is subjected to a varying stress.  In this example an infinite flat plate with a 

center through hole with two cracks on either side was used.  A schematic of this 

simple case can be seen in figure 11. 

   

 

 

 

 

 

 

 

   

 

 

In this figure    is the varying stress of          , a is the crack length, 

and R is the radius of the hole.  The linear-elastic fracture mechanics method uses the 

stress intensity factor or stress intensity range per cycle.  This value is a function of 

geometry, size and shape of the crack, as well as the type of loading.  The time it takes 

for a naturally occurring fatigue crack to threaten the structural integrity of a specimen 

is often dominated by the crack growth rate in the low stress intensity factor regime 

(Wilkinson).  A simple equation for the stress intensity factor can be found below in 

equation 10 (Budynas and Nisbett). 

 

Figure  11: Schematic of a simple specimen with a through hole and fatigue cracks 
growing on either side (Maymon)  



Texas Tech University, James C Moore, May 2012 

16 

 

 

Equation 10: 
Stress 
Intensity 
Factor 

           (10) 

 

In this equation β is the geometry correction factor and can be found using 

tables in literature.  If the specimen is relatively narrow with a large hole this β value 

can vary from 1 to 3.  However, because a fastener hole in an aircraft fuselage was 

simplified to a hole in an infinite plate in this example, the β value can be set to 1.  

This is because of the difference in the crack length to width ratio as well as the radius 

to width ratio.  Figure 12 shows that table that was used to calculate the β value for 

this example. 

 

Figure  12: Geometry Correction Factor β (Budynas & Nisbett) 

 

Before any further analysis occurs the possibility of the propagation of a 

fatigue crack needs to be verified.  The first step in seeing if a crack will indeed 

propagate is to decide if the initial flaw size is large enough.  As seen in equation 11, 

if the specimen has the initial crack length of ai and the stress range is under that of 
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    then the failure of the specimen is very low and the fatigue life will approach 

infinity (Liu and Mahadevan).  This means that the fatigue crack will never grow and 

failure will not occur. 

Equation 11: 
Initial Flaw 
Size 

   
 

 
 
    
    

 

 

 (11) 

 

The stress intensity factor is then used in a simple Paris equation which 

determines the change in crack length over the change in the number of cycles.  A 

simplified Paris equation is seen in equation 12.  This equation is also known as 

Yang’s power law and fits nicely to experimental results (Wu and Ni).  However, it 

only includes near threshold crack growth and ignores unstable crack growth.   

 

Equation 12: Simplified Paris 
Equation 

  

  
        (12) 

 

The variables C and m are empirical material constants and are different for 

each material.  The Paris equation can then be transformed to find the predicted 

fatigue life by integrating both sides and plugging in the correct values for the stress 

intensity factor as seen in equation 13 (Grandt Jr.). 

 

Equation 13: 
Predicting 
Number of 
Cycles 

   
 

 
 

  

         
 

  

  

 (13) 

 

In this equation ai is the initial crack size, af is the final crack size, and Nf is the 

predicted number of cycles.  This is a very useful equation because it allows for life 

cycle prediction with initial and final crack lengths.  It should be noted however, that 

this is a simplified example and that real world application can be much more 

complex.  
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CHAPTER III 

EXPERIMENTAL WORK 

Inspection Techniques 
 

In order to get a general idea on what a fatigue crack might look like using 

phased array, a panel with two EDM notches was examined.  This panel was made out 

of aluminum and had standard 100 degree counter sinks in each hole.  The EDM 

notches were cut in such a way that they would be barely visible if a rivet was pressed 

into the panel.  A notch was cut into the left and right side of two different 

countersinks.  A picture of this test panel can be seen in figure 13. 

 

 

   

 

 

 

 

 

 

 

 

 

This test plate was used as a reference to check the returning signal amplitude 

as well as the phased array setup. The EDM notches are in the same orientation as 

predicted fatigue cracks.  In order to be able to compare the results of an EDM notch 

and a fatigue crack, the distance between the probe and the rivet hole need to be kept 

constant.  Since the mock aircraft fuselage panels consist of a three row lap joint the 

lower panels’ leading edge acts as a guide for the phased array probe.  The fact that 

this panel does not have an overlap means that a line had to be drawn in order to keep 

Figure 13: EDM notches in Nortec sample 



Texas Tech University, James C Moore, May 2012 

19 

the correct distance from the probe to the fastener hole.  Figure 14 below shows the 

EDM panel being inspected. 

 

 

 

 

 

 

 

 

 

 

 

 

The ultrasonic responses from the EDM notches are shown in figure 15. 

 

  

(A) (B) 

Figure 15: Ultrasonic response from an 0.080” EDM notch in the left fastener hole (A), and a 0.100” EDM notch 
in the right fastener hole (B) 

 

The A-Scan shows the signal height or amplitude response from the selected 

element while the S-Scan shows a sectorial scan of the inspected specimen.  A signal 

gate was placed on the A-Scan at 30% signal response.  This value was chosen 

Figure 14: Nortec EDM notch panel being inspected. 

A-Scan S-Scan 

← Selected         

element 

←30% signal  
response gate 

Left Fastener Hole Right Fastener Hole 
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because it was determined that a fatigue crack should return a signal of at least 30% 

before it could be “detectable”.  

From these two images it was anticipated that the resulting ultrasonic signals 

from fatigue cracks would look fairly similar to these.  The EDM notch shows up 

lower than the rivet holes because of the small difference in time it takes to reach the 

crack compared to the first ultrasonic reflection from the hole.  These EDM notches 

were fairly easy to detect when the ultrasonic gain was at 30.0 dB.  Therefore, this 

value of gain was used throughout all experiments.  In order to detect and classify a 

signal found by the Omniscan as a crack was to be called when the recording threshold 

of 30% amplitude height was reached. 

Panel Fabrication and Fatigue 
 

Test panels were made to represent a typical three row lap joint that could 

commonly be found on a narrow body aircraft, typically a 727-200.  Each layer was 

made out of 2024-T3 aluminum with a thickness of 0.063 inches.  These panels were 

made by fastening two 4 inch by 8 inch plates together with three rows of fasteners.  

