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EXECUTIVE SUMMARY 

As with many aerospace applications, jet engine components are operated in demanding 
environments, often at extreme temperatures and stress conditions.  Given these demands, the 
detection of defects, such as production anomalies and/or service-induced fatigue cracking, is an 
important aspect of the inspection requirements.  While existing methodologies have been used 
with some success, new methods with improved reliability, sensitivity, and cost-effectiveness are 
needed.  Some of the traditional methods, such as ultrasonics and eddy current, are point 
methods where the sensor is scanned over the critical areas of the geometry and signals are 
monitored to determine when the amplitude, or other parameter of interest, exceeds a defined 
threshold.  Fluorescent penetrant inspection (FPI) is also used on the majority of engine 
components for the detection of surface-breaking flaws.  It is an operator-dependent method, 
making it subject to significant crack detection variability.  The FPI process also requires a 
clean, dry part, which is processed using the recommended process parameters for penetrant 
application, penetrant removal, developer application, and inspection.  Attention to the details of 
FPI parameters and process controls, like all nondestructive evaluation methods, is critical to the 
success of the inspection.   
 
There is considerable interest in providing an alternative to the traditional methods through 
development of a new global surface inspection method known as thermal acoustics, sonic 
infrared, or vibrothermography.  While different monikers have been used to describe the 
method, the basic principle involves the use of an external excitation source in the kilohertz 
frequency range to impart energy into the part.  The imparted energy can cause crack faces, if 
they exist, to rub together, which results in frictional heating that can be detected by an infrared 
camera.  While preliminary results are promising, additional knowledge is needed prior to 
application to critical components, such as engine disks.  The purpose of this project is to 
provide baseline information and data to determine the applicability of this method to rotating 
aero-engine components.  Implementation of this new technique requires use and development of 
public domain data regarding the effectiveness, limitations, and repeatability of the technique as 
well as a verification that it is truly a nondestructive method, i.e., the technique can be safely 
applied such that no changes in microstructure, material properties, or useful part life occur.  
This project addresses the following questions: 
 
• As a result of the excitation source impacting the part, does localized damage occur that 

could detrimentally affect future use? 
 

- If reasonable selections of process parameters are made, localized damage does 
not occur.  It is recommended that forces well below the yield point of the 
material being testing be used.  In this program, it was found that the use of 
rounded tips and 90# weight cardstock provided the best results.   
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• Would repeated excitation, which might be necessary to generate a full-coverage 
inspection, result in a life debit, i.e., change the high-cycle fatigue (HCF) properties? 

 
- No statistically significant differences were found in the HCF life of nickel or 

titanium alloys in either the as-machined or shot-peened conditions.  The 
selection of reasonable process parameters well below the yield point of the 
material, with a rounded-tip exciter and 90# weight cardstock did not have an 
effect on HCF life, even after 100 excitations.   

 
• If a component contains a pre-existing crack, would that crack grow as a result of the 

excitation necessary for inspection? 
 

- If the component is excited well below the yield stress for the material and 
resonance conditions are avoided, fatigue crack growth did not occur.  For the 20 
Specimens tested using reasonable process parameters, crack growth did not 
occur, even after 100 excitations in the same location. 

 
- For 1 of the 122 probability of detection (POD) specimens, a 0.069″ crack grew to 

0.46″ over the course of 27 excitations.  This specimen had been modified to 
resonate at the operating frequency, 20 kHz, of the excitation source.  The 
combination of unusually high stresses, (estimated at up to 38% of the yield 
strength of the nickel specimen) and resonance effects are assumed to be the 
likely causes of the crack growth.  For this reason, it is important to control the 
stress imparted on the component during the excitation phase of inspection.   

 
• What effect do different parameter choices and/or system approaches have on the 

performance, i.e., probability of detection, for this method? 
 

- As with all inspection methods, the proper selection of inspection parameters is 
necessary for good detection.  This program compared three different stress levels 
on two materials at three locations for a specimen set containing fatigue cracks 
ranging in size from 26 mil to 785 mil with the majority being less than 105 mil.  
In general, crack heat was found to increase with crack length, although there was 
considerable variability in the thermal response dependent on the process 
parameters, the crack state, and many other factors.  It should be noted that the 
thermal response depends on both the crack length as well as the stress, indicating 
that the traditional notion of a single-valued POD function may have limitations 
for this method. 

 
- A traditional POD analysis was completed and 90% POD values in the 50- to 

70-mil range were found, consistent with other reported values for this method 
and similar specimens.   

 
The results of the program are very encouraging for the use of thermal acoustics 
(vibrothermography) for industrial applications.  With the appropriate selection of test 



 

parameters and equipment, this method can be applied safely to engine materials.  When 
reasonable decisions are made regarding the excitation source (amplitude, tip type, and 
coupling), no evidence of life debit was found and existing surface-breaking fatigue cracks did 
not propagate.  However, crack growth can occur at higher stress levels and when resonance 
conditions occur.  The user must ensure that the applied forces are well below the yield strength 
of the material.  Further studies on actual engine parts that consider practical approaches to 
calibration and sensitivity verification, including the development of industrial standards, would 
be developed for thermal acoustic techniques to be used for production inspection of aircraft 
engine components. 
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1.  INTRODUCTION. 

1.1  PURPOSE. 

As with many aerospace applications, jet engine components are operated in demanding 
environments, often at extreme temperature and stress conditions.  Given these demands, engine 
components are inspected prior to entering commercial service, typically using ultrasonics for 
subsurface, volumetric defects, and fluorescent penetrant inspection (FPI) for surface-breaking 
defects.  In special cases, other methods such as eddy current, radiography, or magnetic particle 
inspections may be used, as applicable.  As the predominant surface inspection method, FPI 
requires a clean, dry part, which is processed using the recommended process parameters for 
penetrant application, penetrant removal, developer application, and inspection [1].  Using these 
process parameters, laboratory 90/95 probability of detection (POD) values have been 
demonstrated as low as 0.060″, with 0.10″ considered more typical [2].  FPI can be used to 
inspect the majority of part surfaces with restrictions including the need for reasonable line of 
site.  While reliable FPI processes have been demonstrated, human factor effects can adversely 
affect the reliability, particularly in a production environment and on engine-run hardware. 
 
Given these limitations, additional methods that provide reliable surface defect detection in a 
cost-effective manner are needed.  One such technique is the thermal acoustic, sonic infrared 
(IR), or vibrothermography method.  This technique relies on an external excitation to cause the 
part to vibrate such that existing crack faces rub together.  The motion of the crack faces 
generates heat, which is then detected with an infrared camera.  With this technique, a thermal 
signature of the crack is generated that can be readily detected.  Several excitation methods have 
been used, including the use of ultrasonic welding horns and accelerometers.  Ultrasonic welding 
horns were originally designed for use in welding of plastics for manufacturing applications and 
typically operate at 20 or 40 kHz.  Accelerometer technology offers additional frequency and 
bandwidth options.  Both approaches were used in this program.   
 
While basic research into the vibrothermography phenomenon was reported in the mid-1980s, 
application to nondestructive evaluation needs is much more recent.  Given that energy is being 
put into the part, knowledge regarding the effect of the excitation on local microstructure, crack 
propagation, and potential life debits is needed to ensure that this is truly a nondestructive 
method.  The project reported here had as its objectives: 
 
• to evaluate the applicability of thermal acoustic inspection methods for engine materials 

and components including studies of the process parameters and their relationship to 
inspection effectiveness 

 
• to assess the potential of thermal acoustic methods to induce damage in the component 

and/or cause additional crack initiation or growth  
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To accomplish these objectives, three specimens types were fabricated and a variety of excitation 
and thermal studies performed to address four primary questions: 
 
1. As a result of the excitation source impacting the part, does localized damage occur that 

could detrimentally affect future use? 
 
2. Would repeated excitation, which might be necessary to generate a full coverage 

inspection, result in a life debit, i.e., change the high-cycle fatigue (HCF) properties?   
 
3. If a component contains a pre-existing crack, would that crack grow as a result of the 

excitation necessary for inspection? 
 
4. What effects do different parameter choices/system approaches have on the performance, 

i.e., probability of detection, for this method?   
 
The result of the studies and recommendations for future efforts are reported.   
 
1.2  BACKGROUND. 

Early work on the beneficial effects of combining mechanical excitation with thermal detection 
to improve signal response was reported in the mid-1980s [3 and 4].  Busse reported recent 
results based on his work at the University of Stuttgart [5] and an ultrasonic-assisted thermal 
method is being developed by Wayne State University [6] under Federal Aviation 
Administration (FAA) and other funding.  The method uses a short, single pulse of low 
frequency (on the order of 10 to 40 kHz) ultrasound to heat cracks and make them visible in the 
infrared range.  Indigo Systems [7] has a commercial system available, which was investigated 
by Thompson [8] for commercial aircraft applications.  Because of the potential benefits from 
this technique, significant research efforts are underway in both experimental and theoretical 
studies.  Work underway with U.S. Navy funding is exploring the use of strain gages and laser 
vibrometry [9] to quantify displacements that occur during the excitation and their relationship to 
infrared emittance as well as process parameter studies [10].  Others [11 and 12] are also using 
laser vibrometry to quantify surface displacements and correlate the results to thermal signal 
response.  The U.S. Air Force (USAF) has funded research at multiple organizations, including 
Iowa State University (ISU) [13], Wayne State University [14], Scientific Applications 
International Corporation (SAIC) [15], and Seimens.  There have also been internal efforts at 
various companies [16 and 17], some of which have published results in the open literature. 
 
Limited POD data has been generated in laboratory conditions on typical specimens used for FPI 
and eddy-current POD studies, including a National Aeronautics and Space Administration 
(NASA)-funded effort at Pratt & Whitney (PW).  More recently, this has included FAA-funded 
studies done at Wayne State University in cooperation with the Airworthiness Assurance 
Nondestructive Inspection Validation Center in which comparisons were made between sonic IR 
and FPI using the same specimen set [18].  Additional efforts were completed as part of the 
USAF program with SAIC [19].  While considerable work is underway, additional information 
on the sensitivity and applicability of this technique is needed prior to wide-spread use in the 
aviation industry. 
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The basic premise of the thermal acoustic or sonic IR method is to use an external energy source, 
with recent efforts focused on using an ultrasonic horn originally intended for use in ultrasonic 
welding, to excite the component.  The external energy source causes an increase in local heat, 
which is detectable with infrared cameras typically used in thermographic inspection.  While 
preliminary results are promising, additional knowledge is needed prior to application to critical 
components, such as engine disks.  The purpose of this program is to provide additional data to 
determine applicability of this method to engine components.   
 
1.3  RELATED ACTIVITIES AND DOCUMENTS. 

Implementation of any inspection method relies on the quantification of the performance of the 
technique such that the detectability of the defects of interest is well known.  Given 
quantification data, often in the form of POD results, and knowledge of the component to be 
inspected, e.g., geometry limitations, an inspection method or methods are selected to ensure 
continued safe operation.  Currently, limited public domain data exists for thermal acoustic 
inspection methods.  Under NASA, PW generated POD results using specimens typically used 
for eddy current studies.  Whether a flaw will “light up” and be detected or “not light up” and be 
missed during the thermal acoustic inspection will depend on the flaw size and the variability in 
the inspection (since all the other parameters of the inspection were held nominally constant).  
Also, the degree of brightness for the flaws that light up depends primarily on the flaw sizes.  
Figure 1 shows examples of different flaw sizes and their corresponding brightest frame, each in 
their own sequence of 31 frames.   
 

crack size: 20 mil
(hit) 

crack size: 14 mil 
(miss(miss) 

crack size: 17 mil
(hit(hit)  

Figure 1.  Examples of Three Different Flaw Sizes and Their Corresponding Brightness Level 
Using Thermal Acoustic Inspection 
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Two potential methods could be used to generate POD.   
 
1. The sensitivity of the inspection can be assessed by measuring the degree of brightness 

for each flaw.  A regression line is constructed to correlate the flaw size to its brightness; 
then, the residuals around the regression line are used to calculate a POD curve.   

2. A binomial distribution of the outcome of the inspection is assumed where a successful 
detection of the flaw is called a hit and assigned a value of “1,” and a failed detection is 
called a miss and assigned a value of “0.”  The hits and misses are used to calculate a 
curve.   

In this study, the POD curve was generated using a hit/miss procedure, as defined in 
MIL-HDBK 1823 [20].  The specimen set was comprised of 70 titanium (Ti) specimens, 
containing cracks from 5 to 38 mil in 60 of the specimens and 10 blanks.  Two inspectors were 
used to gather the data and perform postprocessing of the digital IR results.  The resulting POD 
curve is shown in figure 2.  The detection sensitivity for the setup used in this study was a 
0.0197″ long crack with a 90% POD at 50% confidence limit and a 0.0246″ long crack with a 
90% POD at 95% confidence limit.  Note that these were laboratory results and their 
applicability is limited to this specimen set. 

 

 

Figure 2.  Probability of Detection Curve for Thermal Acoustic Inspection of Ti6-4 Specimens 

A first estimate of the sensitivity of the thermal acoustic inspection of Ti6-4 showed that the 
technique is capable of detecting a 0.0246″ long fatigue crack with a 90% POD at a 95% 
confidence limit.  It is important to note that these results are for the specific inspection 
parameters used in the sensitivity demonstration, namely the experimental setup and for a single 
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specimen set.  Also, it is important to note that the IR camera was facing the crack side of the 
plate; the small mass of the specimens adds another limitation on the applicability of the result to 
real parts; and that the inspector knew that the crack, if present, would be located at the center of 
the plate.  These initial results are quite promising for this new thermal acoustic inspection for 
detection of fatigue cracks.  However, more work is needed to fully assess its sensitivity and to 
understand the importance of the different parameters and their effect on the inspection 
sensitivity.   
 
The potential value of this new technique to aviation includes both commercial and military 
applications.  Coordination discussions between staff from the Air Force Research Laboratory 
(AFRL) Nondestructive Evaluation (NDE) Branch and the FAA William J.  Hughes Technical 
Center staff were instrumental in defining the direction of this program.  Coordination continued 
throughout the program, including an initial review of the AFRL-funded work completed at 
SAIC.  A “design of experiments” (DOE) approach was taken to evaluate the factors most 
critical to successful inspection.  Several specimen types, including real components, such as 
turbine blades, aircraft wheels, and anti-rotation features on engine components, were used in the 
AFRL-funded study.  Setup parameters, such as excitation force and amplitude, as well as 
experimental configuration with factors, such as couplant material and horn tip, were considered.  
Based on the results of the SAIC study, this program selected horn tips (flat, spherical, and 
rounded) and couplant material (90# weight cardstock) consistent with the AFRL-funded results.   
 
ARFL has also funded fundamental development efforts at ISU in parallel with the FAA-funded 
studies completed as part of this Engine Titanium Consortium (ETC) program.  The purpose of 
the AFRL-funded effort at ISU was to improve excitation technology through development of a 
broadband excitation system, to develop techniques for modeling the sonic vibration that leads to 
crack heating, and to improve the phenomenological understanding of the crack-heating process.  
The broadband, frequency-agile thermal acoustic excitation system and the vibration modeling 
techniques from the AFRL-funded effort were exploited in the design and execution of the POD 
assessment of this program.  Since sonic vibration patterns are by nature strongly geometry-
dependent, POD data cannot usually be meaningfully extrapolated from one geometry to 
another.  By taking advantage of vibration modeling and the availability of broadband excitation, 
members of the team were able to develop a procedure to directly relate crack detectability and 
POD to physical parameters of the vibration at the crack.  The large quantitative data set 
collected as part of this ETC program provides the prospect of meaningful extrapolation of POD 
across geometries.  It also will feed back into the AFRL-funded effort by providing insight into 
the physics of the crack-heating process.   
 
2.  TECHNICAL APPROACH. 

As indicated in the introduction, implementation of this new technique requires development of 
public domain data regarding the effectiveness, limitations, and repeatability of the technique, as 
well as a verification that it is truly a nondestructive method, i.e., the technique can be safely 
applied such that no changes occur in microstructure, material properties, or useful part life.  To 
address these issues, the series of questions listed in section 1.1 were answered. 
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Three specimen types were developed for use in the studies, as shown in figure 3.  The top left 
specimen geometry (figure 3(a)) was used in the localized damage study (LDS) to determine if 
using ultrasonic welders as the excitation source would lead to localized changes in 
microstructure or other detrimental changes that would impact return to service.  Low-cycle 
fatigue (LCF) cracks were grown in three-point bending using the right specimen geometry 
(figure 3(b)).  A micrograph of a typical crack is shown as well in (figure 3(d)).  The protocol 
used for specimen fabrication of the LCF cracks is provided in appendix A.  The left bottom 
specimen geometry (figure 3(c)) was used in HCF tests.  Details of specimen fabrication, test 
parameters used in the studies, and the results are detailed in section 3. 
 
 (a) (b) 

 

 

 (c) (d) 

Figure 3.  (a) Specimens Used in Localized Damage Studies, (b) Crack Growth and POD 
Studies, (c) HCF Test, and (d) a Typical Crack Morphology (Note that cracks were grown in 

three-point bending for use in crack growth studies and POD with a typical crack 
morphology shown in (d).) 