To reduce the stress at the edges of the specimen the outer two columns were fastened 

with button heads.  The presence of these large diameter button heads also means that 

the two center rivets on the top row of fasteners are the only two that needed to be 

inspected because the greatest stress occurs along this top row of fasteners.  A picture 

of the front and back side of the completed test panels can be seen in figure 16. 
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Figure 16: Front and back side of test panel 

 

 To make the inspection easier the panel was placed upside down in the tensile 

test machine so that the top row of rivets was easily inspected from the other side with 

the ultrasonic phased array system.  The rivets used in these experiments were high 

shear strength fasteners with typical aircraft markings (BACR15CE 100
o
 crown solid 

rivets).  For a detailed description of the fabrication of these mock aircraft fuselage 

test panels please refer to appendix B.  Cyclic uniaxial loads were then placed on these 

un-bonded test samples in order to create a realistic stress profile.  An Instron 8500 

plus was used to put the panels under a tension-tension load where the maximum 

stress was 13 ksi.  An R value of 0.1 was used so the minimum stress on these panels 

was about 1.3 ksi.  This maximum stress value is typical stress of a midsize 

commercial aircraft due to flight loads and cabin differential pressures (Vlieger and 

Ottens).  The loading profile that corresponds to these stresses can be seen below in 

figure 17. 

 

Inspected Fastener Holes Inspected Fastener Holes 
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Figure 17: Loading profile of Test Specimens 

 

The panels were then cycled and fatigue cracks began to propagate.  A picture 

of a panel being cycled can be seen below in figure 18. 

 

Figure 18: Test panel being loaded in tension 
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Due to small variations of the test description of each panel it will separately 

be described below.   

 

C1: 

The test panel C1 was cycled in increments of 10,000 cycles in order to obtain a very 

general timeline to cracks becoming detectable.  After 40,000 cycles there were no 

detectible cracks on either hole.  However, after 50,000 cycles a surface crack became 

visible to the naked eye and was also detected using phased array.  This panel was 

inspected every 2,000 cycles and the propagation of the crack was recorded.  After 

80,000 cycles no other fatigue cracks formed at the fastener locations. 

 

C2: 

Test panel C2 was cycled to 35,000 cycles at which time a subsurface fatigue crack 

was detected on the right side of the right fastener.  The panel was then statically 

loaded to determine if the crack tips could be opened up during a constant tensile load.   

The test panel was loaded at 1,095 lb, 1,575 lb, and 2,025 lb.  At increasing loads, the 

fatigue cracks became more noticeable under ultrasonic inspection.  In fact, a crack 

was detected on the left side of the same fastener that was previously undetectable.  

The panel was then cycled to 45,000 cycles in increments of 5,000 cycles while the 

fatigue crack growth underneath each fastener was monitored.  After fatigue cracks 

became visible on the surface of the specimen the cyclic tests were halted.  

 

C3:  

Test panel C3 was cycled to 35,000 cycles and then inspected using phased array 

which did not detect any cracks.  Another 5,000 cycles were completed and at 40,000 

cycles the right fastener formed a crack that could only be detected at minimum of 

1,485 pounds of load.  The specimen was subjected to more cyclic loading and after a 

total of 55,000 cycles crack could be detected near both fastener holes without any 

static load.   
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C4:   

Test panel C4 was subjected to 35,000 cycles at a maximum stress of 13 ksi and then 

inspected.  This specimen was then cycles in increments of 5,000 cycles.  There were 

no cracks detected by the phased array system until after 50,000 cycles and under 

1,520 pound load.  At this point a crack was detected in the left fastener.  Inspections 

occurred to monitor this fatigue crack at regular intervals until this fatigue crack could 

be detected without any load after 67,000 cycles. 
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CHAPTER IV 

RESULTS 
 

Panel – C1 
After 40,000 cycles at 13ksi the ultrasonic response from the Omniscan shows 

that no cracks are detectable in the right or left fastener holes of test specimen C1.  

This was verified by comparing ultrasonic images with the ultrasound responses from 

the EDM notches on the reference panel.  It was noticed that there was no additional 

signals below and on either side of the rivet hole.  Figure 19 displays this response. 

 

  

(A) (B) 

Figure 19: Ultrasonic Response of the left (A) and right (B) fastener holes in panel C1 after 40,000 cycles 

  

However, after 10,000 more cycles a visible crack appeared on top of the test 

panel.  The corresponding ultrasonic response can also be seen.  The A% height was 

recorded at 77.1%.  This is much higher than the minimum 30% response set to detect 

a fatigue crack beyond any doubt.  The response of the left and right fastener holes can 

be seen below in figure 20.  It should be noted that there is no additional ultrasonic 

signal on the right fastener hole. 
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(A) (B) 

Figure 20: Ultrasonic response of the left (A) and right (B) fastener holes in panel C1 after 50,000 cycles 

 

After 60,000 cycles fatigue testing was suspended and the specimen was 

placed under a microscope for further examination.  The ultrasonic response shows 

that the crack had grown substantially after 60,000 cycles. This response and the 

corresponding surface crack can be seen in figure 21 and 22 respectively. 

 

  

(A) (B) 

Figure 21: Ultrasonic response of the left (A) and right (B) fastener holes in panel C1 after 60,000 cycles 
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Figure 22: Surface crack on panel C1 after 60,000 cycles at 90X magnification 

The crack on the left side of the left fastener hole was measured to be 

approximately 0.015 inches from the fastener hole.  This shows that phased array 

technology can be used to detect subsurface cracks below the surface as well as 

surface cracks near the fastener head.  After additional cyclic testing it was found that 

the right fastener hole did not initiate any detectable fatigue cracks after 70,000 cycles.  

However, the existing crack on the left fastener hole drastically increased in size.  The 

ultrasonic responses and the larger surface crack can be seen in below. 

  

(A) (B) 

Figure 23: Ultrasonic response of the left (A) and right (B) fastener holes in panel C1 after 70,000 cycles 
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Figure 24: Surface crack on panel C1 after 70,000 cycles at 30X magnification 

 

This crack was measured to be roughly 0.078 inches from the fastener edge.  As the 

above images show phased array technology can be used to detect fatigue cracks after 

they breach the surface of the material.  The specimen was monitored up to 80,000 

cycles in which the crack length grew to 0.130 inches.  After this fatigue test were 

halted.  A curve was created relating the number of cycles to the surface crack growth.  