In an effort to understand the variability of the process and the effect that different system 
configurations may have, measurements were made at multiple partner locations.  The data 
collected in this research program was acquired from three different systems owned by ISU, 
General Electric Aviation (GE), and PW.  Each system was built using different hardware and 
software.  The GE and PW systems were already configured before the start of the program.  The 
ISU system was constructed at the beginning of the program as part of an AFRL-funded research 
program.  The system differences were known at the beginning of the program and were 
considered as part of the research to determine if different systems could produce the same 
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results.  The main components of the three systems are shown in figure 4 and identified in 
table 1. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 4.  Configuration of (a) GE, (b) ISU, and (c) PW Systems, Showing Exciters, Thermal 
Cameras, Vibrometers, and Clamping Fixtures 
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Table 1.  Thermal Acoustic Equipment Used by Each Team Performing Experiments 

 GE ISU PW 
Exciter 

Brand Branson Custom Branson 
Model 900ma/WPC-2 NA 2000ae 
Power 2000 W 1200W 2000W 
Frequency 20 kHz Broadband 20 kHz 
Converter Model 922JA NA CR-20 
Converter Displacement 20 mm NA 20 mm 
Booster Model 101-149-056 NA 101-149-056 
Booster Gain Ti 1:1 NA Ti 1:1 
Horn Gain 6.6X NA 6.6X 
Horn Tips Flat, rounded, spherical NA Flat, rounded, spherical 
Horn Tip Diameter 1/2″ NA 1/2″ 

Loading Carriage 
Brand Branson Custom Custom 
Model 921ae NA NA 
Loading Method Pneumatic cylinder Pneumatic cylinder, 

1 1/2″ diameter 
Pneumatic cylinder, 
(2) 1 1/16″ diameter 

Maximum Loading 630 lb @ 100 psi 146 lb @ 83 psi 100 lb @ 56 psi 
Operating Orientation Vertical Horizontal Horizontal 

Vibrometer 
Brand Polytec PI, Inc. Polytec PI, Inc. Polytec PI, Inc. 
Model OFV-503/OFV 5000 CFV-505/OFV 5000 OFV-353/OFV 3001 
Range ±10 M/s ±10 M/s ±10 M/s 
Acquisition Rate 500 kHz 1 MHz 500 kHz 
Resolution 12 bit 12 bit 12 bit 
Mode Velocity Velocity Velocity 

Thermal Camera 
Brand Indigo (FLIR) FLIR Indigo (FLIR) 
Model Phoenix – MWIR SC6000 Phoenix - MWIR 
Thermal Resolution 25 mK 25 mK 25 mK 
Pixel Resolution 320 x 256 640 x 512 320 x 256 
Resolution 14 bit 14 bit 14 bit 
Lens 25 mm w/ 0.25″ 

extender ring (Indigo) 
25 mm (FLIR) 25 mm (Amber) 

 
NA = Not applicable 
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Originally designed for use in plastic joining, Branson™ ultrasonic welders were used for the 
specimen excitation (generation of energy) at GE and PW.  The units used were different model 
numbers but had the same energy output and configuration.  The only known difference between 
the units was in the loading process.  The GE systems started the excitation before the final 
loading force was reached.  To minimize this difference, the ramping time between the start and 
finish of loading was set at the minimum time on the GE exciter.  The ISU exciter was custom 
built using a high-power piezoelectric stack actuator driven by an arbitrary waveform generator 
and high-power broadband amplifier.  The stack actuator is loaded against the part through an 
integral tip.   
 
The carriages used to hold and load the exciter tips against the specimens were different on all 
three systems.  The GE system used a carriage manufactured by Branson™, which is designed to 
be used with the Branson welders.  The ISU and PW systems used custom-built carriages.  The 
GE system carriage was mounted in the vertical orientation with the loading force applied in the 
downward direction against the specimen, which was oriented in the horizontal direction.  The 
ISU and PW carriages were mounted in the horizontal orientation with the loading force applied 
in the horizontal direction against the specimen, which was oriented in the vertical direction.   
 
The laser vibrometers used to monitor the excitation energies applied to the specimens at GE, 
ISU, and PW were all from the same manufacturer, Polytec PI, Inc., but all had different model 
numbers.  Even though the models were different and had different features, they all had the 
capability to make equivalent velocity measurements.  Details of the laser vibrometers are 
included in table 1. 
 
The thermal cameras used to acquire the thermal data were all manufactured by FLIR Systems, 
Inc., but each site used a different model.  The thermal sensitivity of all three cameras was the 
same.  The pixel resolution and lens used were different on each camera.  Details of the IR 
cameras are included in table 1. 
 
All team members used a common set of two specimen-clamping fixtures.  The difference 
between the clamping fixtures was in the clamping thickness capability.  Two views of the 
clamping fixtures with different specimens being held are shown in figure 5.  The fixtures were 
designed to hold the specimens in a four-point clamping mode.  Either 1/4″ diameter stainless 
steel pins or 1/4″ square rubber strips were used as the clamping interface between the clamping 
jaws and the specimens.  The pins or strips were aligned parallel to the specimen widths at the 
chosen gage length.  The clamp jaws have threaded bolts that allow clamping to the desired 
torque.  The fixtures were designed with a hole in the back mounting plate to allow the laser 
vibrometers to focus on the backside of the specimen being excited.  Because of the vertical 
orientation of the GE exciter and the fixture being mounted to a base plate, the hole could not be 
used; so, a mirror at a 45-degree angle was required to focus the laser vibrometer on the backside 
of the specimen.  The mirror is visible in figure 5(a). 
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(a) 

 

(b) 

Figure 5.  (a) The LCF Specimen-Clamping Fixture at GE and (b) HCF Specimen-Clamping 
Fixture at PW 
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A focus of the program was to ensure that implementation of the thermal acoustic method would 
not compromise the usefulness of engine components.  In the original program planning, 
consideration was given to the potential damage conditions and methods to assess the existence 
and/or the severity of damage.  With this information at hand, the specimen configurations were 
defined.  The planning exercise is summarized in table 2.   
 

Table 2.  Potential Damage Conditions 

 Risk Item Evaluation Technique Specimen Configuration 
1 Physical deformation of the 

specimen resulting from contact of 
the excitation source 

Surface roughness measurements 
before and after excitation pulse 

3″ x 1″ x 0.2″ and 6″ x 1″ x 
0.5″ specimens of Ti and Ni 

2 Microstructural changes due to 
overheating at the contact point of 
the excitation source 

Microscopy (optical, SEM) and 
hardness 

3″ x 1″ x 0.2″ and 6″ x 1″ x 
0.5″ specimens of Ti and Ni 

3 Contamination at the contact point 
of the excitation source 

Microscopy (optical, SEM), 
hardness, and microprobe 

3″ x 1″ x 0.2″ and 6″ x 1″ x 
0.5″ specimens of Ti and Ni 

4 Change in residual stress due to 
heating and/or burnishing 

X-ray diffraction 3″ x 1″ x 0.2″ and 6″ x 1″ x 
0.5″ specimens of Ti and Ni 

5 HCF damage resulting from 
repeated excitation 

HCF tests HCF blocks 

6 Crack initiation resulting from 
repeated cycling 

HCF tests HCF blocks 

7 Crack growth of pre-existing crack 
from repeated excitation 

Microscopy (optical, SEM, 
acoustic) and FPI characterization 
(brightness and UVA indication 
measurements) 

6″ x 1″ x 0.5″ specimens of 
Ti and Ni 

 
Ni = Nickel 
SEM = Scanning electron microscopy 
UVA = Ultraviolet A 
 
A variety of process parameters must be defined as part of the inspection process and have the 
potential to affect the condition of the specimens.  Below is a list of thermal acoustic parameters 
required for experimental protocol that were included as factors to be considered. 
 
• Frequency of the excitation source 

• Coupling material between the sonic 
transducer and the test component 

• Pressure of excitation source applied to 
the component 

• Duration of the sonic pulse  

• Component or specimen material 

• Amplitude of the sonic pulse  

• Power of the sonic pulse 

• Time between sonic pulses 

• Number of excitations 

• Configuration of the excitation source 

• Location of the detection camera 
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To address the four questions posed in the introduction, four studies were planned as described 
briefly below.  Details of the specimen fabrication and results for these studies are provided in 
section 3.   
 
• Localized damage characterization:  The LDS assessed whether localized damage occurs 

at the impact site, which is detrimental to the specimen as part of the generic thermal 
acoustic inspection process.  Using specimen characterization protocols, baseline 
characterization was completed prior to excitation.  DOE procedures were used to design 
a systematic assessment of the thermal acoustic parameters.  Specimens were then 
exposed to the excitation source and measurements of displacement made using laser 
vibrometry.  Upon completion of the exposure to the excitation source, 
postcharacterization of the specimens was completed.  This data was then used to define 
“safe inspection parameters,” i.e, no detrimental surface changes, for use in the other 
studies. 

 
• Crack initiation and fatigue life debit assessment:  This study assessed whether damage, 

which can lead to crack initiation, occurs or otherwise contributes to a fatigue life debit.  
To assess the potential of this damage, a set of specimens was fabricated for HCF testing.  
Given the prevalent use of shot-peening of critical rotating engine components, data was 
generated for both “as-machined” and shot-peened specimens.  For this work, a titanium- 
and a nickel (Ni)-forged disk were purchased and sectioned to produce HCF specimens.  
The specimens were then randomized into batches of 12 to account for statistical 
variability of the HCF test.  Baseline HCF data was generated for the as-machined and 
shot-peened specimens for both Ti and Ni.  Another batch of specimens was exposed to 
the excitation source, and the HCF tests were completed using parameters defined in the 
LDS.   

 
• Crack growth assessment:  This study assessed whether crack growth of a pre-existing 

flaw, which is detrimental to the specimen, can occur as part of the generic thermal 
acoustic inspection process.  As indicated in table 3, a variety of parameters must be 
selected as part of the inspection setup and implementation.  A 6″ x 1″ x 0.5″ specimen 
configuration was used to generate LCF cracks in three-point bending.  The specimens 
containing cracks were used to complete an assessment of crack growth as a result of 
thermal acoustic measurements.  The specimens were characterized prior to exposure to 
the thermal acoustic sources.  Upon completion of the thermal acoustic exposure, 
postcharacterization measurements were made.  Included in the characterization were 
quantitative FPI measurements using brightness and ultraviolet A (UVA) image capture 
using methods developed in the Center for Aviation System Reliability FPI program [2].  
The brightness and UVA image data provides some indication of changes in the crack 
characteristics.  Optical micrographs were also captured at 100x magnification for each 
of the cracks.  Several typical examples are shown in figure 6.  Four cracks from the Ni 
specimen set were selected to show the range in crack length.  Original images were at 
100x magnification.  FPI UVA images are also shown for the same four cracks.  Note 
that these are very tight cracks, as evidenced by the optical images and the discontinuous 
nature of some of the UVA images.   
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• POD assessment:  This study generated POD data for various parameter sets for each 
inspection system to provide an understanding of the performance and variability of the 
thermal acoustic method.  Sixty-one Ni and sixty-one Ti specimens were generated for 
use in a POD assessment of the method. 

 
A primary goal of the program was to compare performance and to evaluate damage effects at 
multiple sites.  To achieve this, the systems used at PW, ISU, and GE—fundamentally different 
in design—had to be made comparable.  One component of this was developing a common set of 
mounting fixtures for these experiments.  In parallel, the team developed common measures of 
specimen motion and crack heating.  The experimental configuration, measurement procedure, 
and data analysis were carefully designed to provide physically meaningful quantities, such as 
stress, velocity, and temperature change, where possible.  All three systems provided measures 
of the electrical energy (in Joules) delivered to the horn or piezo stack.  All three systems 
included laser vibrometers that measure velocity (in meters/second) at a single point on the 
specimen.  All three systems, likewise, included infrared cameras to record crack heating. 
 
The most challenging analysis problem was in understanding and processing the data from the 
laser vibrometer.  The vibrometer data is a waveform (velocity as a function of time) that is 
usually very complicated.  Because of the complexity of these waveforms, they are, in general, 
not directly comparable from one experiment or system to the next.  The team developed an 
algorithm intended to evaluate energy of motion as a single number from the laser vibrometry 
data.  A quantitative measure of vibration energy would usually come from a measurement of 
Power = Force * Velocity, integrated over time to give vibration energy.  In the present case, 
while velocity is directly measured by the laser vibrometer, accurate force measurements are 
impossible.  The ratio of force to velocity is mechanical impedance.  If one presumes this to be 
independent of frequency (knowing it is not), then one can integrate the square of velocity to get 
some measure of energy.  The decision was made to reject frequencies below 500 Hz or with 
spectral amplitude less than 5% of the peak and call the new quantity high-amplitude energy 
(HAE).  It is an approximate measure of energy of motion.  While its scientific validity is 
questionable for comparing measurements with different spectra, it is a scalar quantity that is a 
simple means for comparing laser vibrometer waveforms.  The precise algorithm is documented 
in appendix B. 
 
Due to fundamental differences between the localized damage, HCF, and LCF specimens, 
different analysis methods were deployed for the different experiments.  For the localized 
damage experiments, the primary measures were electrical energy, HAE, surface profilometry, 
and optical microscopy.  For the HCF experiments, electrical energy and HAE were used to 
monitor the thermal acoustic process, but the primary results and conclusions came from the 
number of fatigue cycles for specimen failure.   



 

Typical FPI UVA Images—
Nickel Specimens
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Typical Micrographs – Nickel Samples

05-073
L = 27 mils
05-073
L = 27 mil

05-021
L = 59 mils
05-021
L = 59 mil

05-031
L = 70 mils
05-031
L = 70 mil

05-063
L = 105 mils
05-063
L = 105 mil

  

Figure 6.  Typical Optical and UVA Images for Specimens Used in the Crack Growth and POD Assessment 

 

 



 

Because of the geometry and the presence of pre-existing cracks in the LCF specimens, it was 
possible to develop quantitative data on the vibrational stresses induced on the cracks and to 
relate those stresses with observed heating.  When an object is vibrated at a known resonance, as 
long as the mode-shape is known from theory or simulation and the motion is known at one 
point, then the motion, and hence internal vibrational stresses and strains, can be calculated 
throughout the entire object.  To facilitate resonant testing, the LCF specimens were tuned to 
have a flexural (bending-mode) resonance matching the 20-kHz vibration frequency of the GE 
and PW ultrasonic welders, and soft rubber mounting pins were used to minimize perturbation of 
the resonant mode.  Thus through application of elementary flexural wave resonance theory, it is 
possible to calculate the vibrational stresses caused by the acoustic excitation on the cracks.  
Moreover, through calibration of the infrared cameras, it was possible to quantitatively measure 
crack heating and compare it to the measured vibrational stresses, thus establishing a relationship 
between applied vibrational stress and crack heating.  This provided a quantitative metric by 
which to compare the three systems.  The results of using this approach are described in 
section 3.   
 
3.  RESULTS. 

This section reports on the results of the program.  Section 3.1 will describe the specimen 
fabrication methods for the three specimen types, namely, the localized damage specimens, the 
life debit specimens or HCF specimens, and the crack growth/POD specimens, or LCF 
specimens.  Sections 3.2, 3.3, 3.4, and 3.5 provide details of the four studies.  Section 3.6 
provides details of specimen 05-031. 
 
3.1  SPECIMEN FABRICATION. 

3.1.1  Localized Damage Specimens. 

The test specimens for the localized damage study of the program were obtained at no cost to the 
program from GE, which had manufactured them for another FAA-funded program that had 
been cancelled.  There were a total of 48 specimens with an equal number (24) of both Inconel 
718 (In718) (AMS 5596) and Ti-6Al-4V (Ti64) (AMS 4911H).  Each material set was extracted 
from a single, rectangular, 1/4″ thick AMS certified sheet.  They were extracted from the sheets 
as shown in figure 7, but not as requested.  As a result, although the specimens were individually 
identified, the original location of each within its respective sheet was not known.  However, the 
orientation of the specimens with respect to the rolling direction of the sheets was maintained.  
Note in the photographs that a small piece was removed from the lower right-hand corner for 
another purpose.  The upper right-hand corner on the Inconel sheet has been lost.  The hardness 
for the Inconel sheet was 44 HRC and the grain size was ASTM 5.  The hardness and grain 
structure of the titanium sheet was not measured prior to sectioning.  However, hardness 
measurements were made at four locations on the top and bottom of nine specimens of each 
alloy.  The average hardness of the titanium specimens was 21.3 ±1.8, and the average hardness 
of the Inconel specimens was 38.7 ±0.8. 
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Figure 7.  Extraction of Localized Damage Specimens for Inconel (a) and (b) 
and Titanium (c) and (d) 

The specimens were all rectangular parallelepipeds measuring 3.0″ (7.62 cm) x 1.0″ (2.54 cm) x 
0.2" (0.51 cm), as shown in figure 8.  The four small faces (sides) on each specimen were a 
ground finish but the two 3.0″ (7.62 cm) x 1.0″ (2.54 cm) faces had a milled finish (figure 9, top 
photograph).  The surface finish of the milled specimens was originally specified to be 125 Ra 
(rms) μ″ but was subsequently measured to be up to 175 Ra (rms) μ″.  Both the texture of the 
milled finish and the high surface finish values were deemed unsatisfactory for the localized 
damage testing portion of the program where the intent was to assess specimen damage at the 
contact point with the sonic welder tip.   
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Figure 8.  Schematic of Localized Damage Specimens 

 

Figure 9.  Localized Damage Specimens, Milled (top) and Ground Surfaces (bottom) 

As a result, it was decided to remachine the two large faces of the specimens with a low-impact 
grinding technique and to keep the surface finish at least a 64 Ra (rms) μ″ or better.  CTL 
Aerospace, Inc. in Cincinnati, Ohio, was contracted to perform this effort on 23 specimens of 
each of the two materials.  The grinding was performed along the long axis of the specimens.  
The results of this effort are shown in table 3, and an example of a finished specimen is shown in 
the bottom photograph of figure 9.  The measurements of mass were made with a calibrated and 
Model HX-3000 electronic balance with an accuracy of ±0.05 gram.  The specimen thickness 
measurements were provided by CTL, Inc.  The surface finish measurements were performed 
with a Mitutoyo Surftest Model 628 system.  The measurements were made across the grinding 
pattern at the center of each specimen.  The two shaded specimens in table 3 were removed from 
the total set because one of them was unusually thin compared to the others and the other had a 
noticeable gouge in one surface created by the grinding process. 
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Table 3.  Localized Damage Specimens, Ground Surface Finish Values 

Surface Finish—Ra (rms) (μ-inches) 
Top Surface Bottom Surface 

Specimen 
Mass 
(gm) 

Thickness 
(in.) 

With 
Grinding 

Across 
Grinding 

With 
Grinding 

Across 
Grinding 

Ti64-02 42.47 0.1943 35.731 45.943 25.421 47.438 
Ti64-03 43.20 0.1987 18.412 33.748 26.887 47.950 
Ti64-04 42.81 0.1966 30.925 42.988 28.552 37.195 
Ti64-05 42.90 0.1965 33.707 44.751 41.374 51.042 
Ti64-06 42.68 0.1957 38.012 52.945 31.595 49.699 
Ti64-07 42.77 0.1963 36.865 49.502 32.971 49.659 
Ti64-08 42.18 0.1938 28.420 46.929 37.165 50.081 
Ti64-09 43.02 0.1976 31.750 47.765 41.555 54.092 
Ti64-10 43.57 0.2002 29.626 41.785 33.485 48.998 
Ti64-11 43.01 0.1973 23.177 34.373 24.222 40.296 
Ti64-12 42.74 0.1962 35.669 46.291 29.174 40.434 
Ti64-13 43.09 0.1976 31.913 45.352 36.362 47.003 
Ti64-14 43.03 0.1974 27.938 62.527 26.354 45.779 
Ti64-15 43.02 0.1969 30.385 45.034 26.851 39.740 
Ti64-16 42.66 0.1953 33.778 50.327 36.088 43.770 
Ti64-17 43.16 0.1977 37.068 50.511 38.647 46.693 
Ti64-18 42.62 0.1955 37.971 51.592 45.478 56.178 
Ti64-19 42.66 0.1956 34.074 52.606 28.970 50.796 
Ti64-20 43.00 0.1973 35.374 47.459 32.284 48.852 
Ti64-21 42.91 0.1968 30.796 48.675 28.141 50.811 
Ti64-22 42.81 0.1966 33.828 42.857 26.680 51.285 
Ti64-23 42.95 0.1972 33.767 42.269 29.451 47.556 
Ti64-24 42.12 0.1932 33.940 78.549 30.185 39.204 
In718-02 80.10 0.1969 28.100 49.100 34.941 61.155 
In718-03 74.40 0.1826 18.927 32.714 17.873 35.860 
In718-04 78.79 0.1938 19.376 32.701 19.295 30.365 
In718-05 80.44 0.1984 24.028 33.804 18.719 30.964 
In718-06 80.76 0.1993 23.977 31.018 23.100 37.400 
In718-07 80.85 0.1991 29.266 41.141 25.548 42.843 
In718-08 77.40 0.1903 24.015 28.730 21.938 27.592 
In718-09 80.04 0.1969 29.312 35.217 18.791 35.638 
In718-10 79.55 0.1960 20.353 30.178 25.266 35.969 
In718-11 80.48 0.1978 25.436 34.849 21.051 30.523 
In718-12 80.35 0.1978 19.531 29.997 22.206 31.800 
In718-13 79.24 0.1950 20.191 36.325 28.343 37.309 
In718-14 79.80 0.1961 22.717 28.573 27.464 35.583 
In718-15 79.33 0.1948 22.471 32.113 24.420 31.802 
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Table 3.  Localized Damage Specimens, Ground Surface Finish Values (Continued) 

Surface Finish—Ra (rms) (μ-inches) 
Top Surface Bottom Surface 

Specimen 
Mass 
(gm) 

Thickness 
(in.) 

With 
Grinding 

Across 
Grinding 

With 
Grinding 

Across 
Grinding 

In718-16 80.54 0.1977 21.067 27.590 24.385 30.388 
In718-17 79.44 0.1951 17.157 27.670 21.822 35.362 
In718-18 80.49 0.1980 24.999 34.510 17.728 33.511 
In718-19 80.38 0.1977 27.576 32.905 24.987 32.054 
In718-20 80.68 0.1985 18.858 25.313 14.490 25.802 
In718-21 80.91 0.1990 17.637 24.268 21.461 31.024 
In718-22 81.00 0.1993 21.460 34.523 22.966 30.701 
In718-23 79.14 0.1950 27.900 36.425 24.387 33.828 
In718-24 79.43 0.1953 23.974 30.558 24.761 31.121 

 
3.1.2  Low-Cycle Fatigue Specimens. 

Specimens were needed that contained pre-existing cracks for use in the assessment of crack 
growth potential and for use in the POD studies.  Cracks were generated from rolled bar-stock 
using a computer-controlled MTS fatigue machine in three-point bending.  ISU has used this 
process in the fabrication of numerous specimens used in FPI and other studies.  Details of the 
process are provided in appendix A.   
 
3.1.3  High-Cycle Fatigue Specimens.   

To ensure that the measured HCF properties were typical of engine-forged materials, two disks 
were purchased for use in this portion of the program.  Ultrasonic pulse/echo C-scans were 
performed on both the titanium and Inconel forgings prior to cutting specimens for the HCF 
tests.  The purpose of the C-scans was to determine if there were any areas of concern or damage 
that would need to be considered in the specimen selection process.  Focused transducers were 
used, and C-scans of both the Ti64 and In718 alloys showed typical backscattered-grain-noise 
banding patterns.  Noise banding is due to the systematic variation of microstructure with 
position.  In Ti64 alloys, the banding is usually associated with variations in the shapes and 
orientations of large-scale microstructural elements called macrograins.  In In718, the banding 
patterns are usually associated with variations in average grain size.  Within limits, such 
microstructure variations are not expected to significantly affect metal strength/durability.  For 
the two disks studied, no evidence of discrete internal defects was found.  The titanium disk 
showed more evidence of noise banding than the Inconel disk, which is typical for these alloys. 
 
In figures 10 and 11, the red shading indicates the regions in the radial-axial planes of the 
forgings from which specimens were cut.  Zoned inspections were performed using available 
10-MHz F8 focused transducers, where each zone covered about 0.5″ of metal depth.  Since the 
fatigue specimens are nominally 1″ wide in the axial direction, there were two inspection zones 
for each specimen:  one covering the top half and one covering the bottom half.   
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Figure 10.  Inspection Surfaces and Depth Zones for Ultrasonic C-Scans of the 
Titanium Forging 

 

Figure 11.  Inspection Surfaces and Depth Zones for Ultrasonic C-Scans of the 
Inconel Forging 

Ideally, all fatigue specimens would have identical microstructure, as indicated by similarity in 
backscattered noise levels.  Proposed layouts of the specimen cut-outs were compared to the 
ultrasonic C-scans to determine the number of specimens that could be removed from the forging 
such that the material properties were most similar.  Since the titanium forging showed the most 
significant noise banding, it was decided to use the lower noise specimens and discard the 
highest noise specimens from that forging.  Relative to a reference mark denoting the 0o rotation 
angle, specimens in the 0o, 90o, 180o, and the 270o regions were discarded, leaving the remaining 
portions of the disk to provide the material for fatigue specimens.  The Inconel forging showed 
less banding than the titanium forging, having a more uniform distribution of grain noise with 
rotational position.  For the titanium forging, it was determined that the specimens to be 
discarded would come from the regions containing torch marks.  These torch marks were located 
at several positions around the disk and served to identify the disk as one that should not proceed 
further in the manufacturing process.  The heat-affected zones from the torch markings were 
found to extend only several thousandths of an inch and, therefore, would not greatly reduce the 
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material volume available for fatigue test specimens.  The disk was originally rejected for 
dimension reasons and therefore was deemed acceptable from a material properties viewpoint.  
The ultrasonic results for the titanium disk are shown in figures 12 and 13 for the two zones.  
Figures 14 and 15 show the disk and cut-up plan, respectively, for the titanium disk.  Similar 
results are shown for the Inconel forging in figures 16-20. 
 

 

Figure 12.  A C-Scan of the Front of the Titanium Forging, Showing the Banding of Grain Noise 

 

Figure 13.  A C-Scan of the Back of the Titanium Forging, Showing the Grain Noise Banding 
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Figure 14.  Titanium Disk Prior to Cut-Up 

 

Figure 15.  Titanium Cut-Out Plan With Specimen 401 at the 0o Mark 
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Figure 16.  Front Side of Inconel Forging, Showing Torch Marks 

 

Figure 17.  A C-Scan of the Front of the Inconel Forging, Showing Torch Marks and a More 
Uniform Grain Noise Distribution 
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Figure 18.  Back Side of Inconel Forging, Showing Torch Marks 

 

Figure 19.  A C-Scan of the Back of the Inconel Forging, Showing Torch Marks and More 
Uniform Grain Noise Distribution 
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Figure 20.  Inconel Forging Cut-Out Plan With Specimen 001 to the Left of the Missing Wedge 

To evaluate the potential effect of excitations on the life of parts, HCF specimens were 
fabricated.  A rectangular hourglass-shaped HCF specimen design that meets ASTM E 466 was 
chosen for the HCF study.  The selection was based on a standard HCF specimen configuration 
that would provide an acceptable flat surface for excitation with an ultrasonic horn.  A drawing 
of the specimen is shown in figure 21.  Metcut Research, Inc., which was chosen to fabricate and 
test the specimens because of its experience, provided the specimen design. 
 

 

Figure 21.  Original HCF Specimen Drawing 

Metcut machined 105 blanks in each alloy (In718 and Ti64) into HCF specimens.  A finished 
unshot-peened HCF specimen is shown in figure 22.  Forty-five specimens of each alloy were 
shot-peened in the gage area for the shot-peened tests.  The shot-peened specimens were shot-
peened in the gage area using 110-size cold shot with a 6-ampere intensity with 100% coverage, 
which is the normal standard used by the original equipment manufacturers.  The orientation and 
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location within the sonic shapes of all the specimens was tracked.  All specimens had the grip 
area shot-peened to prevent premature cracking.  The fatigue parameters chosen were 60-Hz 
cycle rate and an R-ratio of 0.0, with all tests performed at room temperature. 
 

 

Figure 22.  An HCF Unshot-Peened Specimen 

The first set of 15 unshot-peened Ti64 specimens was fatigued at Metcut and had 11 failures at 
the edge of the gage area in the transition area between the radius and the gage section.  These 
specimens were fatigued using stresses between 65 and 100 ksi.  An example of a transition 
radius failure is shown in figure 23.  All specimens were tested on the same rig.  Metcut verified 
that the alignment of the rig was within the 5% ASTM specifications.  The broken specimens 
were characterized by ISU with optical, dimensional, and scanning electron microscopy (SEM) 
analysis.  The dimensions and surface finish met the specifications.   
 

 

Figure 23.  An HCF Specimen With Radius Transition Failure 

Given the unexpected failure location, finite element analysis was performed on the specimen 
shape.  A large stress level was seen in the transition area in addition to the gage area.  Another 
area of concern was the sharp radius on the edges of the specimen.  These are normally 
machined to a 0.015″ to 0.020″ radius on HCF specimens.  The specimen configuration used had 
radiuses of less than 0.005″.  To help troubleshoot the problem, ISU fatigued two additional 
unshot-peened Ti64 specimens at 70 and 78 ksi using their MTS testing machine.  Both 
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specimens broke in the gage area.  The only parameter ISU was not able to duplicate during this 
experiment was the cycle rate.  Because of equipment limitations, ISU was only able to cycle at 
20 Hz verses the desired 60-Hz rate performed at Metcut.  Metcut was asked to run two 
additional unshot-peened Ti64 specimens at 70 ksi using a 60-Hz cycle rate on different rigs 
using opposite specimen orientations (in/out) to determine if the original rig was the problem and 
if specimen orientation makes a difference.  Both of these specimens broke again in the radius 
transition area.  Metcut was next asked to run one unshot-peened Ti64 specimen at 70 ksi using a 
20-Hz cycle rate to determine if cycling frequency made a difference.  This specimen also broke 
in the transition area.  A subgroup of the team visited Metcut to look at their procedures and 
equipment.  One item that was noticed on the visit was that the gripping pads on the specimen 
clamping jaws had a very fine finish.  The ISU system has gripping pads that are coated with a 
friction finish, as shown in figure 24.  ISU examined the gripping area on the specimens that had 
already been fatigued to determine if slippage might have occurred.  The specimens that broke in 
the transition area showed slippage marks.  The specimens that broke in the gage area showed no 
slippage marks.  The average slippage was measured to be about 0.070″.  A specimen with and 
without slippage marks is shown in figure 25. 
 

                

Figure 24.  The ISU Specimen Clamping Jaws With Friction Finish 
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 (a) (b) 

Figure 25.  (a) HCF Specimen 483 Showing a Break in the Transition Area With Axial Slippage 
Marks in the Grip Area and (b) HCF Specimen 498 Showing a Break in the Gage Area With No 

Slippage Marks (100x magnification images) 

Metcut agreed to acquire a set of jaws similar to the ISU set and perform one additional test on 
an unshot-peened Ti64 specimen at 70 ksi using a 60-Hz cycle rate and on an unshot-peened 
In718 specimen at 80 ksi using a 60-Hz cycle rate.  Both of these specimens broke in the gage 
area.  Metcut was next asked to continue with nine more unshot-peened In718 specimens.  The 
first eight specimens were run with a grip pressure of 2000 psi.  The last specimen was run at 
2800 psi, which was the maximum pressure Metcut could supply.  A number of the specimens 
ran to life and only one specimen failed in the gage area.  The specimens that broke in the radius 
transition still showed indications of slippage.  Next, ISU fatigued one unshot-peened In718 
specimen on their system to determine if they would have the same success as they did with the 
two Ti64 specimens.  The specimen broke at the bottom of the gage section, near the beginning 
of the radius transition.  Metcut was asked to bore pinning holes through one unshot-peened Ti64 
specimen and fatigue using the pin grips on their system to see if this would solve the slippage 
and nongage breakage problem.  This specimen (figure 26) broke in the radius transition area 
after a clevis failure requiring the specimen to be restarted after replacing the clevis.  Since 
reliable failures in the gage section could not be obtained at Metcut or ISU after trying a number 
of fixes, it was decided to investigate modifying the specimens to solve the problem. 
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Figure 26.  Pinned HCF Specimen With Gage to Radius Transition Failure, Specimen 05-041 

3.1.4  Finite Element Modeling Study for Shifting Stress Concentration From Radius Transition 
Region to Gage Section. 

To have a repeatable and reproducible failure initiation site within the gage region as mentioned 
in section 3.1.3, the team agreed to use finite element modeling (FEM) to modify the specimen 
geometry and study its effect on the failure initiation site from the radius transition region (figure 
27) to the gage region.  The first modification to the specimens, based on the FEM modeling 
results, was to have Metcut machine a 0.020″ radius on six additional unshot-peened In718 
specimens to break all the corner edges, as shown in figure 28.  ISU fatigued the specimens at 
132.5 ksi and an R ratio of 0.1.  This was a change from the previous test where an R ratio of 0.0 
was used.  While reviewing existing textbook fatigue design stress-life curves, it was noticed that 
there is limited data at an R ratio of 0.0.  The decision was made to change to an R ratio of 0.1, 
which was deemed more standard.  There was a slight improvement in the failure rate in and 
near the gage section with this change, but still not what is normally expected.  The next step, 
based on FEM modeling, was to modify the gage section.  Figure 29 shows that a 0.034-mil 
chamfer in the gage region shifted failure from radius transition to gage region.  Subsequently, 
Metcut machined six unshot-peened In718 specimens to create a continuous radius taper from 
the existing radius transition area through the gage section.  This reduction removed 0.068″ of 
width in the center of the gage section, and all the edges were machined with 0.020″ radius.  The 
stress model in the optimum modified geometry is shown in figure 30.  This was the final 
specimen geometry that was successfully used in the remaining tests.   
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Figure 27.  Stress of Model in Original Specimen Geometry 

 

Figure 28.  Stress of Model in HCF Specimen With 20-mil Radius Rounded Edge 
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Figure 29.  Stress of Model in HCF Specimen With a 34-mil Chamfer at the Middle 

 

Figure 30.  Stress of Model With Large Radius Toward the Center (Final Desired Geometry) 
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3.2  LOCALIZED DAMAGE STUDY. 

3.2.1  Experimental Matrix. 

The localized damage study, which was the first study conducted, determined if the exciter tip 
contacting the part surface causes changes to the surface at the point of contact.  Examples of 
possible changes are increased compressive stresses, hardness increases, or displaced material.  
With all experiments, there are a large number of variables that can be considered that may affect 
the results.  The group agreed to narrow the variables tested to: 
 
• Amplitude—exciter power level (1%-100%) 
• Loading force—static force applied to part by exciter tip 
• Tip shape—surface that contacts the part during excitations   
• Coupling—interface between tip and part 
 
These four parameters were chosen because they had the greatest potential effect on the energy 
output of the exciters and were controllable parameters on the three systems used.  The 
amplitude is the primary parameter that can be controlled on the exciter and is a percentage of 
the electric power applied to the piezoelectric crystal that drives the tip.  The loading force is the 
static force applied to the exciter tip against the part and was generated by pneumatic cylinders.  
Three different tip configurations were tested:  a flat tip, a rounded tip, and a spherical tip.  All 
three tips used were 0.5″ diameter and varied only in the geometry of the surface contacting the 
part.  Sketches of the three tips are shown in figure 31 and part numbers and dimensions are 
shown in table 4.  The flat tip is the standard and most commonly used tip.  The rounded tip was 
designed by PW to eliminate gouging of the part surface.  The spherical tip, designed by GE, 
was thought to possibly transfer greater energy into the part.  The excitations were either 
performed using 90-lb paper (Wausau, 90-lb, smooth, white, heavy cardstock) as coupling or no 
coupling/direct contact.  Using paper was based on previous work funded by the AFRL that 
showed heavy paper made a long-lasting and repeatable coupling material [15].  The purpose of 
coupling is to prevent direct contact between the tip and the part being inspected and to 
compensate for misalignment of the tip and the part.  The use of no coupling/direct contact was 
thought to transfer greater energy from the tip to the part being inspected.  The work on this 
study was performed using the PW and the GE exciters because they are the most common units 
used at present.  The ISU exciter was built for research purposes and has significant differences 
from the commercially available PW and GE exciters.   
 