It can be seen below in figure 25. 
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Figure 25: Surface crack growth for panel C1 

Panel – C2 
With the knowledge learned from the first test panel, specimen C2 was cycled 

to 35,000 cycles.  A small crack in the right fastener hole was detected by the 

Omniscan without any additional static load.  This can be seen in figure 26.    

  

(A) (B) 

Figure 26: Ultrasonic response of the left (A) and right (B) fastener holes in panel C2 after 35,000 cycles 

 

However, when the panel was loaded under tension small detectable fatigue 

cracks became visible on both sides of the right fastener hole.  The load that was 

applied to the panel was 1,095 pounds and 2,025 pounds respectively.  The ultrasonic 

response of this change in load can be seen in figure 27. 
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(A) (B) 

Figure 27: Ultrasonic response of the right fastener hole under a 1095 lb tensile load (A) and a 2025 lb tensile 
load (B) in panel C2 after 35,000 cycles  

 

The stress that was present in this specimen was calculated to 4.3 ksi and 8 ksi.  

This means that fatigue cracks became detectable when the specimen was loaded to 

10.3 and 19 percent of the yield strength of the 2024 T3 aluminum.  This supports the 

theory that crack growth only occurs when the applied stress level reaches a certain 

point in the structure (Zhang and Liu). 

After the total number of cycles reached 40,000 cracks could be detected with 

the Omniscan however, they had not yet broken the surface.  After the specimen 

reached 45,000 cycles, surface cracks appeared to the left and right side of the left 

fastener hole.  These cracks as well as their ultrasonic responses can be seen below.  

 

  

(A) (B) 

Figure 28: Ultrasonic response from the left (A) and right (B) fastener holes in panel C2 after 45,000 cycles 
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(A) (B) 

Figure 29: Surface cracks on the left (A) and right (B) side of the left fastener hole in panel C2 after 45,000 cycles 
under 100X magnification 

 

This experiment showed that fatigue cracks can be detected when a specimen 

is under a load however; will not be detected when the load is removed. This implies 

that the tensile stress opens the fatigue crack.  This also means that using phased array 

ultrasonic testing procedure under the right conditions can show the fatigue crack 

forming while it is extremely small.  This static loading procedure was then adapted 

for panels C3 and C4.  
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Panel – C3 
The results from panel C2 showed that fatigue cracks might not be detectable 

without any static load however; once a load is present it is possible that a crack 

underneath a fastener head crack can be found.  The methodology then turned from 

waiting until fatigue cracks could be seen on the surface of the material and went to 

where after every point of inspection the specimen would be placed under a static 

tensile load in order to see if fatigue crack were detectable under a load and not 

detectable without a static load.  Panel C3 was cycled to 40,000 cycles and was 

inspected when no load was applied however, after a load was applied cracks could be 

detected.  This is shown below.  

 

  

(A) (B) 

Figure 30: Ultrasonic response of the left (A) and right (B) fastener holes in panel C3 after 40,000 cycles 

 

The panel was then loaded to roughly 2,000 pounds.  Under this additional 

loading a crack became detectable near the right fastener hole.  A signal was also 

generated near the left fastener hole however, it’s A% height did not quite reach 30% 

so a fatigue crack could not be detected.  This is shown below in figure 30.  
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(A) (B) 

Figure 31: Ultrasonic response of the left fastener hole under a 2,028 lb load (A) and the right fastener hole 
under a 2,013 lb load (B) in panel C3 after 40,000 cycles 

 

In this particular test panel the right rivet had a crack almost detectable after 

40,000 cycles at a load of 1,000 pounds but when the load was increased to 1,500 

pounds it was detectable without any doubt.  This was found because the ultrasonic 

signal response amplitude (A%) was under 30% at 1,000 pound load however after the 

load was increased then the signal response reached the required percentage to 

officially determine a feature a fatigue crack.   

 

  

(A) (B) 

Figure 32: Ultrasonic response of the left fastener hole under a 1020 lb load (A) and the right fastener hole 
under a 554 lb load in panel C3 after 45,000 cycles  

 

After 55,000 cycles the ultrasonic response showed that there was a fatigue 

crack on the left side of the left fastener and on both sides of the right fastener.  These 

cracks were detected while the specimen was not loaded.  A closer look at each 
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fastener head shows that these fatigue cracks indeed have not reached the surface of 

the specimen. This is seen below in figures 33 and 34.  

 

  

(A) (B) 

Figure 33: Ultrasonic response of the left (A) and right (B) fastener holes in panel C3 after 55,000 cycles 

 

 

  

(A) (B) 

Figure 34: Surface of the left (A) and right (B) side of the right rivet in panel C3 after 55,000 cycles under 60X 
magnification 
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After the panel was cycles to 60,000 cycles a small fatigue crack appeared on 

the left side of the right fastener hole.  This crack was measured to be roughly 0.035 

inches and can be seen in figure 35. 

 

 

Figure 35: Surface crack on the left side of the right rivet in panel C3 after 60,000 cycles at 80X magnification 

 

The plot below show the progress of the ultrasonic signal amplitude (A%) 

increasing as the number of cycles increased.  This shows that the cracks were 

growing over time because the amplitude of the ultrasonic signal kept increasing.  

There may be a direct correlation but since the cracks are subsurface there is no 

quantifiable means to verify this assertion. There is no way to relate A% and crack 

length with the current data however, this could be an area of future research.  It 

should also be noted that after 50,000 cycles the crack in the right rivet was visible 

without a static load.  
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Figure 36: Crack growth in panel C3 with a varying load 

 

Panel – C4 
 

After 50,000 cycles panel C4 did not show any signs of fatigue cracks while in an 

unloaded state.   

 

  

(A) (B) 

Figure 37: Ultrasonic response of the left (A) and right (B) fastener holes in panel C4 after 50,000 cycles 
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However, once the panel was loaded a fatigue crack was detectable to the right of the 

left fastener hole and another crack might have started to the right of the right fastener 

hole.  