 

Figure 31.  (a) Flat-, (b) Rounded-, and (c) Spherical-Tip Geometries
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Table 4.  Tip Part Numbers and Dimensions 

Tip Shape Owner Manufacturer Part Number Wrench Flat Dimensions 
Flat PW Branson 609-010-021 Yes 0.5″ diameter 
Flat GE Branson 101-148-024 Yes 0.5″ diameter 
Spherical PW Branson 109-071-1143 Yes 0.5″ diameter, 75-mm spherical 

radius 
Spherical GE AMS 02-197-04 Yes 0.5″ diameter, 75-mm spherical 

radius 
Rounded-
edge flat  

PW Custom NA Yes 0.5″ diameter, 0.094″ 
edge radius 

Rounded-
edge flat  

GE Branson 109-071-1155 Yes 0.5″ diameter, 0.094″ 
edge radius 

Flat with 
center hole 

ISU Custom NA NA 0.4″ and 0.55″ diameter 

 
To set the boundaries of the test matrix, it was decided to find the upper energy capabilities of 
the systems.  The possibility of damage is the greatest at this point because maximum energy is 
being applied.  The Branson™ exciters have feedback circuitry to monitor power drain and 
output frequency.  The exciters will shutdown (stall) if there is an excessive power drain or if the 
20-kHz operating frequency cannot be maintained.  The shutdown is designed to prevent damage 
to the system.  Near the energy output limits of the exciters, there is a band where shutdowns are 
probable.  There are many variables, both known and unknown, that can trigger a shutdown.  
Some examples of these include duty cycle of the exciter, specimen properties, specimen 
clamping method, loading force, coupling material, amplitude, and overall system dynamics. 
 
The stalling points of the GE and PW systems were determined with each of the three tip 
configurations both with without 90-lb coupling paper.  The method used to determine the 
stalling point was to begin with nominal loading and amplitude values.  The amplitude and 
loading values were then increased sequentially until stalling was detected.  A noticeable 
physical change or a coupling burnthrough after an excitation was noted and recorded as the 
upper energy level.  This data is tabulated in appendix C. 
 
As part of the stalling point study, some additional data was collected to help with correlation of 
the GE and PW systems using HAE.  To provide a method of correlating the systems, a 
regression model was fit to estimate the relationship between HAE, amplitude, loading force, tip, 
and whether a paper couplant was used or not.  In this relationship, the logarithm of HAE is 
described by a normal distribution with mean 
 

0 1 2 3

4 5

μ β β log(Amplitude) β log(TriggerForce) β log(TriggerForce) log(Amplitude)
           β Tip β Couplant
= + + + ×

+ +
 

 
where tip = 1 for the rounded tip and 0 for the flat tip, and couplant = 1 if a paper couplant was 
used and 0 if otherwise. 
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This regression model was fit separately to the Ti64 and In718 data.  The combination of these 
models was used to prepare separate contour plots, as a function of amplitude and loading force 
for all combinations of the categorical variables (tip and couplant) for each material.  The 
analyzed data is shown in figures 32 through 43. 
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Figure 32.  The HAE Energy Curves for PW System, In718, Flat Tip, No Coupling 
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Figure 33.  The HAE Energy Curves for PW System, In718, Flat Tip, With Coupling 
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Figure 34.  The HAE Energy Curves for PW System, In718, Rounded Tip, No Coupling 
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Figure 35.  The HAE Energy Curves for PW System, In718, Rounded Tip, With Coupling 
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Figure 36.  The HAE Energy Curves for PW System, Ti64, Flat Tip, No Coupling 
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Figure 37.  The HAE Energy Curves for PW System, Ti64, Flat Tip, With Coupling 
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Figure 38.  The HAE Energy Curves for PW System, Ti64, Rounded Tip, No Coupling 
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Figure 39.  The HAE Energy Curves for PW System, Ti64, Rounded Tip, With Coupling 
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Figure 40.  The HAE Energy Curves for GE System, In718, Flat Tip, No Coupling 
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Figure 41.  The HAE Energy Curves for GE System, In718, Flat Tip, With Coupling 
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Figure 42.  The HAE Energy Curves for GE System, In718, Rounded Tip, No Coupling 
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Figure 43.  The HAE Energy Curves for GE System, In718, Rounded Tip, With Coupling 

The test plan for the actual localized damage assessment was based on starting with an energy 
level near the 50% stalling point.  A test matrix was created including: 
 
• In718 and Ti64 alloys 
• PW and GE systems 
• Coupling and no coupling 
• Three tip configurations (flat, rounded, and spherical) 
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The test matrix is shown in table 5.  The plan was to complete this matrix and then adjust the 
energy levels based on the results.  The test configuration parameters are shown in table 6.  
Typical vibrometry results are shown in figure 44.  Shown are results for an Ni specimen with 
and without coupling and for a Ti specimen with and without coupling. 
 

Table 5.  The DOE for 50% Stall Energy Localized Damage Study 

Test 
Order Specimen System 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude
(%) Tip Coupling 

1 Ti64-23 (top) PW ~50 50 70 Flat Paper 
2 Ti64-23 (bottom) PW ~50 40 55 Flat None 
3 In718-13 (bottom) PW ~50 30 55 Round None 
4 In718-08 (top) PW ~50 50 40 Round Paper 
5 Ti64-21 (top) PW ~50 35 70 Spherical Paper 
6 Ti64-21 (bottom) PW ~50 35 70 Spherical None 
7 In718-19 (top) PW ~50 40 60 Flat None 
8 In718-19 (bottom) PW ~50 50 60 Flat Paper 
9 Ti64-13 (top) PW ~50 50 60 Round Paper 

10 Ti64-13 (bottom) PW ~50 35 55 Round None 
11 In718-14 (top) PW ~50 40 60 Spherical None 
12 In718-14 (bottom) PW ~50 40 60 Spherical Paper 
1 Ti64-16 (top) GE ~50 30 40 Flat Paper 
2 Ti64-16 (bottom) GE ~50 30 40 Flat None 
3 In718-12 (top) GE ~50 40 60 Round None 
4 In718-12 (bottom) GE ~50 60 80 Round Paper 
5 Ti64-20 (top) GE ~50 45 70 Spherical Paper 
6 Ti64-20 (bottom) GE ~50 45 70 Spherical None 
7 In718-17 (top) GE ~50 40 65 Flat None 
8 In718-17 (bottom) GE ~50 60 70 Flat Paper 
9 Ti64-15 (top) GE ~50 45 40 Round Paper 

10 Ti64-15 (bottom) GE ~50 30 40 Round None 
11 In718-11 (top) GE ~50 50 70 Spherical None 
12 In718-11 (bottom) GE ~50 50 70 Spherical Paper 
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Table 6.  Localized Damage Specimen Test Parameters for In718 and Ti64 

Specimen 
Clamped gage length 2 in., centered 
Clamping pins 1/4- x 1 1/4-in.-diameter stainless steel rods 
Clamping torque 100 in-lb 

Exciter 
Frequency 20 kHz 
Tip types Flat, flat with rounded edge, or spherical 
Tip diameters 1/2 in. 
Coupling None or 90# weight paper 
Number of excitations 100 at same location 
Exciter cycle 2 seconds 
Time between excitations >30 seconds 
Loading Load and unload after each excitation 

Vibrometer 
Acquisition rate 500 kHz @ 12 bit 
Time frame Start before excitation and finish after excitation 
Position  Centered behind specimen 
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                                                                      (a) 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                      (b) 

LASER VIBROMETER DATA FROM A 
SINGLE EXCITATION OF SPECIMEN 
In718-13B DONE AT PW USING A 
ROUNDED TIP WITHOUT PAPER 
COUPLING 

LASER VIBROMETER DATA FROM A 
SINGLE EXCITATION OF SPECIMEN 
In718-8T DONE AT PW USING A 
ROUNDED TIP WITH PAPER COUPLING

LASER VIBROMETER DATA FROM A 
SINGLE EXCITATION OF SPECIMEN 
Ti64-13B DONE AT PW USING A 
ROUNDED TIP WITHOUT PAPER 
COUPLING

LASER VIBROMETER DATA FROM A 
SINGLE EXCITATION OF SPECIMEN 
Ti64-13T DONE AT PW USING A 
ROUNDED TIP WITH PAPER COUPLING

Figure 44.  Typical Laser Vibrometer Data for (a) In718 and (b) Ti64 Specimens 

3.2.2  Characterization. 

Localized damage specimens were characterized using white-light magnification to show the 
condition of the specimen, laser profilometry to measure any change to the surface that may have 
resulted due to excitation with the ultrasonic welding horn, and x-ray diffraction (XRD) to 
measure the residual stress on the specimen—both on and off the excitation point.  Stress 
measurements were performed on specimens that were excited with each type of welding horn 
tip shape, both at the site of excitation and at a site left untouched by excitation.  The residual 
stress measurements were made by placing the specimen in four different orientation angles (0°, 
90°, 180°, and 270°).  A Technology for Energy Corporation (TEC) Model 1603-3 X-Ray 
Diffractometer using a copper tube and a 142 bracket with a 3-millimeter-round spot size, was 
used to make the measurements. 
 
Results showed that specimens that had visibly detectable indications on the surface also had 
increased residual stress, but those that did not show any visible change to the surface did not 
contain additional residual stress.  Results for two specimens are provided below as examples.  A 
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report of all measured specimens are provided in appendix D.  Specimen Ti64-20 showed no 
noticeable damage, but had a blemish visible on the surface.  Excitation parameters for Ti64-20 
are provided in table 7.  Figures 45 and 46 provide the profilometry scans in two and three 
dimensions, respectively.  Table 8 provides the residual stress results for specimen Ti64-20.   
 

Table 7.  Excitation Parameters for Specimen Ti64-20 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading 
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

21 6 Ti64-20 
(bottom) GE ~50 45 70 Spherical None Good run 
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Figure 45.  Two-Dimensional View of Profilometry for Scan of Ti64-20 White-Light Image of 
Ti64-20 at 40x Magnification 
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Figure 46.  Three-Dimensional View of Profilometry Scan for Ti64-20 Showing no Indentation 
due to Excitation 
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Table 8.  Residual Stress Values for Unchanged Surface Specimen 

Specimen 
Test 

Location 
Test 

Angle 
Stress 
(ksi) 

Probable 
Error 

0 -42.7 3.9 
90 -45.1 2.1 
180 -39.5 3 

Bottom-
center 
burn mark 

270 -67.0 3.1 
0 -29.3 8.5 
90 -50.3 1.2 
180 -1.4 6.1 

Ti64-20 

Nontested 
area 

270 -54.0 2.1 
 
Specimen Ti64-16 showed a noticeable indentation, with a depth approximately 6 to 8 microns, 
which resulted in increased residual stress values.  Results for specimen Ti64-16 are provided in 
tables 9 and 10 and figures 47 and 48, similar to those provided for specimen Ti64-20.   
 

Table 9.  Excitation Parameters for Specimen Ti64-16 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) 

HAE 
Desired
(m2/s) Tip Coupling Results 

13 2 Ti64-16 
(bottom) 

GE ~50 30 40 1.6 Flat None Good run 

 

Table 10.  Residual Stress Values for a Changed Surface Specimen 

Specimen 
Test 

Location 
Test 

Angle 
Stress 
(ksi) 

Probable 
Error 

0 -105.1 11.7 
90 -39 4.5 
180     

Bottom 
shadow 
area 

270     
0 -15.7 3.8 
90 -46.3 12.8 
180 -8.8 19.0 

Ti64-16 

Nontested 
area 

270 -19.6 19.9 
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Figure 47.  Two-Dimensional View of Profilometry Scan for Ti64-16, White-Light Image of 
Ti64-16 at 40x Magnification 
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Figure 48.  Three-Dimensional View of Profilometry Scan for Ti64-16 Showing an Indentation 
due to Excitation 

Hardness measurements were made on selected LDS specimens.  Figure 49 shows the 
measurement location.  Hardness measurements were made at four locations in the top and 
bottom of each specimen.  Table 11 provides the actual data and average values for the LDS 
specimens. 
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Figure 49.  Specimen Configuration for Local Damage Specimens Showing Measurement 
Location for Hardness Determination 

Table 11.  Hardness Measurements for LDS Specimens 

Specimen Top Average
 

Bottom Average
Overall
Average

In718-2 24.9 24.2 24.3 24.0 24.4 24.3 25.8 25.2 15.0 22.6 23.5 
In718-4 25.1 15.8 15.3 16.8 18.3 15.4 15.0 25.6 24.3 20.1 19.2 
In718-5 24.8 16.1 16.1 25.1 20.5 24.2 24.1 14.7 24.0 21.8 21.1 
In718-6 23.3 25.5 24.8 25.5 24.8 17.5 17.4 16.0 16.8 16.9 20.9 
In718-10 24.2 15.1 15.0 25.1 19.9 15.1 14.5 24.6 25.2 19.9 19.9 
In718-11 14.6 16.7 24.5 24.4 20.1 15.3 15.8 25.4 24.4 20.2 20.1 
In718-13 25.9 14.4 24.5 25.5 22.6 14.8 25.7 25.4 23.8 22.4 22.5 
In718-16 15.2 22.2 26.6 25.2 22.3 25.4 26.9 25.9 26.7 26.2 24.3 
In718-17 15.6 15.1 25.1 24.3 20.0 25.5 23.6 14.0 16.0 19.8 19.9 
Total Average 21.4  21.1 21.3 
Ti64-02 34.3 40.4 40.7 40.3 38.9 40.4 32.5 37.6 38.1 37.2 38.0 
Ti64-03 39.8 38.3 39.3 40.2 39.4 40.0 39.6 32.8 38.8 37.8 38.6 
Ti64-04 38.7 39.7 38.3 40.0 39.2 38.9 40.4 32.7 39.9 38.0 38.6 
Ti64-05 39.2 40.2 38.9 38.3 39.2 40.0 39.9 39.5 39.4 39.7 39.4 
Ti64-06 34.4 40.6 41.0 40.9 39.2 34.0 33.5 33.8 40.5 35.5 37.3 
Ti64-11 40.2 40.9 34.8 41.0 39.2 40.5 34.2 40.5 33.2 37.1 38.2 
Ti64-16 40.6 40.2 34.8 40.5 39.0 40.8 41.0 40.6 40.3 40.7 39.9 
Ti64-20 40.2 34.6 40.6 35.1 37.6 40.3 40.3 41.0 40.4 40.5 39.1 
Ti64-23 34.0 40.2 40.8 41.2 39.1 40.5 40.4 40.1 39.7 40.2 39.6 
Total Average 39.0  38.5 38.7 
 
XRD was performed on several of the LDS specimens to determine the change in compressive 
residual stress due to the impact of the ultrasonic welding tip on the gage section of the 
specimen.  Results for a typical specimen are shown in table 10.  Stress measurements were 
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made in two directions, as it is common for the stress to vary with direction within a specimen.  
Given that the results obtained were conclusive, no further tests were warranted.  Results of the 
XRD showed that the impact increased the compressive residual stress in perpendicular 
directions to one another, but did not appear to be detrimental, as will be discussed in more 
detail.  The specimen that was excited did show a greater compressive residual stress (negative 
numbers indicate compressive stress), as expected.   

 
3.2.3  Summary of LDS. 

The purpose of this study was to determine if localized damage can occur that could 
detrimentally affect future use of a part as a result of the excitation source impacting the part 
during the thermal acoustic inspection process.  Based on the experimental test plan, 12 
specimen surfaces were excited by both PW and GE systems.  The parameters studied included 
the two alloys, three tip types, and with or without paper coupling.  The results of the excitations 
and post characterization analysis were shown in table 6.  The desired amplitude was 
programmed into the exciter and is a value between 0%-100%.  The loading force is the force the 
carriage applies to the exciter tip against the part.  The delivered power and energy are feedback 
parameters the exciter provides after the excitation has completed.  Energy and HAE are two 
different energy calculations derived from the collected laser vibrometer data.  Stress change, 
laser profilometer depth, and hardness change are characterization methods that were applied 
before and after the excitations.  A number of the characterization fields have no values.  
Because of the cost and time required, not all characterization methods were performed on each 
specimen tested.  For these methods, a representative selection of specimens with various 
amounts of change were chosen for analysis.   
 
A number of conclusions can be made from the results as listed in table 12: 
 
• Equivalent energies were obtainable with all three tips.  The flat and spherical tips were 

more likely to cause surface changes.  The flat tip, when not perpendicular to the 
specimen surface, can cause gouging.  Examples of flat-tip gouging are shown in figures 
50 and 51. 

 
• Because of the smaller contact surface and machining tolerances, the spherical tip can 

also cause greater surface changes.  An example of spherical-tip depression is shown in 
figure 52.  This tip had a point left on the bottom after machining.   

 
• Equivalent energies were obtainable, with and without paper coupling, with only a 

minimum loss of energy.   
 
• No displaced material was observed when using the three selected tips with paper 

coupling.   
 
• Significant changes in surface finish, compressive stresses and hardness were observed 

when using higher energy levels and no paper coupling.   
 



 

Table 12.  Summary of LDS Study Results 
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Notes 
Ti64-23B PW Flat N 40.0 55.0 10.30 257.87 1.01 0.70 -95.2 -52.6 13 10 Multiple stalls* 
Ti64-16B GE Flat N 30.0 40.0 20.10 382.40 1.01 0.79 20.3 -6.0 5 0   
Ti64-23T PW Flat Y 50.0 65.0 14.39 403.59 1.34 0.96     0   Multiple stalls* 
Ti64-16T GE Flat Y 30.0 40.0 08.66 295.24 0.85 0.69     0     
Ti64-13B PW Round N 35.0 25.0 07.38 155.16 1.06 0.65 -76.1 -45.5 3 1   
Ti64-15B GE Round N 30.0 40.0 17.01 359.48 0.88 0.68     6     
Ti64-13T PW Round Y 50.0 35.0 09.46 232.74 1.21 1.03     0   Multiple stalls* 
Ti64-15T GE Round Y 45.0 40.0 09.96 291.77 1.00 0.80     0 9   
Ti64-21B PW Spherical N 35.0 70.0 03.17 110.41 0.43 0.39     4     
Ti64-20B GE Spherical N 45.0 70.0 11.27 302.69 1.22 0.95 -25.7 -3.9 0     
Ti64-21T PW Spherical Y 35.0 70.0 03.85 117.69 0.43 0.41 3.5 -3.5 0     
Ti64-20T GE Spherical Y 45.0 70.0 18.81 529.24 2.23 1.64     0 4   
In718-19T PW Flat N 35.0 30.0 10.26 390.67 4.14 3.79     13 -6   
In718-17T GE Flat N 40.0 65.0 23.10 679.27 0.42 0.27     5 3   
In718-19B PW Flat Y 40.0 40.0 09.90 389.50 3.78 3.65     0     
In718-17B GE Flat Y 60.0 70.0 24.13 736.16 0.78 0.63     0     
In718-13B PW Round N 30.0 30.0 08.85 326.46 1.14 0.84 -176.2 -75.6 3 0   
In718-12T GE Round N 40.0 60.0 22.54 566.76 1.06 0.81 -147.7 -47.2 6     
In718-08T PW Round Y 40.0 40.0 11.08 294.84 1.34 1.01     0     
In718-12B GE Round Y 60.0 80.0 25.55 800.65 1.01 0.81     0     
In718-14T PW Spherical N 40.0 60.0 10.37 354.02 2.22 2.17 -12.5 -133.4 20     
In718-11T GE Spherical N 50.0 70.0 17.43 460.39 0.73 0.59 -102.6 -15.1 3     
In718-14B PW Spherical Y 40.0 60.0 14.98 525.11 3.71 3.63     3   Paper burnthrough 
In718-11B GE Spherical Y 50.0 70.0 17.13 455.81 0.73 0.60     0     

*Highest loading force and amplitude used are shown when stalls occurred and loading force or amplitude had to be reduced. 
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With the selection of appropriate tip geometry, paper coupling, and energy levels, surface 
changes can be minimized.  For these reasons, the rounded-edge tip with paper coupling was 
selected for use in the other studies of the program. 
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Figure 50.  Localized Damage Specimen With Surface Displacement 
(Ti64-16B, GE, Flat Tip, No Coupling) 
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Figure 51.  Localized Damage Specimen With Surface Displacement 
(In718-19T, PW, Flat Tip, No Coupling) 
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Figure 52.  Localized Damage Specimen With Surface Displacement (In718-14T, PW, Spherical 
Tip, No Coupling, Point Left on Tip After Machining) 

3.3  CRACK INITIATION AND FATIGUE LIFE DEBIT STUDY. 

3.3.1  The HCF Test Plan. 

Initial conditions for the HCF tests were based on standard yield strengths for each alloy, the 
dimensions of the specimen’s gage section, and the desired duration of the individual tests.  Test 
duration was initially set for 10 million cycles, as 106 is a standard duration for HCF tests to 
occur.  The first test phase of the HCF specimens was to develop an S/N curve to determine the 
initial stress level for each alloy, given the desired duration of each test.  Once the initial stress 
level was determined, preliminary tests were conducted for the alloys, which resulted in several 
conclusions: the initial load level would need to be adjusted to result in fracture during the 
desired test duration and the duration of the tests could be shortened to accommodate the 
different group parameters for all the test groups needed.  Once specimen geometry had been 
modified to correct the fracture location issue (described in section 3.1.3), final test parameters 
were set that would give an average cycle to fracture time of roughly 500,000 cycles with runout 
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being 2 million cycles.  The stress level was set at 132.5 ksi for In718 and 92 ksi for Ti64.  All 
final HCF test results were generated at ISU.   
 
All HCF tests were done on the load frame shown in figure 53 with the test specimen loaded into 
textured grips that clamped the specimen’s grip section with a load equal to approximately 10 
percent of the tensile load for the specimen.  Figure 54 shows the HCF specimen loaded in the 
test grips.  The specimen is shown in figure 55 with an example of fracture in the transition 
region shown in figure 56 and an example of fracture in the gage section, the required condition, 
shown in figure 57. 
 

 

Figure 53.  Load Frame Used for all HCF Tests 

 

Figure 54.  The HCF Specimen Loaded in Test Grips Prior to Test 
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Figure 55.  The HCF Specimen Showing Regions of Specimen 

 

Figure 56.  The HCF Specimen With Fracture in Transition Region 

 

Figure 57.  The HCF Specimen With Fracture in Center of Gage Section 
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3.3.2  Characterization. 

HCF specimens were examined by optical microscopy prior to any testing, followed by optical 
microscopy and x-ray diffraction after testing and fatigue work was completed.  Composite 
optical images such as the one in figure 58 were taken prior to testing to primarily document the 
condition of the gage section of the specimen.  Specimens of the configuration shown in figure 
59 were also examined visually for any noticeable defects on the surface that could potentially 
cause premature failure during the HCF test. 
 

 

Figure 58.  Composite Image of HCF Gage Section Taken at 40x Magnification 

 

Figure 59.  The HCF Specimen Configuration 

Posttest examination was done on all specimens to determine the point of fracture initiation, 
looking for any trends or patterns where fracture occurred.  Figure 60 shows a typical fracture 
with the fracture surface shown in figure 61.  In this examination, there were no obvious fracture 
initiation patterns or trends noticed for the fracture initiation point among the specimens tested. 
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Figure 60.  Typical Fracture Location Within the Gage Section After HCF Tests 

 

Figure 61.  In718-53 Fracture Initiated on the Front Side Approximately 5 mm in 
From the Lower Corner 

3.3.3  The HCF Test Data. 

The purpose of this study was to determine if repeated excitations, which may be necessary to 
generate full coverage inspection, could result in a life debit, i.e., change the HCF properties.  To 
assess this, HCF specimens were sectioned from typical Inconel and titanium forgings.  
Specimens were randomly sorted into groups of 12.  Two groups were used to establish baseline 
HCF properties for Ti and Ni.  Two groups were used to establish baseline HCF properties for Ti 
and Ni after shot-peening.  Similar groups were then excited 100 times and HCF properties 
measured.  In the initial study, all excitations were performed using the PW system using the 
parameters listed in table 13.  No effect on HCF life were found with these specimens.  To 
determine if location had an effect, two groups of as-machined specimens were also excited 
using the GE system and the HCF tests performed.  While there were differences in variability at 
the two locations, no statistically significant effects on HCF life were found with these 
specimens.  Based on the HCF testing results for Ti64 and In718 alloys, in the as-machined and 
shot-peened condition, excitation considered typical for successful thermal acoustic inspection 
did not have a negative impact on HCF life. 
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Table 13.  The HCF Specimen Test Parameters 

Specimen 
Clamped gage length 2.281″, centered 
Clamping pins 1/4″ diameter x 1 1/4″ long stainless steel rods 
Clamping torque 100 in-lb 

Exciter 
Frequency 20 kHz 
Tip types Flat with rounded edge 
Tip diameters 1/2 in. 
Coupling 90# weight paper 
Number of excitations 100 at center of gage section 
Exciter cycle 2 seconds 
Time between excitations >30 seconds 
Loading Load and unload after each excitation 

Vibrometer 
Acquisition rate 500 kHz @ 12 bit 
Time frame Start before excitation and finish after excitation 
Position  Centered behind specimen 

 
Four separate HCF tests were completed for each of the two alloys (Ti64 and In718) to 
determine the alloys’ fatigue life under several different material and test conditions.  For each 
set of test conditions, 12 specimens were used to account for the inherent variability in the HCF 
tests.  The initial test served as a baseline to determine the fatigue life of the specimen with no 
external factors.  Baseline tests were performed for both alloys in the as-machined condition.  
The second test performed was with 12 non-shot-peened specimens that had undergone 
excitation from the ultrasonic welding horn in the gage section of the specimen.  The third and 
fourth tests were similar to the first two tests, but the specimens had shot-peened gage sections.  
The third test was again a baseline of the specimen with no exterior factors other than the shot-
peening, and the final test involved a shot-peened specimen that had undergone excitation with 
the ultrasonic welding horn in the gage section.  For the excited specimens, 100 excitations were 
used in the gage section.  This was assumed to be a worst-case condition, in that when inspecting 
an actual disk, it is unlikely that a single location would be impacted 100 times at a single 
location. 
 
Results of the HCF tests are shown in figures 62 and 63 for Ti and Ni, respectively.  For the Ti 
data, there is no statistically significant evidence for an effect of being excited.  For the tested 
shot-peened units, the treated units had longer fatigue life.  For the non-shot-peened group, the 
results were just the opposite, indicating that excitation of the specimens did not lead to a 
statistically significant change in the HCF life.  The variability was considered typical of HCF 
tests for this alloy. 
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Figure 62.  Statistical Analysis Results of Ti HCF Data 

 

Figure 63.  Statistical Analysis Results for Ni HCF Data 

For the Ni data, there was also no evidence of a treatment effect.  There was, in this case, a 
statistically important difference between the shot-peened units and the non-shot-peened units.  
As expected, the shot-peened units have a longer fatigue life.  In the Ni tests, there were a few 
very early failures, causing the slopes of the fitted lines to change dramatically.  If these early 
failures are removed from the analysis, the lines from the treated and the untreated group would 
match up almost exactly. 
 
3.3.4  Summary of Impact on HCF Life. 

The impact of HCF life was studied to determine if repeated excitations as might be necessary to 
generate full coverage inspection might result in a life debit, i.e., change the HCF properties.  To 
assess this, HCF specimens were sectioned from typical Inconel and titanium forgings.  
Specimens were randomly sorted into groups of 12.  Two groups were used to establish baseline 
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HCF properties for Ti and Ni.  Two groups were used to establish baseline HCF properties for Ti 
and Ni after shot-peening.  Similar groups were then excited 100 times and HCF properties 
measured.  In the initial study, all excitations were performed using the PW system.  No effect 
on HCF life was found with these specimens.  To determine if location had an effect, two groups 
of as-machined specimens were also excited using the GE system and the HCF tests performed.  
While there were differences in variability at the two locations, no statistically significant effects 
on HCF life were found with these specimens.  Based on the HCF test results for Ti64 and In718 
alloys, in the as-machined and shot-peened condition, excitation considered typical for 
successful thermal acoustic inspection did not have a negative impact on HCF life. 
 
3.4  CRACK GROWTH ASSESSMENT. 

3.4.1  Crack Growth Study Plan. 

Crack growth was studied to assess whether a pre-existing flaw that is detrimental to the 
specimen as part of the generic thermal acoustic inspection process can occur.  LCF cracks were 
tested using the ultrasonic welding equipment to determine if this new method of inspection 
could cause a pre-existing crack to grow in length.  For this determination, LCF specimens with 
measured crack lengths were subjected to an ultrasonic welding horn for 100 cycles.  After 
excitation, the crack tip ends were compared with the 1000x magnification white-light images of 
the crack tip ends taken prior to the experiment.   
 
3.4.2  Characterization. 

LCF specimens were characterized by using white-light optical microscopy prior to tests and 
after excitation to determine if the ultrasonic welding horn contact increased the length of 
existing cracks.  Images were taken at 1000x magnification of the posttest specimens, and then 
compared to images taken at the same magnification prior to the tests.  An example of the pre- 
and posttest images are shown for specimen 407 in figure 64 at 1000x magnification and in 
figure 65 at 100x magnification.  No crack growth was found in the postexcitation state for the 
subset of specimens exposed to 100 excitations. 
 

         

Figure 64.  Images at 1000x Magnification of Pre- and Posttests of Specimen 407 
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Figure 65.  Specimen 407 at 100x Magnification 

3.4.3  The LCF Crack Data. 

The study repeatedly excited cracked LCF specimens with very high amplitude vibration from 
the ultrasonic welders.  To maximize the chance of observing crack growth, the specimens were 
tuned to resonate near the 20-kHz frequency of the welders by cutting them to length.  Pre-
existing cracks in the LCF specimens were first imaged using optical microscopy to determine 
length and tip location.  Because the specimens were to be excited at resonance, it is possible to 
evaluate the dynamic vibrational stress on the crack directly from the laser vibrometry data.  The 
study plan was to begin with an initial test at the maximum expected excitation amplitude to 
evaluate overall crack growth risk in both Ni and Ti LCF specimens.  A detailed experimental 
plan was developed evaluating crack growth risk as a function of thermal acoustic vibrational 
stress on the crack.  Based on the negative results (no crack growth observed) of the initial test it 
was determined that no follow-on was needed.  Later experiments, part of the POD study 
described in section 3.5, ultimately caused crack growth to be observed in 1 of the 122 
specimens.  A detailed report on the observed crack growth is included in section 3.6. 
 
The full set of Ni and Ti LCF specimens underwent a tuning process so that their resonant 
frequency would match the excitation frequency of the ultrasonic welders at PW and GE.  The 
specimens were tuned so as to vibrate with higher amplitudes and to provide an optimal worst-
case test.  In addition, the tuned specimens vibrate in a known resonant mode, the third-order 
flexural resonance.  The known mode shape makes it possible to evaluate the internal vibrational 
stress field impinging on the crack based on laser vibrometer measurements of surface velocity.   
 
The dashed curve in figure 66 shows the frequency response of Ti64 specimen 05-472 to a 10- to 
25-kHz swept frequency burst before cutting.  The solid curve shows the response after cutting.  
The cutting process shifted the third-order flexural resonance from 14 to approximately 20 kHz.  
The target frequency, determined from experimental data on ultrasonic welder frequencies, was 
20.07 kHz.   
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Figure 66.  Example 10- to 25-kHz Response Spectra for a Ti64 Specimen 05-472, 
Before and After Cutting 

In this case, cutting the specimen from 154.7 to 124.8 mm increased the resonance from 13.74 to 
19.95 kHz, a slight undershoot.  The variation of resonant frequency with length is shown in 
more detail in figure 67.  As each of three Ti64 specimens were cut to shorter lengths, the 
resonant frequency increased.   
 

 

Figure 67.  Increase in Resonant Frequencies of Three Ti64 Specimens as Length is Decreased 
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Figures 68 and 69 show typical, resonant mode shapes after cutting, measured by repeatedly 
exciting the specimen with a frequency sweep and scanning a laser vibrometer in two 
dimensions across its face.  Figure 68 shows the mode shape at 20.34 kHz, consistent with a 
flexural (bending) resonance in the bar.  Figure 69 shows a single profile through the center of 
figure 68 and compares the measured mode shape with the expected mode shape from theory for 
a third-order flexural resonance in bar of this material and geometry.  The closeness of the match 
suggests that the flexural wave theory gives a good approximation for the motion of the bar.  
With the knowledge that the bar vibrates in this particular mode, the internal dynamic vibrational 
stress field can be calculated from a single point measurement of displacement or velocity.  
Thus, the laser vibrometry data taken here and later in the POD study can be used to evaluate the 
dynamic stresses on the crack.   
 

 

Figure 68.  Spatial Motion Distribution of a Typical In718 Specimen After Cutting  
(This shows the flexural (bending) resonance at 20 kHz.  Displacements are out of the plane.) 

 

Figure 69.  Measured Motion Profile of In718 Specimen 05-077 at 20 kHz After Cutting 
(The solid line shows the measured profile (horizontal slice through figure 68.  The dashed line 

shows the expected motion profile as determined from flexural wave theory.) 
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Figures 70 and 71 show histograms of the ultimate resonant frequencies of the Ti64 and In718 
specimen sets respectively, as measured during the POD study.  The resonant frequencies of the 
tuned Ti64 bars are very tightly clustered between 19.95 and 20.2 kHz.  By comparison, the 
resonant frequencies of the tuned In718 specimens are more broadly distributed, with the vast 
majority between 19.8 and 20.5 kHz. 
 

 

Figure 70.  Histogram of Ultimate Resonant Frequencies of Ti64 Specimens, as Measured 
During the POD Study 

 

Figure 71.  Histogram of the Ultimate Resonant Frequencies of In718 Specimens, as Measured 
During the POD Study 
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After cutting, a subset of the available LCF specimens were set aside for use in the crack growth 
study.  Ten Ti64 and ten In718 specimens were selected with crack lengths listed in tables 14 
and 15, respectively.  The remainder of the LCF specimens were reserved for the POD study. 
 

Table 14.  Ti64 LCF Crack Growth Specimen Crack Lengths 

Specimen 
Crack Length 

(in.) 
05-465 0.0284 
05-410 0.3350 
05-441 0.0378 
05-432 0.0416 
05-424 0.0497 
05-451 0.0589 
05-452 0.0690 
05-413 0.0731 
05-407 0.0806 
05-442 0.1057 

 
Table 15.  In718 LCF Crack Growth Specimen Crack Lengths 

Specimen 
Crack Length 

(in.) 
05-075 0.0300 
05-033 0.0342 
05-003 0.0475 
05-012 0.0519 
05-009 0.0607 
05-044 0.0689 
05-039 0.0786 
05-058 0.0811 
05-055 0.0910 
05-077 0.1005 

 
Excitation parameters for the 20 specimens used in the crack growth study were based on results 
of the localized damage study.  Table 16 lists the parameters.  Parameters were selected that 
were considered reasonable, i.e., would result in detection and would not lead to surface change 
(i.e., safe).  The LCF crack growth setup is shown in figure 72.  Characterization results for 
typical specimens are shown in figures 73 and 74.  
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Table 16.  Ti64 and In718 LCF Specimen Crack Growth Excitation Test Parameters 

Parameter Value 
Loading force 50 lb 
Exciter amplitude 50% 
Exciter tip Rounded 
Coupling 90# weight paper 

(one piece for 100 
excitations) 

Clamping interface Rubber strips 
Clamping torque 
interface 

~2 in-lb 

Specimen gage length 3.75″ 
Exciter offset from center 1.5″ 
Number of excitations 100 
Delay between 
excitations 

>35 seconds 

Length of excitations 2 seconds 
Distance from camera 4.5″ 
Surface coating Black ice paint 

 
 

 

Figure 72.  The LCF Crack Growth Excitation Setup 
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(a) (b) 

Figure 73.  Before (a) and After (b) Excitation Photographs of Ti64 LCF Crack Growth 
Specimen 05-442 (0.1057″) 

 Initial Crack Image 
 

(a) 

Posttest 
 

(b) 

Figure 74.  Before (a) and After (b) Excitation Photographs of Ti64 LCF Crack Growth 
Specimen 05-410 (0.0465″) 

3.4.4  Summary of Crack Growth Study Plan. 

This study was conducted to determine if a pre-existing crack in a component would grow as a 
result of the excitation necessary for inspection.  To evaluate this, ten In718 and ten Ti64 
specimens were tested in this portion of the program.  Specimens were modified to vibrate at the 
resonant frequency and excited 100 times at a single location.  The number of excitations was 
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chosen to represent a worst-case condition.  While it is feasible that 100 excitations might be 
necessary to complete a full surface inspection of a typical engine part, it is unlikely that the 
excitations would occur at a single location.  Results of the localized damage study were used to 
select experimental parameters for this work.  A rounded tip and 90# cardstock paper coupling 
was used at a 50-lb force and 50% amplitude.  Twenty specimens containing cracks ranging in 
size from 0.028″ to 0.110″ were used.  No crack growth was observed for these 20 specimens.  
However, crack growth was observed in 1 crack out of the 122 cracks used in the POD study.  
Details of the analysis of that specimen are provided in section 3.6.  Based on the results of this 
study, it was determined that safe usage of this technique is feasible with appropriate selection of 
exciter, coupling media, and force and amplitude settings.  The use of rounded exciter tips and 
90# cardstock is recommended.   