  

(A) (B) 

Figure 38: Ultrasonic response of the left fastener hole under a 1520 lb load (A) and the right fastener hole 
under a 1670 lb load (B) in panel C4 after 50,000 cycles 

 

After the panel was cycled for another 10,000 cycles it was again inspected for fatigue 

cracks.  However, when the panel was not under any sort of tensile load no fatigue 

cracks could be detected.  When the panel was placed under a load fatigue cracks 

could again be detected.  The ultrasonic response of panel C4 under a load after 

60,000 cycles can be seen below. 

 

  

(A) (B) 

Figure 39: Ultrasonic response of the left fastener hole under a 1520 lb load (A) and the right fastener hole (B) 
under a 1507 lb load in panel C4 after 60,000 cycles 
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After the panel was cycled to 65,000 cycles it was inspected and found that there were 

still no detectible fatigue cracks while the panel was not placed under a load.  

 

  

(A) (B) 

Figure 40: Ultrasonic response of the left (A) and right (B) fastener holes in panel C4 after 65,000 cycles 

 

After 3,000 more cycles fatigue cracks then became detectable on both fasteners while 

the specimen was not under load.  This is shown in figure 41.  

 

  

(A) (B) 

Figure 41: Ultrasonic response of the left (A) and right (B) fastener holes in panel C4 after 68,000 cycles 

 

Microscopic pictures were then taken to show that these fatigue cracks were below the 

surface of the specimen after 68,000 cycles.  
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(A) (B) 

Figure 42: Right sides of the left (A) and right (B) fastener holes in specimen C4 after 68,000 cycles with no 
visible surface cracks 

 

A plot was then created to compare the signal response to the corresponding 

applied load.  This data shows that the fatigue crack in the left fastener hole grew at a 

faster rate than the one in the right fastener hole.  It also shows that as the load is 

increased the signal response increases.  This means that these very small fatigue 

cracks open up under a tensile load. 
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Figure 43: Left rivet crack grew first with varying load 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS  
 

The objective of this experiment was to investigate the applicability of phased 

array technology to detect fatigue crack initiation and propagation.  This investigation 

included the fabrication of mock aircraft fuselage panels to replicate that of a 

commercial aircraft.  The panels were cycled under loads that were consistent with 

those found of an aircraft in flight.  The nondestructive inspection technique of phased 

array was used to detect fatigue cracks under the fastener holes of these test panels.  

The results showed that subsurface fatigue cracks could be found using a phased array 

system like the Olympus Omniscan MX.  These small subsurface cracks were 

determined to be visible if the a-scan amplitude (A%) of 30% was reached.  The 

breakthrough of this project was that fatigue cracks could be seen using this 

technology while under load however, if the panel was unloaded in some 

circumstances the cracks would close and become undetectable to ultrasonic 

inspection.  This means that the cracks that are found with these characteristics are 

extremely small and that the residual strength of the aluminum closes the crack tip.  

These experimental findings confirmed that small fatigue cracks could be found under 

the fastener heads in a two layered lap joint. 

A good area of future work would be to determine a methodology that would 

have the capability to quantify fatigue cracks before they reach the surface.  It is 

recommended that the area around the fastener holes be kept as clean as possible so 

that it is easier to see fatigue cracks once they have reached the surface. 
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APPENDIX A 

 ULTRASONIC RESPONSES 

C1 Panel: 

  

(A) (B) 

Figure 44: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 without any cycling 

 

  

(A) (B) 

Figure 45: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 10,000 cycles 
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(A) (B) 

Figure 46: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 20,000 cycles 

 

  

(A) (B) 

Figure 47: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 30,000 cycles 

 

  

(A) (B) 

Figure 48: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 40,000 cycles 

 

  

(A) (B) 

Figure 49: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 50,000 cycles 
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(A) (B) 

Figure 50: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 54,000 cycles 

 

  

(A) (B) 

Figure 51: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 60,000 cycles 

 

  

(A) (B) 

Figure 52: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 64,000 cycles 
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(A) (B).  

Figure 53: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 70,000 cycles 

 

  

(A) (B).  

Figure 54: Ultrasonic response from the left (A) and right (B) fastener holes in panel C1 after 80,000 cycles 

 

 

 

Figure 55: Ultrasonic response from the right fastener hole in panel C1 after 80,000 cycles under a 2,528 lb load 
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C2 Panel: 

  

(A) (B) 

Figure 56: Ultrasonic response from the left (A) and right (B) fastener holes in panel C2 without any cycling 

 

  

(A) (B) 

Figure 57: Ultrasonic response from the left (A) and right (B) fastener holes in panel C2 after 5,000 cycles 

 

  

(A) (B) 

Figure 58: Ultrasonic response from the left (A) and right (B) fastener holes in panel C2 after 35,000 cycles 
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Figure 59: Ultrasonic response from right fastener hole in panel C2 after 35,000 cycles under a 1,095 lb load 

 

  

(A) (B) 
Figure 60: Ultrasonic response from the right fastener hole in panel C2 under a 1,575 lb load (A) and a 2,025 lb 
load (B) after 35,000 cycles 

 

  

(A) (B) 

Figure 61: Ultrasonic response from the left (A) and right (B) fastener holes in panel C2 after 40,000 cycles 
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(A) (B) 

Figure 62: Ultrasonic response from the left (A) and right (B) fastener holes in panel C2 after 45,000 cycles 
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C3 Panel: 

 

  

(A) (B) 

Figure 63: Ultrasonic response from the left (A) and right (B) fastener holes in panel C3 without any cycling 

 

  

(A) (B) 

Figure 64: Ultrasonic response from the left (A) and right (B) fastener holes in panel C3 after 10,000 cycles 

 

  

(A) (B) 

Figure 65: Ultrasonic response from the left (A) and right (B) fastener holes in panel C3 after 35,000 cycles 
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(A) (B) 

Figure 66: Ultrasonic response from the left (A) and right (B) fastener holes in panel C3 after 40,000 cycles 

 

  

(A) (B) 

Figure 67: Ultrasonic response from the left fastener hole under a 1,072 lb tensile load (A) and right fastener 
hole under a 1,044 lb tensile load (B) in panel C3 after 40,000 cycles  