3.5  PROBABILITY OF DETECTION STUDY. 

3.5.1  Experimental Plan. 

The goal of the POD study was to evaluate the performance of the thermal acoustic method 
using both a traditional POD (â vs a) analysis and new techniques specifically designed to allow 
extrapolation of thermal acoustic crack detectability data from test specimens to turbine parts.  
The thermal acoustic method presents two unique challenges for measuring crack detectability 
compared with other NDE methods: 
 
1. Insensitivity to synthetic defects.  Synthetic defects such as flat-bottomed holes and 

electro-discharge machining notches do not heat in response to sonic vibrations because 
there is no contact between surfaces to allow frictional heating. 

 
2. Crack heating dependency on crack location and specimen geometry.  The thermal 

acoustic heating is caused by sonic vibration, which is very complicated and not well-
controlled, given that the heating is a function of crack location in the part, the geometry 
of the part, and the mounting and excitation conditions.   

 
Because of the first challenge, it is not possible to test detectability in real parts with synthetic 
defects.  Because of the second challenge, it is not possible to directly extrapolate POD from 
actual cracks in laboratory test specimens to real turbine components, since the geometry has a 
significant effect.  Instead, one must indirectly extrapolate POD data from laboratory specimens 
through the quantitative measurement of physical parameters.  By evaluating crack detectability 
through relating measured crack heating (in degrees Kelvin) with the vibrational stress on the 
crack (in MPa), crack detectability data can be developed, which can be meaningfully 
extrapolated to real turbine components.   
 
Crack heating is easily quantifiable by calibrating the infrared camera and coating the specimens 
with blackbody paint.  Vibrational stress is somewhat harder to measure, because, in general, 
sonic stress fields are extremely complicated.  In this study, a resonance-based method was used 
to evaluate vibrational stress.  When the specimen is vibrating in a known resonance with a 
known mode shape, and the motion is known at one location, then the motion and the stresses 
and strains are known everywhere in the specimen from the mode shape.  The ISU excitation 
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system is frequency-agile and broadband, so it can easily test a variety of resonances.  The PW 
and GE excitation systems rely on narrowband 20 kHz ultrasonic welders.  LCF specimens with 
cracks were fabricated for this study.  Because of the geometry of these specimens, it was 
possible to tune their third-order flexural resonant frequency to match the 20-kHz frequency of 
the PW and GE ultrasonic welders by cutting the specimens shorter as discussed in section 3.4.3.  
Once tuned and mounted using compliant rubber fixture pins, the LCF specimens vibrate at 
resonance when excited with the welders, subject to variability of the cutting process, mounting, 
and natural frequency of the welder.   
 
The experimental configuration, shown in figure 5, was designed to support resonant 
measurements while remaining compatible with geometric constraints at the three sites.  
Specimen motion was measured directly behind the crack using the laser vibrometer.  Rubber 
pins were used to isolate the specimen from the fixture.  The ultrasonic welder was applied on 
the same side as the crack, and infrared images were taken with the IR camera as close as 
practicable.  Figure 4 includes photographs from the three sites showing the actual test 
configurations.   
 
A total of 61 Ti64 and 61 In718 test specimens were used from the LCF specimen set.  The crack 
lengths, measured using optical microscopy, in these specimens ranged from 26 to 785 mil for 
Ti64 and 26 to 375 mil for the In718 specimens.  The vast majority of the cracks in both the Ti64 
and In718 sets were less than 105 mil long.  A histogram of crack lengths in the Ti64 specimens, 
omitting the five cracks longer than 105 mil, is shown in figure 75.  A histogram of crack lengths 
in the In718 specimens, omitting the two cracks longer than 110 mil, is shown in figure 76.  The 
crack length distributions are nominally uniform because the specimens were intentionally made 
to a uniform length distribution during the fatigue process.   
 

 

Figure 75.  Histogram of Crack Lengths in Ti64 POD Specimens 
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Figure 76.  Histogram of Crack Lengths in In718 POD Specimens 

3.5.2  The POD Experiments. 

The POD experiments were performed at ISU, PW, and GE.  Each of the organizations used the 
experimental configuration shown in figure 77, but constructed according to each site’s 
conventions.  The clamps and rubber pins were common, but the rest of the system varied 
substantially.  All three sites used laser vibrometers from Polytec and infrared cameras from 
FLIR, but used different models.  ISU used a custom-built broadband excitation source based on 
a piezoelectric stack.  PW and GE used ultrasonic welders from Branson.  ISU and PW oriented 
their experiment horizontally, with figure 77 illustrating the configuration as viewed from above.  
GE oriented their experiment vertically, with the pneumatic cylinder lowering the ultrasonic 
welder from above, the IR camera looking down, and the laser vibrometer reflecting from the 
horizontal with a 45° mirror.  The equipment differences were listed in table 1 and pictures of the 
three experimental setups were shown in figure 4. 
 

 

Figure 77.  Schematic Configuration for the POD Experiment 

68 



 

All three sites excited each specimen with vibration and recorded infrared thermal images and 
laser vibrometry, but all three sites used different levels of experimental automation.  The ISU 
system was the most automated, with each test requiring two keystrokes and a mouse click to run 
the experiment, save the images and waveforms, and record the results in an electronic 
experiment log.  The PW system required manual entries of parameters and filenames, as well as 
manual logging of the experiment in a spreadsheet, but was otherwise automated.  The GE 
system was run manually with each component operated independently and the experiment 
manually logged into a spreadsheet. 

To test a specimen experimentally, the specimen was mounted in the clamps with soft rubber 
pins, the clamps were tightened to the desired torque, then one excitation was performed as a 
conditioning run to seat the specimen.  Six more excitations followed, two at each of three 
excitation amplitude settings, in random order.  Several randomly selected specimens received 
an extra 10 excitations at uniform settings to provide a measure of repeatability.  A list of 
parameters is shown in table 17.  To ensure repeatability in spite of the complicated series of 
manual steps required for their measurements, the GE team created a detailed procedure for the 
POD setup and data acquisition.  These procedures are included as appendices E and F. 
 

Table 17.  Parameters of the POD Experiment at ISU, PW, and GE 

Parameter ISU PW GE 
Transducer 
static force 

190 N 222 N 222 N 

Clamp torque 28 in-oz 32 in-oz 32 in-oz 
Excitation 
length 

1s 2s 2s 

Frequency 3 at resonance,  
3 at 20.07 kHz 

Approximately 20 kHz Approximately 20 kHz 

Excitation 
offset from 
center 

29 mm 38 mm 29 mm 

Distance 
between clamps 

104 mm 95 mm 95 mm 

Tip type Steel, flat, 
annular 

Titanium, rounded, circular Titanium, rounded, 
circular 

Coupling 
medium  

90# paper 90# paper 90# paper 

IR emissive 
coating 

Black ice paint Black ice paint Black ice paint 

Clamp material Rubber Rubber Rubber 
Excitation 
randomization 

6-way 3-way, sequence 
repeated twice 

3-way, each amplitude 
repeated twice in 
succession 
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Table 17.  Parameters of the POD Experiment at ISU, PW, and GE (Continued) 

Parameter ISU PW GE 
Transducer 
static force 
application 

Once, before 
conditioning 
run 

Once, before conditioning run As welder starts, for each 
excitation 

Synchronizatio
n of excitation, 
IR camera, and 
vibrometer 

Automatic Automatic, but due to 
data collection error some 
nickel data needed to be 
resynchronized 

Postprocessing, based on 
heating of tape holding 
coupling paper and first 
observed motion by 
vibrometer 

 
Figure 78 shows an example infrared image and vibrometry waveform from the ISU titanium 
data at t = 1.2 s (1s after excitation start).  The crack is visible as a short, vertical, bright line 
inside the yellow box.  The piezoelectric stack vibration source is visible to the left, and the 
clamp is visible to the right.  Only a small slice of the vibrometry waveform is shown, as the full 
waveform includes over 20,000 cycles.  This image is not typical; as it was selected because of 
its high heating so that the crack would be clearly visible without background subtraction. 
 

Figure 78.  Example ISU Medium (2.2 v) Amplitude Infrared Image of Crack Heating (top) With 
Vibrometry Waveform (bottom) From Ti64 Specimen 05-447 

Figures 79 and 80 show example infrared images and vibrometry from the PW and GE titanium 
data, respectively.  Figures 78-80 show the same specimen at the intermediate power setting at 
each site.  They each show the particular infrared frame, from 1 second after start of excitation, 
used for the crack heating calculation.  They each show the vibrometer waveform.  They all use 
the same scales—10 mm/div, 5 K/unit intensity, 50 μs/div, and 1 m/s/div—for the infrared 
images and vibrometer waveforms. 
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Figure 79.  Example PW Medium (30%) Amplitude Infrared Image of Crack Heating With 
Vibrometry Waveform From Ti64 Specimen 05-447 (Scales identical to figure 78) 

 

Figure 80.  Example GE Medium (30%) Amplitude Infrared Image of Crack Heating With 
Vibrometry Waveform From Ti64 Specimen 05-447 (Scales identical to figure 78) 

Several differences among figures 78-80 are immediately obvious.  First, the ISU infrared image 
is larger, because of a higher-resolution infrared camera, but it merely covers more area rather 
than giving a finer picture of the crack.  The ISU vibrometry waveform is an almost perfect 
sinusoid, compared with the complicated wave from PW and the sawtooth wave from GE.  ISU, 
with its broadband excitation system, was able to tune to the specific resonance of each 
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specimen, minimizing the harmonics generated by nonlinear coupling between the exciter and 
specimen.  In contrast, PW and GE were limited to the natural frequencies of their ultrasonic 
welders.  The welder and specimen frequencies were close, due to the tuning process described 
in section 3.4.2, but did not usually match exactly.  Frequency mismatch combined with the high 
power capability of the welders is one possible source of the harmonic frequencies in the 
vibrometer waveforms of figures 79 and 80.  It should be noted that the presence of frequencies 
other than 20 kHz adds error to the estimates of vibrational stress (discussed below), as those 
estimates rely on the assumption of sinusoidal single-mode vibration.   
 
Figure 80 shows a large “halo” of heating around the crack.  This halo originated from extremely 
powerful transient vibration that occurred at the start of the test.  At every excitation, the GE 
system physically moves the welder tip into contact with the specimen after the welder starts to 
vibrate.  As the welder makes contact, it sometimes creates very large vibration amplitudes 
before settling down to equilibrium.  The equilibrium vibration shown in figure 80 has a peak-to-
peak amplitude of 1.2 m/s.  Figure 81 shows the same data as figure 80, but with the vibrometer 
waveform zoomed out (200 ms/div and 2 m/s/div) so that the transient is visible.  The transient 
has a peak-to-peak vibration amplitude of 15 m/s, more than ten times the equilibrium amplitude.  
The vibration transient in turn caused a very high power thermal transient, which diffused 
outwards, creating the “halo” visible in the infrared image. 
 

 

Figure 81.  Example GE Medium (30%) Amplitude Infrared Image of Crack Heating With 
Vibrometry Waveform From Ti64 Specimen 05-447 

(Vibrometry waveform zoomed out relative to figure 80) 

To meaningfully compare the data between the three sites, it was necessary to compensate 
somehow for the presence of such transients.  This was accomplished by selecting processing 
steps and adding a processing algorithm to negate the effect of the transients.  Specifically, 
dynamic stresses were calculated using the statistical median so that they were not substantively 
affected by short events.  In addition, a high-pass spatial filtering step, discussed below, was 
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added to the infrared image processing algorithm.  The “halos” consist of low spatial frequencies 
and were filtered out by the algorithm. 
 
Infrared and vibrometry data were collected for all 61 Ti64 and 61 In718 specimens at each of 
the three sites.  Not all of the data were usable, however.  Delamination of the thermally 
emissive coating (ice paint) was a problem, particularly with the In718 specimens at GE.  Some 
data had to be discarded because the coating was delaminated or because loose coating material 
was heating and causing the surface fit algorithm to malfunction.  Nevertheless, the vast majority 
of the data collected was good and usable. 
 
3.5.3  Probability of Detection Processing. 

The measured infrared and vibrometry data and experiment logs from each of the three sites 
were converted to a common format for processing and analysis.  These data are available by 
request from ISU.  The infrared images and vibrometry data are stored in the ISU-developed 
“dgs” format.  Documentation on this format, an open-source viewer application, and an open-
source access library are available from the ISU website at 
http://thermal.cnde.iastate.edu/dataguzzler/.  The experiment logs were converted to a common 
XML format and are also available as spreadsheets for easy viewing.  A sample experiment log 
from the ISU Ti64 specimen 05-426 is included as appendix G. 
 
As part of the conversion to a common format, the infrared images were calibrated to 
temperature based on previously acquired images of a blackbody source at multiple known 
temperatures.  Likewise, the voltages measured from the vibrometer output were converted to 
velocities based on the known vibrometer sensitivity setting.  These two steps transformed the 
infrared and vibrometry data into quantitative measurements of meaningful physical parameters.  
In addition, the GE data and a portion of the PW nickel data were synchronized so that the 
infrared images and vibrometer waveforms both could be related to a known excitation start 
time.   
 
The common format POD data were then analyzed to determine the crack heating and the 
dynamic vibrational stress applied to the crack.  Crack heating was determined by extracting the 
infrared frame t = 1s after excitation start, subtracting the background (pre- or postheating 
average), applying a high-pass spatial filter, and fitting a two-dimensional elliptical Gaussian to 
the resulting temperature surface.  The high-pass filter was used to minimize the impact of 
transient vibration spikes on the measured heating.  The elliptical Gaussian approximates the 
heat profile from a small, elongated source.  The calculated crack heating value is the two-
dimensional integral of the temperature surface over the region where the fit exceeds 5% of the 
Gaussian peak, divided by the area of the region where the fit exceeds 1/e of the Gaussian peak.  
The above algorithm was developed to provide crack heating numbers consistent with those 
generated by looking at the data manually.  Figure 82 shows a set of images used to verify the 
quality of the fitting process that corresponds to the infrared image in figure 77.  It shows the 
raw infrared image in the upper right, the spatially filtered image in the upper left, and the 
elliptical Gaussian surface fit in the lower left.  This figure also illustrates the possibility that the 
algorithm discussed above may underestimate the heating value.  This is primarily a problem for 
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large and hot cracks, such as this one, due to the spatial filtering that was necessary to minimize 
the impact of vibration spikes generated by the welders at PW and GE.   
 
Vibrational stress was determined by first evaluating the peak-to-peak amplitude of the vibration 
velocity, measured at the center rear of the specimen with the laser vibrometer.  The peak-to-
peak amplitude was calculated by splitting the vibrometer waveform into 1-period (1/20000 s) 
segments and evaluating the difference between maximum (most positive) and minimum (most 
negative) velocities in each segment.  The median of these differences is the estimate of peak-to-
peak velocity amplitude.   
 
Elementary flexural wave theory [21] provides a means to calculate resonant bending stresses 
from measured velocities or displacements.  The in-plane bending stress σxx on the crack can be 
calculated from 
 

 
 

 

(a)                                 (b) 

 (c) 

Figure 82.  Images Used to Verify the Quality of the Surface Fit Used for Estimating Crack 
Heating From the ISU Data Shown in Figure 78:  (a) the Raw Infrared Data, (b) Data After the 

High-Pass Spatial Filter was Applied, and (c) Elliptical Gaussian Fit to (a) 

E is Young’s modulus, h is the height of the specimen, f is the frequency, κ is the wavenumber, L 
is the specimen length, and j is the imaginary number, representing the 90° temporal phase shift 
between velocity and stress.  For the third-order flexural resonance, κL = 10.996 and the factor in 
parenthesis is -0.98848.  To calculate the peak-to-peak dynamic stress, apply the peak-to-peak 
velocity amplitude, calculated as described above, to the above equation (neglecting the j factor, 
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as the phase shift is irrelevant).  This provides an estimate of the vibrational stresses applied to 
the crack during testing, given the assumption that the specimen is vibrating in the third-order 
flexural resonance.  As discussed and illustrated in section 3.4.2, the entire specimen set was 
tuned to resonate in this particular mode at the 20-kHz frequency used for the experiments.   
 
The estimated vibrational stresses were meaningful so long as the system nonlinearity was not 
too large (leading to contamination of the data with other frequencies), and the excitation and 
resonance frequencies were close enough that the specimen motion matched the third-order 
flexural mode shape.  To verify that the data was meaningful, ISU collected data on each 
specimen from excitations both at nominal resonant frequency (20.07 kHz) and at the measured 
resonant frequency of that specimen.  The titanium crack detectability data from excitation at 
measured resonance frequencies were compared with the corresponding data from excitation at 
the nominal frequency at 20.07 kHz and no substantive difference was observed.   
 