 

  

(A) (B) 

Figure 68: Ultrasonic response from the left fastener hole under a 1,555 lb tensile load (A) and right fastener 
hole under a 1,485 lb tensile load (B) in panel C3 after 40,000 cycles 
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(A) (B) 

Figure 69: Ultrasonic response from the left fastener hole under a 2,028 lb tensile load (A) and right fastener 
hole under a 2,013 lb tensile load (B) in panel C3 after 40,000 cycles 

 

  

(A) (B) 

Figure 70: Ultrasonic response from the left fastener hole under a 1,020 lb tensile load (A) and right fastener 
hole under a 554 lb tensile load (B) in panel C3 after 45,000 cycles 

 

  

(A) (B) 

Figure 71: Ultrasonic response from the left fastener hole under a 1,497 lb tensile load (A) and right fastener 
hole under a 1,511 lb tensile load (B) in panel C3 after 45,000 cycles 
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(A) (B) 

Figure 72: Ultrasonic response from the left fastener hole under a 2,040 lb tensile load (A) and right fastener 
hole under a 2,042 lb tensile load (B) in panel C3 after 45,000 cycles 

 

  

(A) (B) 

Figure 73: Ultrasonic response from the left fastener hole in panel C3 after 50,000 cycles (A) and under a 1,125 
lb load (B) 

 

  

(A) (B) 

Figure 74: Ultrasonic response from the let fastener hole (A) under a 2,100 lb load and the right fastener hole 
(B) in panel C3 after 50,000 cycles 
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(A) (B) 

Figure 75: Ultrasonic response from the left (A) and right (B) fastener holes in panel C3 after 55,000 cycles 
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C4 Panel: 

 

  

(A)  (B) 

Figure 76: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 without any cycling 

 

  

(A) (B) 

Figure 77: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 5,000 cycles 

 

  

(A) (B) 

Figure 78: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 35,000 cycles 
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(A) (B) 

Figure 79: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 40,000 cycles 

 

  

(A) (B) 

Figure 80: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 45,000 cycles 

 

  

(A) (B) 

Figure 81: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 50,000 cycles 
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(A) (B) 

Figure 82: Ultrasonic response from the left fastener hole under a 1,035 lb tensile load (A) and right fastener 
hole under a 1,019 lb tensile load (B) in panel C4 after 50,000 cycles 

 

  

(A) (B) 

Figure 83: Ultrasonic response from the left fastener hole under a 1,520 lb tensile load (A) and right fastener 
hole under a 1,670 lb load (B) in panel C4 after 50,000 cycles 

 

  

(A) (B) 

Figure 84: Ultrasonic response from the left fastener hole under a 2,425 lb tensile load (A) and right fastener 
hole under a 2,585 lb load (B) in panel C4 after 50,000 cycles 
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(A) (B) 

Figure 85: Ultrasonic response from the left (A) and right (B) fastener hole in panel C4 after 55,000 cycles 

 

  

(A) (B) 

Figure 86: Ultrasonic response from the left fastener hole (A) under a 1,940 lb load and the right fastener hole 
(B) under a 1,905 lb load in panel C4 after 55,000 cycles 

 

  

(A) (B) 

Figure 87: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 60,000 cycles 
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(A) (B) 

Figure 88: Ultrasonic response from the left fastener hole under a 1,115 lb load (A) and right fastener hole 
under a 1,083 lb load (B) in panel C4 after 60,000 cycles 

 

  

(A) (B) 

Figure 89: Ultrasonic response from the left (A) and right (B) fastener holes under a 1,500 lb load in panel C4 
after 60,000 cycles. 

 

  

(A) (B) 

Figure 90: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 65,000 cycles 
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(A) (B) 

Figure 91: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 65,000 cycles 
under a 1,000 lb load 

  

(A) (B) 

Figure 92: Ultrasonic Response from the left (A) and right (B) fastener holes in panel C4 after 65,000 cycles 
under a 1,500 lb load 

 

  

(A) (B) 

Figure 93: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 65,000 cycles 
under a 2,100 lb load 
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(A) (B) 

Figure 94: Ultrasonic response from the left (A) and right (B) fastener holes in panel C4 after 68,000 cycles 
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APPENDIX B 

 PANEL FABRICATION PROCEDURE 
 

1. Cut out 0.063 inch aluminum sheet so that they are 4 inches by 8 inches 

2. On one end of each coupon use a G size punch to create 2 holes that have a 

two inch center.  They should also be centered 1.5 inches away from the short 

edge and 1 inch away from the long edge. 

3. Use a number 20 drill bit to create three rows of holes at one inch centers on 

the opposite end as the punched out G holes. 

4. Use a larger size F drill to create larger holes on the outer two columns of 

holes previously drilled.  These holes are for the button head fasteners.  

5. Use a counter sink tool to create counters sinks on the two inner columns of 

holes on half of the test coupons. 

6. Overlap the countersunk holes with the through holes from a separate coupon. 

7. Fasten the two plates together with rivets and button heads on in the respective 

fastener holes 
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APPENDIX C 

PANEL MOUNTING / DISMOUNTING PROCEDURE  
Panel Mounting Procedure: 

 

1.   Turn on hydraulics to allow for adjusting during mounting. 

2.   Place “Y grips” into chucks of actuator and top grip. 

3.   Attach platens to “Y grips” via steel pins. 

4.   Insert test panel into the upper platens and gently secure it using a bolt and 

washers on each end. 

5.   Use the actuator control panel to raise and align panel holes with bottom 

fixture 

6.   Gently secure the lower platens to test panel again with bolts and washers. 

7.   Align the upper and lower fixtures so that the test panel is vertical.  

8.   Use the actuator control panel to lower the actuator and load the panel 

between 50 and 200 lbs. 

9.   Tighten the remaining bolts in a star pattern.  (Note: Be careful not to 

torque the panel too much.) 

 

Panel Dismounting Procedure: 

 

1. Adjust actuator to remove load on the panel.  This can be done 

automatically through the use of software control. 