The result of applying the above processing steps was a total of six titanium and six nickel data 
sets for each of PW, GE, and ISU.  Each data set includes a series of crack heating values, 
dynamic stress values, amplitude numbers, energy numbers, and various other parameters.  
These can be used to observe how crack heating varies with crack length for various dynamic 
vibrational stress levels.  Figures 83-86 show crack heating as a function of crack length for the 
Ti64 specimens at each of the three sites followed by a composite plot.  Figures 87-90 show 
crack heating as a function of crack length for the In718 specimens at each of the three sites 
followed by a composite plot.  All these figures neglect the data from the handful of specimens 
with cracks longer than 120 mil.  It is observed that the systems at the three sites achieved 
different stress levels on each specimen.  The stress levels were not necessarily consistent from 
one specimen to the next; both the PW and GE excitation systems generated bimodal stress 
distributions. 
 

 

Figure 83.  Relationship Between Crack Heating and Crack Length as Measured 
at ISU for Ti64 
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Figure 84.  Relationship Between Crack Heating and Crack Length as Measured 
at PW for Ti64 

 

Figure 85.  Relationship Between Crack Heating and Crack Length as Measured 
at GE for Ti64 
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Figure 86.  Relationship Between Crack Heating and Crack Length as Measured by all 
Sites for Ti64 

 

Figure 87.  Relationship Between Crack Heating and Crack Length as Measured at 
ISU for In718 
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Figure 88.  Relationship Between Crack Heating and Crack Length as Measured at 
PW for In718 

 

Figure 89.  Relationship Between Crack Heating and Crack Length as Measured at GE for In718 
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Figure 90.  Relationship Between Crack Heating and Crack Length as Measured at all 
Sites for In718 

3.5.4  The POD Results. 

Traditional POD analyses focus on a priori hit or miss detectability or length estimation.  They 
are usually built around a particular inspection procedure in a particular environment or on a 
particular part.  For many other NDE techniques, it is sufficient to qualify and validate an 
inspection procedure on test specimens and then apply the conclusions to testing on useful parts.  
Vibrothermography (thermal acoustic NDE) is different from most other NDE techniques in that, 
through the vibration and resonance involved, it is fundamentally dependent on specimen 
geometry.  Thus, simple “hit/miss” or “â vs a” POD results from experiments with laboratory test 
specimens cannot be directly extrapolated to useful parts.  Since the geometry of the test 
specimen is inherently different from that of the useful part, simple extrapolation is not valid.   
 
The approach of this study has been to develop a data set that provides the potential for future 
extrapolation to useful parts by relating the observed vibrothermographic heating to the 
vibrational stresses that caused it.  Instead of looking at crack detectability as a function of crack 
length alone, it is proposed to evaluate crack detectability as a function of both crack length and 
dynamic vibrational stress, a crack detectability surface.  The crack detectability surface, given 
the vibrational stress level (or statistical distribution) and crack length, predicts the expected 
crack heating temperature.  This temperature, combined with the temperature sensitivity of the 
infrared camera and associated image processing, provides a possible way to estimate crack 
detectability for useful parts based on POD data collected from test specimens.  A three-
dimensional visualization of a crack detectability surface for titanium is shown in figure 91.  The 
red portion of the surface represents the detectable region (crack length, dynamic stress) in space 
based on a detectability threshold of 50 mK (compared with the 25-mK sensitivity specification 
of modern infrared cameras).  It should be noted that the crack detectability and POD data 
reported here is applicable only to cracks of the type, fatigue history, and material used for these 
specimens.   
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Figure 91.  Crack Detectability Surface for Titanium LCF Specimens Based on ISU Data 
(This surface represents the logarithm of the crack heating as a function of dynamic 

(vibrational) stress and crack length.) 

3.5.5  Probability of Detection Estimation Based on the Thermal Acoustic Data. 

This section describes the estimation of POD from the three different locations (ISU, PW, and 
GE).  Section 3.5.5.1 describes the statistical methodology used.  Sections 3.5.5.2, 3.5.5.3, and 
3.5.5.4 give results of the analysis of thermal acoustic data and POD estimates for titanium 
specimens tested at ISU, PW, and GE, respectively.  Sections 3.5.5.5, 3.5.5.6, and 3.5.5.7 
provide similar results for thermal acoustic data taken on nickel specimens.  Section 3.5.6 
presents a direct comparison of the results across the three sites and summarizes the results. 
3.5.5.1  Formulas and Descriptions for the Noise Interference Model Application to Thermal 
Acoustic Data. 
 
3.5.5.1.1  Model Motivation and General Description. 
 
The model used here is an extension of the commonly-used â vs a method described in 
MIL-HDBK 1823.  This extension is needed because some of the reported responses are actually 
from artifacts of noise in the thermal acoustic data rather than from the crack heating.  
Physically, the amount of heat generated is a function of crack size and the amount of vibrational 
stress on the crack.  The amount of stress applied to the crack is controlled, to some extent, by 
the amplitude setting in the thermal acoustic excitation system.  For computation of POD, 
another extension is that the heat generated from a crack will be modeled as a function of both 
the size of the crack and the dynamic vibrational stress in one case and as a function of size of 
the crack and amplitude in the other.  There is practical interest in the latter relationship because 
vibrational stress is not yet easy to measure on real part geometries and cannot be controlled 
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directly.  Heat is the temperature change around the crack measured 1 second after excitation 
start with a Gaussian surface fit to the infrared image.  Vibrational stress is calculated from 
surface velocity measurements performed with a laser vibrometer under the assumption that the 
specimen is vibrating in its third-order flexural (bending) mode. 
 
3.5.5.1.2  Model Assumptions. 
 
It was assumed that there are two underlying sources for the response of experiment 
measurement: signal and noise.  If there is a strong signal from a crack, the response will reflect 
the heat generated from the crack.  On the other hand, when the heat from a crack is at a very 
low level, it is possible that the response will instead be caused by an artifact of the 
specimen/test instead of the crack signal.   
 
The free intersection model for the signal used for the PW In718 and GE In718 thermal acoustic 
data sets is: 
 

2
signal 0 1 1 2 2 3 3 signalβ +β +β +β +ε ,ε ~ (0,σ )= s sy x x x N  

 
where ysignal = log10(heat), x1 = log10(length), and x2 = log10(stress) or x2 = log10(amplitude) and 

( ) (3 1 1 2 2 )x x x x x= − −  is an interaction term, allowing the slope of log(heat) versus log(crack 
size) to depend on amplitude or stress.  The parameters 0 1 2 3β , β , β , β ,  and σsignal are unknown 
parameters that will be estimated from the thermal acoustic data. 
 
The fixed intersection model for the signal was used for the ISU nickel, ISU, PW, and GE 
titanium thermal acoustic data sets.  This model has the constraint that the regression lines must 
cross at 0x .  This model can be expressed as: 
 

signal 0 1 1 3 3β β β ε= + + + sy x x , 2
signalε ~ (0, )s N σ  

 
where ysignal = log10(heat), x1 = log10(length)-x0 with 0 1.4x =  the preset intersection position, and 

(3 1 2 2 )x x x x= × −  with x2 = log10(stress) or x2 = log10(amplitude).  The parameters 0 1 3β , β , β ,  
and σsignal are unknown parameters that will be estimated from the thermal acoustic data. 
 
The fixed intersection model addresses the unrealistic problem of intersection of regression lines 
with different stress or amplitude levels in the middle of crack length range.  The likelihood 
function, maximum likelihood estimation, and POD estimate are very similar for both models 
and details are presented here only for the free intersection model. 
 
The model for noise 
 

2
noise noise noise~ (μ , )y N σ  
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Again, μnoise and σ2
noise are parameters that will be estimated from the thermal acoustic data. 

 
The actual response is the maximum of signal and noise.  In particular, the response y is the 
maximum crack heat value in the sequence of images, computed using algorithms developed at 
ISU.  In particular, the response is 
 

signal noise~ max( , )y y y  
 
This is called the noise interference model. With the available data y, x1, x2 on each of the 
specimens, this noise interference model is fit by the maximum likelihood method, separately, 
for both x2 = log10(stress) and x2 = log10(amplitude).  Heat is given in units of K and stress is in 
units of MPa.  Amplitude has different scales for each site. 
 
3.5.5.1.3  Likelihood and Maximum Likelihood Estimation. 
 
The likelihood is a function that is proportional to the probability of the data.  Maximum 
likelihood (ML) estimates are those values of the unknown parameters that maximize the 
likelihood.  The ML method is known to have optimum statistical properties in large specimens 
and generally very good properties otherwise. 
 
Because there are three different kinds of responses (known signal, known noise, and uncertain), 
there are, correspondingly, three likelihood contribution types.  Under the assumption that all of 
the observations are independent, the likelihood is the product of the likelihood contributions for 
the individual observations.  For the three different kinds of observations: 
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Then the total likelihood is determined by L = Lsignal x Lnoise x Luncertain. 
 
For the thermal acoustic data, it was assumed that any response with y >-1.5 is a signal; and that 
any response with y >-1.5 is uncertain.  In this case, pure noise data (which are obtained by 
inspecting specimens with no cracks) was not used because there was enough information in the 
“with-crack” data to adequately estimate the noise distribution.  Thus, there was no noise 

82 



 

likelihood terms involved in this application.  The -1.5 value was chosen as the same level as the 
detection threshold (i.e., 10log (0.03) 1.5= − ).   
 
Maximizing  is equivalent to maximizing the likelihood itself, and numerically more 

stable.  Doing this provides 
10log ( )L

noise noise 0 1 2 3 signal
ˆ ˆ ˆ ˆˆ ˆ ˆ ˆθ (μ ,σ ,β ,β ,β ,β ,σ )= .  Then one can compute an 

estimate of the covariance matrix of the estimated parameters from 
12 2

ˆ ˆθ |θ
ˆ log / θ

−
⎡ ⎤Σ = −∂ ∂⎣ ⎦L . 

 
3.5.5.1.4  The POD Estimate and Lower Confidence Bound. 
 
With the ML estimates ( noise noise 0 1 2 3 signal

ˆ ˆ ˆ ˆˆ ˆ ˆ ˆθ (μ ,σ ,β ,β ,β ,β ,σ )= ), one can find the ML estimate of 
POD for a specified crack length x1 and certain dynamic stress or amplitude (x2): 
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In the POD evaluations, the detection threshold yth was chosen as 0.03 K, a value somewhat 
above the usual noise level in the sequence of images.   
 

An estimate of the variance of the POD estimate is ( ) ( )ˆ ˆ|θ
ˆ ˆˆ ˆˆvar ( ) / θ / θ= ∂ ∂ Σ ∂ ∂

T

x x xP P P
θ

. 

 
To find the lower confidence bound for POD, the first step is a logit transformation of the POD.  
That is, gx = logit[Px] = log {Px/(1-Px)} and { }ˆ ˆˆ logit[ ] log / (1 )= = −x x xg P P x̂P .  Then, based on 

the large-specimen normal distribution approximation of 
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a 100(1-α)% lower confidence bound on Px is ˆ ˆ ˆ ˆ/ [ (1 ) ]= + − ⋅x x x xP P P P w  where 

( )ˆ1
ˆ ˆˆexp se / (1 )

x x xP
w z P Pα−= − , ˆˆˆ var( )

xP xse P=  and z1-α is the (1-α)% quantile of standard normal 
distribution. 
 
3.5.5.1.5  Overview of Thermal Acoustic Data Analysis and POD Estimates. 
 
In each of the following six sections, corresponding to the six thermal acoustic data sets 
(combinations of material, Ti and Ni, and sites ISU, PW, and GE), three different figures are 
provided. 
 
The first plot shown for each analysis shows the measured vibrational stress versus the 
experimental variable amplitude (figures 92, 95, 98, 101, 104, and 107).  The next figure in each 
section (figures 93, 96, 99, 102, 105, and 108) shows the data for ysignal = log10(heat) versus 
x1 = log10(length) indicating (with color) different values of the second explanatory variable 
x2 = log10(amplitude) (left plot) and x2 = log10(stress) (right plot).  The range of 1x  and 2x  used 
in the color groupings is indicated in the legend and differs from one location to another. 
 
Figures 93, 96, 99, 102, 105, and 108 also show fitted regression lines 0 1 1 2 2 3

ˆ ˆ ˆ ˆˆ β β β β= + + + 3y x x x  
giving an estimate of the mean of  for a range of 10log (heat) 1 1log=x 0 ( )length  ( ), 
for three different levels of 

11.4 2.2≤ ≤x

2x .  For the plot on the right, 2 35,  65=x ,  100 MPa  for dynamic 
stress at all locations.  Note that these nominal values, chosen to allow comparison among sites, 
is not always in line with the actual values of stress used at the sites, causing the fitted lines to 
not agree with the plotted points.  When plotting against amplitude, the values of x2 used in the 
plots depend on the site because the exact definition of amplitude differed from site to site.  
Figures 93, 96, 99, 102, 105, and 108 also plot the estimated noise mean (horizontal solid pink 
line), the estimated noise 99% upper bound (horizontal-dashed pink line), and the detection 
threshold (horizontal-dashed black line). 
 
The last figure in each section (figures 94, 97, 100, 103, 106, and 109) gives corresponding plots 
of POD versus crack length in mil, again for three selected values of x2, namely x2 = 35, 60, 
100 MPa.  The dashed curves represent the corresponding 90% lower confidence bounds. 
 
3.5.5.2  Analysis of the ISU Ti64 Data. 
 
Figure 92 is a plot of the measured stress versus the amplitude of the energy transmitted to the 
specimens.  It is evident that there was a large amount of variability in the measured stress for a 
fixed value of amplitude.  Because the amount of heat generated is physically related with stress, 
the variability in stress implies that there will be a considerable amount of variability in the heat 
signal for a crack of a given size.  This is shown in the larger variability of the left-hand plot in 
figure 93 (heat versus length at different amplitudes) versus the plot on the right (heat versus 
length at different levels of stress). 
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ISU TiISU Ti

 

Figure 92.  Measured Stress Versus the Experimental Amplitude Value for the Tests on Ti64 
Specimens Measured at ISU 

 

Figure 93.  Heat Versus Crack Length for the Tests on Ti64 Specimens Measured at ISU 

85 



 

A comparison of the POD curves in figure 94 shows that the POD for fixed values of stress are 
much steeper than those for a fixed value of amplitude.  Unfortunately, amplitude was controlled 
in the inspection setup. 
 

 

Figure 94.  The POD Versus Crack Length for the Tests on Ti64 Specimens Measured at ISU  
(The 90% lower confidence bound is shown as dashed lines.) 

3.5.5.3  Analysis of the PW Ti64 Data. 
 
The results from the data taken at PW are similar, except that, as shown in figure 95, there is 
even more variability in the level of stress for a given amplitude setting, when compared to the 
ISU data in figure 92.  This variability is likely due to the dynamic tuning process of the welders, 
which is not present in the open-loop ISU system.  The regression lines in figure 96 are more 
similar than those for the ISU data shown in figure 93.  Comparing figures 94 and 97, this 
translates to less contrast in the POD for given values of amplitude and stress. 
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Figure 95.  Measured Stress Versus the Experimental Amplitude Value for the Tests on Ti64 
Specimens Measured at PW 

 

Figure 96.  Heat Versus Crack Length for the Tests on Ti64 Specimens Measured at PW 
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Figure 97.  The POD Versus Crack Length for the Tests on Ti64 Specimens Measured at PW 
(The 90% lower confidence bounds are shown as dashed lines.) 

3.5.5.4  Analysis of the GE Ti64 Data. 
 
Comparing figure 98 with figures 92 and 95, it is evident that in the GE runs, for given levels of 
amplitude, there are values of stress that were more than two times larger than the largest values 
recorded on the Ti64 specimens at either ISU or PW.  Also, there were clearly two groups of 
readings at each setting of amplitude:  small and very large.  This is, again, likely a side-effect of 
the welder’s dynamic tuning process.  The effect of these two groups of readings is shown in the 
regression plots of heat versus crack size in figure 99 (recall that higher stress causes higher 
levels of heat).  Note that in the plot on the right-hand side of figure 99, the green lines, 
especially, do not agree with the green points.  This is because the green points correspond to the 
actual measured stress values, while the fitted line was computed at a nominal value of 100 MPa 
so that comparisons could be made among the lines across the different sites.  As shown in figure 
100, because amplitude does not have a strong relationship to stress for the GE data sets, POD 
cannot be accurately predicted as a function of amplitude. 
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Figure 98.  Measured Stress Versus the Experimental Amplitude Value for the Tests on Ti64 
Specimens Measured at GE 

 

Figure 99.  Heat Versus Crack Length for the Tests on Ti64 Specimens Measured at GE 
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Figure 100.  The POD Versus Crack Length for the Tests on Ti64 Specimens 
Measured at GE 

3.5.5.5  Analysis of the ISU In718 Data. 
 
Comparing figure 92 with figure 101, there is, for given amplitude values, more variability in the 
stress values in the ISU In718 data than in the ISU Ti64 data.  This additional variability in the 
stress values leads to more variability in the plotted points, by color, within the amplitude groups 
on the left-hand plot in figure 102.  This and the larger differences in the position and slopes of 
the regression, in turn, lead to a sharper contrast between the slopes of the POD curves in figure 
103, as compared with figure 94. 
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Figure 101.  Measured Stress Versus the Experimental Amplitude Value for the Tests on In718 
Specimens Measured at ISU 

 

Figure 102.  Heat Versus Crack Length for the Tests on In718 Specimens Measured at ISU 
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Figure 103.  The POD Versus Crack Length for the Tests on In718 Specimens Measured at ISU 
(The 90% lower confidence bounds are shown as dashed lines.) 