2. Loosen each bolt, following the same pattern that was used for tightening. 

3. First remove the bolts from the lower fixture to avoid further loading.  

4. Remove bolts from upper fixture. 

5. Remove test panel for further inspection.  
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APPENDIX D 

INSTRON WAVEMAKER SOFTWARE PROCEDURE 
 

1. Open Wavematrix software 

2. Create new block / add new blocks until there are three total blocks 

3. Click the first block 

4. Create a relative ramp load which increases from zero to the average of the 

minimum and maximum cyclic loads 

5. Change the time step it takes to complete this to roughly 5 seconds 

6. Make sure data storage is tracking 

7. Select the name of the output file 

8. Click on the second block 

9. Create a wave load pattern with the correct amplitude so that the maximum and 

minimum loads are achieved 

10. Change the number of desired cycles 

11. Make sure data storage is tracking 

12. If large number of cycles change the tracking number to roughly 20 

13. Make the name of the output file the same as block 1 

14. Click on block 3 

15. Create a relative ramp that decreases the load to zero 

16. Change the time step it takes to complete this step to roughly 5 seconds 

17. Make sure data storage is tracking 

18. Make the name of the output file the same as block 1 and 2 

19. Save block control 

20. Click the run button, another window will pop up 

21. Click the play button 

22. Make sure all channels on the 8500 controller are calibrated 

23. When prompted click remote button on  

24. Run test 
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APPENDIX E 

PHASED ARRAY PROCEDURE 
 

Phased Array Procedure – Ultrasonic Linear Array,  
 

 (1) Access:  The inspection areas in the top row of the lap joint. To make it more 

accessible during inspection, the panel is flipped upside-down in the load fixture.  See 

figure  below. 

 

 
Figure 95: Test panel orientation in fixtures 

(2) Equipment Startup and Setup Selection:   
(a) Plug the 10L64 transducer into the side of the Omni Scan controller and 

tighten the two set screws to hold the connector in place. 

(b) Assemble the linear array probe (10L64) into the wedge ABWX 1534 . 

i Apply couplant to the face of the probe.  Make sure to apply ample 

couplant between the wedge and the probe. This will allow the maximum 

amount of sound to enter the inspection area. 

ii Insert the probe into the custom wedge with the lettering on the probe 

housing opposite the front of the wedge.  This will put element one on the 

left side of the wedge.    

iii Tighten the screws finger tight, to secure the probe to the wedge. 
 

Note:  Do not over tighten the screws.  This will strip out or crack the wedge. 
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(c) Power on the Omni Scan Ultrasonic flaw detector and ensure the Phased 

Array Software is activated.  It is recommended that the highest version of 

the software available for this evaluation. 

(d) Open the inspection setup file by clicking, File menu > Open > Click 

claythesis > Open.   

(e) Set the Omni Scan Display to show the A and S-scan windows.  Go into the 

Display Menu > Selection > Display = A-S-[C].  Set the C-Scan to OFF. 

 

(4) Probe Sensitivity Calibration:  
(a) Start the sensitivity Calibration, from the Wizard menu > Calibration. 

(b) Ensure that, Type = Ultrasound, and Mode = Sensitivity.  

(c) Click Clear Calibration.  Click “Yes” to clear the calibration. 

(d) Click Start. 

(e) Apply couplant to the reference standard and couple the transducer to 

Position to detect the EDM notches, as illustrated in Figure 14.  

(f) Peak up the signal from the EDM notch.  The EDM notch will be lowest 

reflection on the screen. The reflection from the countersink will be at the top 

of the display. This will verify that all element groups are at an equal 

distance from the reflector.  

(g) In the S-Scan display ensure the response across all element groups from the 

corner reflector is parallel to the initial pulse response.  The data from all of 

the element groups should be in a straight vertical line. 

(h) Ensure the Ref. Amplitude = 30.0, and the Tolerance = 5, Click Next 

(i) Confirm the Last VPA (Virtual Probe Aperture) = 49, Click Next. 

(j) Click Next, at the Set Gate A on Echo A screen. 

(k) In the Set Compensation Gain screen, Click Next. 

(l) Adjust the Gain so the signal amplitude is 80% FSH (Full Screen Height).  A 

green and white line should become visible on the screen.  The white line 

represents the signal amplitude for each group of elements in real time.  The 

green line represents the maximum amplitude for each element group. 

(m) Click Calibrate.  This should bring the white line to 80%, +/- 5%.  This 

tolerance is represented on the screen by the horizontal red and white dashed 

lines.  

(n) The Calibrate button may need to be pressed more than once if the white line 

is not completely within the 5% tolerance. 

(o) Click Accept to keep the current calibration. 

 

(5) Instrument Calibration 
(a) Apply couplant to the reference standard and couple the transducer to the 

calibration standard on the first EDM notch.   

(b) Slide the transducer to position 2.  As the transducer is moved note the 

signals where the signals appear on display.  These signals represent the 

EDM notches located at each fastener hole. 
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(c) Make sure the signal from the longest notch is 30 percent. The signal should 

peak near the center of the Red Gate in the A-Scan.   

(d) The cursor may need to be moved to display the correct A-Scan data.  To 

move the cursor enter the Measurement menu > Cursors > VPA.  If a mouse 

is connected to the OmniScan, click on the blue line with the mouse and drag 

it to the desired location.  If the cursor is not visible, it is likely on the top or 

bottom of the S-scan display. 
 

Note: The blue cursor line in the S-Scan display represents the A-Scan data that is displayed.   The 

cursor must be located over the notch signal in the S-Scan display to show the notch signal 

in the A-Scan window. 

 

(d) Adjust the Gain so this signal is 80% FSH. 

(e) Add or subtract Gain to the instrument to see the EDM notches. 

(f) Move the transducer onto a test panel. Maximize the signal from the fastener 

hole by moving the probes back and forth. 
 

Note: The cursor may need to be moved to display the correct A-Scan data. 

 

(g) The signals from moving from left to right of the sample are the two fastener 

holes. These signals represent a fastener hole with no cracks present.  The 

EDM notches simulate a crack at two lengths and should allow cracks to be 

detected during the experiments. 
 

(6) Inspection:  Perform an ultrasonic inspection on the left and right fastener as 

described by the number of required cycles. 

(a) Visually inspect the inspection area prior to ultrasonic evaluation.  Ensure the 

area is free of grease, dirt oil or any other contaminant that may prohibit the 

propagation and receiving of sound. 

(b) Apply couplant and position the transducer wedge on the test specimen.  

Place the wedge so onto the straight edge of the aluminum. 

(c) Inspect both fasteners and determine if any indications are present. 

(d) Scan along the fastener row in a slow and steady speed while observing the 

signals in the A and S scan displays on the Omni scan.  The wedge should be 

flat on the inspection surface and run parallel to the rivet heads. 

(e) Repeat steps (a) through (d) for both fasteners. 

(f) A signal similar to the notch signal obtained during calibration will indicate a 

probable defect.  This includes any signal that is above 40% FSH and is 

located away from the rivet signals that are in the center of the display. 
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APPENDIX F 

DESIGN PROCESS OF PANEL FIXTURES 
 

 
 Performing cyclic tests on mock aircraft fuselage specimens is critical in 

determining fatigue and crack growth.  The specimen is built by overlapping two 

pieces of aluminum and connecting them with three rows of fasteners.  Once the 

panels are fabricated they need to be connected to an Instron 8500 plus so that a cyclic 

loading can be performed to replicate the stresses of a commercial aircraft in flight.  

Figure 96 shows the Instron machine that was used for this experimentation.   

 

 

 

 

 

 

 

 

 

 

 

However, the panel cannot simply be placed in the grips of the machine.  This 

is because an improper stress profile will occur at the point of contact of the grip and 

the specimen.  Therefore, connecting plates or platens need to be designed to fix this 

problem.  

This design process explores the best possible way to connect the mock aircraft 

fuselage panel to the tensile test machine using the Theory of Inventive Problem 

Solving or TRIZ developed by Genrich Altshuller.  This design methodology uses 

specific algorithms to aid in the invention and refinement of technological systems 

Figure 96: Instron 8500 at Texas Tech University 
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(Fey and Rivin).  One constraint is the fact that a uniform tensile stress must occur 

when the test panels are under a load.  The design parameter consists of finding a way 

to attach the specimen to the grips of the tensile test machine without damaging the 

specimen or creating a flawed stress profile.  Research showed that there were similar 

existing solutions to this problem.  Connecting plates were attached to the test panel 

through a series of large rivets or bolts.  The bolts are tightened so that the connecting 

plate and the test panel are secure.  This assembly is then attached to the universal 

testing machine.  Due to the fact that there are similar solutions to this design problem 

the extent of this design process was to compare and or improve on the current system. 

 The purpose of this plate is to accurately transfer load to the specimen in order 

to create a stress profile that resembles those found in actual aircraft skin.  Figure 97 

shows the stress profile that would occur if the specimen was just attached to the grips 

compared to the correct one.   

Figure 97: Design of platen fixtures stress profiles 

  The use of the system conflict matrix was used to provide ideas on how to 

connect the specimen to the Instron machine.  An interactive system conflict matrix 

can be found at (www.triz40.com).  In order start this process from the beginning it 
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will be assumed that the specimen will be attached to the machine via the grips only.  

The process of using this conflict matrix is shown below. 

 

One of the features to improve was stress or pressure.  This feature is attribute 

number (11) on the conflict matrix.  The undesired result of this feature is attribute 

(12) or shape.  The inventive principals that correlate to these two attributes are 

parameter changes (35), asymmetry (4), dynamics (15), and preliminary action (10).  

This process was repeated two more times in order to determine if there were any 

reoccurring inventive principals. 

 

The second feature to improve was once again stress or pressure (11).  The 

new undesired result was attribute was force (10).  The resulting inventive principals 

were then found to be phase transitions (36), parameter changes (35), and skipping 

(21). 

 

The third feature to improve was attribute number (4); the length of a 

stationary object.  The undesired result of this attribute was stress or pressure (11).  

The inventive principals that correlate these two attributes are Segmentation (1), 

Spheroidality (14), and parameter changes (35). 

 

Using this method it is clear that each of these iterations the inventive principal 

that reoccurs is number (35) “parameter changes.”  This means that something has to 

be changed on the test specimen in order to get the correct stress profile.  One possible 

way to do this would be to change the shape of the test panel.  However, the shape of 

the panel is also a constraint because it has to imitate an aircraft fuselage.  Therefore 

the shape cannot be changed.  Another way to change the parameters to acquire the 

correct stress profile would be to change the width of the grips in the Instron 8500 plus 

universal testing machine.  If the grips were the same width of the test specimen then 

the stress profile would be correct and nothing more would have to be done.  
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However, grips that are that wide would have to be custom made which would add to 

the experimental set up cost.  They would also be extremely heavy and very difficult 

to handle.  Overall this is not a viable option.  A third option to change the parameters 

would be to actually attach a connecting plate or a set of platens to the specimen.  This 

plate would be attached to the specimen so that the stress profile in the panel would be 

correct.  The connecting plate would then have the incorrect stress profile but this is 

not a concern because the area of interest is the mock aircraft fuselage panel.  The 

exact procedure of connecting this plate will later be examined through the use of a 

second design methodology however; the problem of incorrect stress profiles in the 

specimen has been solved.   

  

 Another design methodology; the Algorithm of inventive problem solving or 

ARIZ was also performed on this same design problem.  This algorithm is typically 

used to assist in the TRIZ design process.  The main goals of this methodology are to 

aid in problem formulation, breaking psychological inertia, and combining various 

tool of TRIZ (Fey and Rivin).  This algorithm has several different steps and would 

provide a more detailed suggestion on how to find the best way to attach the mock 

fuselage test panel to the Instron 8500.  These results were then compared to the prior 

results found using the system conflict matrix as well as the existing similar designs.  

The steps of this abridged version of the TRIZ algorithm are as follows: 

 

1.1 Formulate the Primary Function 

The primary function of the Instron machine is put a mock aircraft fuselage panel 

under a tensile load with a stress profile that replicates that on an actual aircraft 

 

1.2 Identify Major Components of the System 

Chucks, grips, test panel, rivets, connecting plate 

 

1.3 Conflicting Components  

Object:  test panel / specimen 

Main tool:  chucks / grips 
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Auxiliary tool: connecting plate  

Env. Element: none 

 

1.4 System Conflicts  

 The chucks hold the grips that will put tensile stress on the plate, but the stress 

profile throughout the plate will be incorrect.  

 The grips can be made so that they are the same width as the test specimen, but 

instability, cost, and unreliability make this impractical. 

 A connecting plate must provide a uniform stress profile but by putting a set of 

holes in the specimen the stress distribution will most likely not be even.  

 

2.1 Do the system conflicts include an auxiliary tool? 

 Yes 

 

2.2-1 Eliminate the Auxiliary Tool 

 They connecting plate is the auxiliary tool.  It enables the grips to provide a 

uniform stress profile.  If it is eliminated then the grips will attach directly onto the 

specimen.   

   

2.3-1 Formulate system conflict 

 If the connecting plate is removed then the grips will create an uneven stress 

profile if they are attached directly to the specimen.  If the connecting plate is there 

weight is added but the stress profile is more evenly distributed.  

 

 

2.4-1 Develop Conceptual Solutions 

 

 

 

 

 

 

 

 

Grips 

Specimen 

     Rivets 
Chucks 



Texas Tech University, James C Moore, May 2012 

75 

The harmful action in this substance-field analysis is the grips acting on the specimen.  

This harmful action needs to be eliminated but then load transfer of the system is 

nonexistent.  This shows that another option needs to be explored. 

 

2.5-1 Formulate a mini-problem 

 An X-resource has to be found that will not create a harmful stress profile in the 

aluminum sheet of the specimen.  Instead it has to create an even stress distribution 

so that it simulates an aircraft in flight.  The resource has to transfer force between 

specimen and the grips. 

 

3.1 Specify the conflict domain 

 The conflict domain occurs between the grips and the aluminum test panel.   

 

3.2 Specify the operation time 

 The period of time in which the grips are inducing tensile stress on the specimen  

 

3.3 Identify the substance-field resources 

 The addition of a connecting plate can correct the stress profile. 

 The connecting plate has to connect in such a way that a uniform stress profile is 

created.  

  

4.1 Select an X-resource for modification  

 A connecting plate must be used.  

 

4.2 Formulate an ideal final result  

 A connecting plate must be used to attach the test specimen to the grips of the 

Instron machine. This plate needs to attach to the mock fuselage panel in such a 

way that it provides a uniform stress profile.    

 

When the results of the design matrix were compared to the results of the 

ARIZ algorithm a few conclusions were drawn.  The design matrix worked as 

expected and gave a simple vet vague solution to the problem.  The inventive principal 

“parameter changes” can be interpreted in several different ways and although it did 

give a suggestion on what to change in the design, the best option is not always clear.  

The ARIZ design process was much more detailed and provided a better suggestion on 
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what changes needed to be made to the design.  Although the algorithm was more 

difficult to complete the suggested solution was more direct than the design matrix and 

overall was more beneficial in the design process.   

 

 The law of completeness was the primary law of technological system 

evolution that is applied to this problem.  When the connecting plate is not attached to 

the specimen the stress profiles do not resemble the profiles that naturally occur on an 

aircraft.  The system needs an extra component for this to occur.  In order for the 

system to be complete the connecting plate must attach to the standard grips in the 

Instron machine and it must also allow for a uniform stress profile to be created.  

However, shortening the energy flow path is degraded when this occurs but this is 

simply unavoidable.  The final design using TRIZ is shown in figure 98.  It shows the 

entire assembly of the test specimen and the connecting plate in the Instron machine. 

 

 

Figure 98: Final design solution of connecting plate / platens using TRIZ 
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 The final solution to this TRIZ design is to create a connecting plate that would 

attach to the existing grips of the Instron machine and would also provide the correct 

stress profile throughout the specimen.  The platens will convert the incorrect stress 

profile into a uniform profile by evenly distributing the pressure throughout the width 

of the test panel.  The panel and the plate will be connected with rows of large rivets 

or bolts.  At first the design would have used a larger quantity of small rivets but this 

was quickly changed due to the fact that it would take a lot of time to change 

specimens.  A correct stress profile can be obtained by staggering the rows of holes.  If 

the rows are aligned then several incorrect stress profiles would be created which in 

turn does not accurately represent the stresses in an actual aircraft.   
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When the final TRIZ design was acquired it was compared to other designs 

that are currently being used.  The general solution was roughly the same however 

there were a few minor differences.  The most notable difference was the fact that 

current designs use two Y-shaped holders to connect the connecting plate to the 

Instron machine.  Both of these holders contain a loading pin that can quickly be 

released via smaller holding pins.  The loading pins are used to prevent non linear 

loading.  If the test panel is placed in the machine at an angle then the loading of the 

specimen will not be perfectly vertical.  This will create inconsistent results.  The 

loading pin prevents this by letting the test panel freely rotate into the correct position.  

Figure 99 shows the Y-shaped attachments that are used on the current design.  

 

The bottom and top holders are also a bit different in design.  The bottom one 

has the ability to swivel so that it can freely rotate.  This rotation prevents accidental 

torsion loading.  The top holder is of simpler design and is tongued so that it can be 

Figure 99: Y-Shaped holders 
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clamped directly into the universal tensile testing machine.  Since the specimen can 

rotate freely only vertical tensile stress is formed.  This tensile stress duplicates the 

stresses found on the aircraft.  The final fixture of this assembly can be seen in figure 

100.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Using TRIZ as a method of figuring out a way to connect a sample test panel 

to the grips of an Instron machine was overall very useful.  The idea of a connecting 

plate attachment was acquired and compared to existing systems.  When this 

comparison was made it was found that current systems use two U-shaped holders to 

ensure that a pure vertical tensile stress is achieved.  One of the flaws in these holders 

however is the fact that they are made with sharp square corners.  This creates a stress 

concentration and makes them susceptible to breaking after a certain number of cycles.  

In the final design the sharp corners of these holders will contain a radius to reduce the 

stress concentration.  The final concept selection will include the solution found using 

Figure 100: Final fixture assembly 
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TRIZ as well as the addition of holders whose corners have been rounded.   The final 

set up of the experiment should look much like figure 101.  

 

 

Figure 101: Test set up 