3.5.5.6  Analysis of the PW In718 Data. 
 
In figure 104, for the PW In718 data, large amounts of variability are evident in the measured 
values of stress for given fixed values of amplitude; the stress values are extremely large relative 
to the values recorded at ISU.  Also, similar to the plot for the GE Ti64 data in figure 98, there 
appear to be two groups (small and large) of readings at each setting of amplitude and much 
higher stress levels achieved than for the PW Ti64 data.  This, again, translates into a large 
amount of variability in the amount of heat detected for a given crack size and amplitude value, 
as shown in the plot on the left in figure 105.  Again, because amplitude does not have a strong 
relationship to stress, POD cannot be accurately predicted as a function of amplitude, as shown 
in figure 106. 
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Figure 104.  Measured Stress Versus the Experimental Amplitude Value for the Tests on In718 
Specimens Measured at PW 

 

Figure 105.  Heat Versus Crack Length for the Tests on In718 Specimens Measured at PW 
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Figure 106.  The POD Versus Crack Length for the Tests on In718 Specimens Measured at PW 

3.5.5.7  Analysis of the GE In718 Data. 
 
Comparing figure 104 with figure 107 and figure 105 with figure 108, it is evident that, in all 
regards, the GE In718 data are very similar to the PW In718 data.  Figure 109 provides the POD 
analysis for the GE In718 data. 
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Figure 107.  Measured Stress Versus the Experimental Amplitude Value for the Tests on In718 
Specimens Measured at GE 

 

Figure 108.  Heat Versus Crack Length for the Tests on In718 Specimens Measured at GE 
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Figure 109.  The POD Versus Crack Length for the Tests on In718 Specimens Measured at GE 
(The 90% lower confidence bounds are shown as dashed lines.) 

3.5.6  Summary of POD Study. 

The purpose of the POD study was to determine what effect different parameter choices have on 
the performance of the thermal acoustic inspection method through the use of POD.  Sixty-one 
In718 and sixty-one Ti64 specimens were inspected at three locations (ISU, PW, and GE) at 
three amplitude settings (which is equivalent to three stress levels) with two repeats at each 
amplitude setting, for a total of 6 data points at each location and a grand total of 18 data points 
per specimen. 
 
Figure 110 provides a direct comparison among the three different sites of the POD versus crack 
length for a nominal stress level of 80 MPa.  The physical process of converting resonant 
vibrational stresses and strains to heat is the same at all three sites.  Considering that, it was not 
surprising that there was excellent agreement among the POD curves for both the titanium 
results and the nickel results. 
 
As shown in figure 110, the 90% POD value is in the 50- to 70-mil range.  It is important to note 
that these values are applicable to the specimen set and test conditions used in this study.  
However, these are encouraging results for future implementation of the technology. 
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Figure 110.  Comparison of POD Curves at the Three Different Sites at a Common Stress Level 
of 80 MPa for Ti64 (left) and In718 (right) 

3.6  OBSERVED CRACK PROPAGATION IN SPECIMEN 05-031. 

Of the 122 specimens tested during the POD study, a single In718 LCF specimen, specimen 05-
031, exhibited crack growth.  The ultrasonically induced crack growth in this specimen was 
unique.  All other LCF specimens were optically inspected after completion of the POD and 
crack growth studies, and no other specimens showed crack growth during the ultrasonic 
excitation. 
 
3.6.1  History of Specimen 05-031. 

Specimen 05-031 was machined from In718 alloy and fatigued using the LCF process described 
in appendix A.  It was grown to a length of 70 mil.  There were no process or material source 
differences between specimen 05-031 and the other LCF specimens.  As with the other 
specimens, fatigue parameters for specimen 05-031’s three-point bend were determined by the 
specimen geometry and calculated based on 80% of the yield strength of the material.  The load 
calculations for the specimen are provided in table 18.  There was no significant difference in the 
load parameters in this specimen from other specimens fatigued of the same alloy.  It is also 
noted that the number of cycles needed to grow the crack to the desired length (48,300) was near 
the median value of cycles required to grow cracks to this length in other LCF specimens.  The 
maximum stress in each cycle during the fatigue process was 886 MPa and the minimum stress 
was 89 MPa.  Prior to the POD test, specimen 05-031 went through the same process of 
ultrasonic cleaning and coating with blackbody paint as all the other specimens.  The initial 
crack as it existed prior to excitation for the vibrometry studies is shown in figure 111 at 100x 
magnification using white-light microscopy.  At the conclusion of POD testing, the crack had 
grown to a final length of 0.46″, as shown in figure 112. 
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Table 18.  Load Settings for Specimen 05-031 LCF Crack Production 

Material Inconel 
Width (in.) 1 
Thickness (in.) 0.479 
Span (in.) 4 
80% Yield (psi) 129120 
I = inertia 0.00915852 
Maximum load (lb) 4937.57032 
Minimum load (lb) 493.757032 
Mean load (lb) -2715.66368 
Amplitude (lb) 4443.813288 
R-Ratio 0.1 
Frequency 6 Hz 

 

 

Figure 111.  White-Light Optical Microscope Image of Specimen 05-031 Crack Before Thermal 
Acoustic Excitations (100x magnification) 
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Figure 112.  White-Light Optical Microscope Image of Specimen 05-031 Crack After Thermal 
Acoustic Excitations (100x magnification) 
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After growth of the initial 0.070″ crack, the specimen was “tuned” to the resonance frequency by 
adjusting it’s length.  As with all the POD specimens, specimen 05-031 was tested at each of the 
three partner organizations (ISU, GE, and PW).  The specimen was excited using the 
accelerometer approach at ISU twice at three different amplitudes for a total of six runs.  The 
specimen was then forwarded to PW, where it underwent another six runs (two repeats at three 
amplitudes) using their ultrasonic welding gun setup.  Six extra excitations occurred at PW.  The 
final set of POD data was gathered at GE with another six runs (two repeats at three amplitudes).   
 
The thermal acoustic excitation can be thought of as a fatigue process, albeit one that must be 
controlled.  The tuned flexural resonance of the specimen loads the crack in the same way as the 
servohydraulic test machine did during the initial fatigue process.  Every vibrational cycle can be 
thought of as a fatigue cycle.  The primary difference is that the minimum stress in the 
vibrational cycle is compressive and is almost exactly equal to (actually slightly greater than) the 
maximum (tensile) stress in magnitude.  This corresponds to an R-ratio of -1.  By contrast, the 
crack was originally generated in pure tension using an R-ratio of 0.1; the minimum stress in 
each fatigue cycle was still tensile and was 1/10 of the maximum.   
 
Because all tests (except ISU’s conditioning run) were performed at resonance, it was possible to 
estimate the stresses applied to the crack during the thermal acoustic excitation using the formula 
from section 3.5.3.  Since most of the tests were monitored with infrared cameras, it is possible 
to reconstruct the growth history from the observed infrared images and relate the growth history 
to the thermal acoustic fatigue stresses.  Table 19 lists the thermal acoustic loading history of 
specimen 05-031, as measured from the laser vibrometer data.  Please note that the stresses listed 
are stress amplitudes and represent the magnitude of the tensile and compressive vibrational 
stresses (as opposed to the peak-to-peak stress numbers used in the POD discussion).  Also note 
that these are engineering stresses and do not include the effect of stress concentrations around 
the crack tip, the reduction in cross-sectional area due to the crack, and the effect of crack 
closure.  Figures 113-125 show processed infrared frames, including the start and end of each 
excitation.  The processing algorithm used here eliminates the effect of thermal diffusion at the 
price of dramatically increased noise.  Figures from most of the ISU tests are not included 
because the small amount of heating was not visible above the noise added by the processing 
algorithm.  Figures from some PW runs are not included because those runs were repeated, 
presumably because of an error or malfunction, and the corresponding infrared images were not 
saved.  All of the figure axes are in millimeters.   
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Table 19.  Loading History of Specimen 05-031 Due to Thermal Acoustic Excitation 

Site 
Amplitude 

Setting 
Stress 

Amplitude No. of Cycles R-Ratio 
Figure 

No. 
ISU 0.4V N/A (sweep) N/A (sweep) -1 N/A 
ISU 1.5V 13 MPa 20000 -1 N/A 
ISU 0.5V 15 MPa 20000 -1 N/A 
ISU 0.5V 28 MPa 20000 -1 N/A 
ISU 1.5V 43 MPa 20000 -1 113 
ISU 0.1V 10 MPa 20000 -1 N/A 
ISU 0.5V 06 MPa 20000 -1 N/A 
PW Unknown Unknown 40000 -1 N/A 
PW Probably 20% 260 MPa 40000 -1 N/A 
PW Probably 20% 252 MPa 40000 -1 N/A 
PW Probably 20% Unknown 40000 -1 N/A 
PW Probably 20% Unknown 40000 -1 N/A 
PW Probably 40% Unknown 40000 -1 N/A 
PW Probably 40% Unknown 40000 -1 N/A 
PW 20% 246 MPa 40000 -1 114 
PW 20% 246 MPa 40000 -1 115 
PW 40% 410 MPa 40000 -1 116 
PW 40% 393 MPa 40000 -1 117 
PW 30% 319 MPa 40000 -1 118 
PW 30% 317 MPa 40000 -1 119 
GE 30% Unknown 40000 -1 N/A 
GE 20% 210 MPa 40000 -1 120 
GE 20% 211 MPa 40000 -1 121 
GE 30% 297 MPa 40000 -1 122 
GE 30% 304 MPa 40000 -1 123 
GE 40% 393 MPa 40000 -1 124 
GE 40% 420 MPa 40000 -1 125 

 
N/A = Not applicable 
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Figure 113.  Processed Start and End IR Images From ISU Excitation 5 

 

Figure 114.  Processed Start and End IR Images From PW Excitation 8 

 

Figure 115.  Processed Start and End IR Images From PW Excitation 9 
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Figure 116.  Processed Start and End IR Images From PW Excitation 10 

 

Figure 117.  Processed Start and End IR Images From PW Excitation 11 

 

Figure 118.  Processed Start and End IR Images From PW Excitation 12 
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Figure 119.  Processed Start and End IR Images From PW Excitation 13 

 

Figure 120.  Processed Start and End IR Images From GE Excitation 2 

 

Figure 121.  Processed Start and End IR Images From GE Excitation 3 
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Figure 122.  Processed Start and End IR Images From GE Excitation 4 

 

Figure 123.  Processed Start and End IR Images From GE Excitation 5 

 

Figure 124.  Processed Start and End IR Images From GE Excitation 6 
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Figure 125.  Processed Start and End IR Images From GE Excitation 7 

Specimen 05-031 was tested first at ISU.  The first excitation was a frequency sweep used to 
determine the resonant frequency.  Six subsequent excitations were performed following the 
usual test procedure of the POD study.  Excitations at ISU were all at relatively low power 
levels.  Figure 113 shows the starting and ending images from highest stress amplitude achieved, 
resonance testing at the 3V excitation setting.  The crack is just barely visible in the left-hand 
image, as it is mostly buried in the noise added by the processing algorithm that eliminates 
blurring due to thermal diffusion.   
 
Specimen 05-031 was then sent to PW.  In addition to the usual conditioning run, six excitations 
were performed without recording thermal data, presumably because of equipment or 
measurement trouble.  In four of those six excitations, bad vibrometer data was recorded.  While 
the first four excess excitations were at the lowest power setting, the last two were at the high 
power setting.  Next, the usual six excitations were performed.  Figures 114 and 115 show the 
first two of those excitations, each at the 20% power setting and delivering ±246 MPa of stress 
on the crack.  Then, the power setting was increased to 40%, and two more excitations were 
performed, shown in figures 116 and 117.  These two excitations provided approximately ±400 
MPa over 80,000 cycles.  Still, no clear change was visible, although there was a slight hint of 
elongation or heating closer to the tip in the lower lobe of the end image of figure 117.  Next, 
two more excitations were performed at 30% power (±320 MPa stress), shown in figures 118 
and 119.  During the first of these, the crack began to clearly grow downward.  By the last frame 
of the first excitation, shown on the right side of figure 118, the crack is clearly longer than its 
70-mil (1.77-mm) original length.  By the last frame of the second excitation in figure 119, the 
crack thermal image was at least 120 mil (3 mm) long.  These excitations completed the testing 
at PW.   
 
The specimen was next transferred to GE.  GE first excited the specimen at 30% power for its 
conditioning run.  No vibrometry data was recorded, but the stress level was likely similar to the 
±300 MPa level observed with the other 30% excitations at GE.  Figures 120 and 121 show the 
first recorded test at GE, at the 20% power level with a vibrational stress of ±210 MPa.  The 
crack appeared slightly dimmer at GE, which is a difference in plotting, not a reflection of less 
heat.  Little, if any, crack growth is observed in figures 120 and 121, but the starting length is 
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noticeably longer than the ending length at PW, suggesting that growth occurred during the 
conditioning run.  Figures 122 and 123 show the GE excitations at 30% power, with 
approximately 300 MPa stress.  Here, for the first time, the crack is clearly growing upwards as 
well as downwards.  The visible black discs in the processed image represent areas of 
delaminated emissive coating and are irrelevant to the crack growth.  The final two figures, 
figures 124 and 125, show continuing and accelerating crack growth and ever increasing heating.  
In the final image, on the right-hand side of figure 125, the crack has heated up so much that near 
the tips, it saturated GE’s infrared camera.  The dark circles near the crack tips are not reflective 
of lower temperature, but the result of the image processing algorithm operating on a saturated 
image.   
 
3.6.2  Characterization of Specimen 05-031. 

Specimen 05-031 was characterized using optical microscopy, optical profilometry, and SEM to 
determine if there was any significant reason for the unexpected crack growth that this specimen 
experienced.  In figure 126, there is evidence of four significant events that have occurred in the 
lifetime of this crack.  In figure 127, lines have been drawn to represent the lengths of the 
indications.  The length of the original crack, along with the lengths of significant events in the 
crack propagation are shown in figure 127.  These lengths are listed in table 20. 
 

 

Figure 126.  White-Light Image of Combined Fracture Surface Taken at 12.5x Magnification 
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Figure 127.  White-Light Image of Combined Fracture Surface Taken at 12.5x Magnification, 
Showing Lengths of Significant Features 

(The yellow line indicates the original crack length of 0.070″.) 

Table 20.  Significant Crack Event Lengths as Indicated by Optical Microscopy 

Original crack length 0.0692″ 
First event 0.2244″ 
Second event 0.2889″ 
Final crack length 0.4596″ 

 
Using the SEM for further analysis, there is evidence of the radial fracture lines, as shown in 
figure 128.  Other SEM work did not reveal any peculiar signs that may have indicated a specific 
reason for the specimen to grow to the unexpected length.  
 

 

Figure 128.  Backscattered Electron Signal of the Fracture Surface Center Section Showing the 
Radial Lines of Fracture Taken at 55x Magnification 
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In the composite image shown in figure 129 taken in backscatter mode, the topography of the 
specimen from initial crack initiation to the edge of the final crack growth is evident.  Beyond 
the final crack growth, on the far right-hand side of the composite image, the fracture surface 
resulting from the break open process can be observed.   
 

 

Figure 129.  Backscattered Electron Signal of One-Half of the Combined Fractured Face 
Showing Topography of the Fractured Surface Taken at 50x Magnification 

It is interesting to note that, although in the white-light imaging and secondary electron imaging 
shown in figure 130, there is no discernable difference in roughness of the surface, as measured 
from the center of the fracture to the outer edge of the final crack size. 
 

                                                                                                                                  

Figure 130.  The SEM and White-Light Images of the Fracture Surface of Specimen 05-031 

In figure 131, it is clear that the roughness did not change with a change in the appearance of the 
crack face.  Figure 132 shows the path used to measure the surface roughness, as evidenced by 
the wide line in the image.  There is a dip in the surface of the specimen’s roughness at the point 
of transition from the rough-appearing face to the smoother surface face, but as figure 132 
shows, there is no significant change in the roughness after the transition point when compared 
to the initial crack surface.   
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Figure 131.  Roughness of the Crack Surface of Specimen 05-031 
(Scale on both axes is in inches.) 

 

Figure 132.  Optical Profilometer Image of Crack Surface 

3.6.3  Conclusions of Specimen 05-031. 

Specimen 05-031 was exposed to unusually, but not exceptionally, high stresses during the POD 
test.  The ultrasonic welders at PW and GE were able to deliver far more power to specimen 05-
031 than to most of the other specimens, presumably because of a near-ideal frequency and 
mechanical impedance match with the welder tip.  Specimen 05-031 was not unique in its 
exposure to stresses; other specimens were exposed to even higher levels.  Other specimens were 
exposed to many extra excitations.  Some combination of the very high stress levels and the high 
number of cycles at those stress levels led the crack in specimen 05-031 to grow whereas the 
others, including those in the crack growth study that were exposed to far more cycles, did not.   
 
Specimen 05-031 was likely exposed to around 160,000 cycles at ±400 MPa—38% of yield—in 
addition to many more cycles at ±250 MPa and below before growth continued beyond the 
70 mil initial length of the crack.  Indeed, given the stress levels involved, it is not surprising that 
crack growth was observed, especially considering the presence of a pre-existing crack with its 
concomitant stress concentration.  It is perhaps more surprising that no crack growth was 
observed in any other specimen and that it took this specimen so long before the crack continued 
to grow. 
 
It is well known that cracks such as these, grown in tension-tension, have compressive closure 
stresses around the crack tips when the external load used to grow the cracks is released.  These 
closure stresses arise due to the material that was plastically stretched during crack growth, 
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which is squeezed back to its original size when the external load is released.  These 
compressive closure stresses tend to counteract the tensile stress needed to grow the crack, 
thereby inhibiting crack growth.  The compressional portion of the reversed loading cycles, 
applied via thermal acoustic vibration, have been reported to relax closure stress [22].  The 
relaxation of closure stresses would negate their protective effect, allowing crack growth to 
continue, as was observed here.   
 
3.6.4  Summary of Specimen 05-031 Results. 

During the POD study that used 61 In718 and 61 Ti64 crack specimens, one specimen, 05-031, 
which contained a 0.70″ crack, experienced growth to 0.46″.  Characterization of the crack face 
showed no unusual conditions that would have contributed to crack growth.  The specimen was 
exposed to unusually, but not exceptionally, high stresses during the POD test.  It was expected 
that the specimen experienced an optimal frequency and mechanical impedance match with the 
welder tip.  While most thermal acoustic tests will either operate at much lower power levels or 
not operate in the resonant regime used here, it is important to verify that the stresses induced by 
the test did not approach the fatigue limit of the material.  Because of the high frequencies 
involved, thermal acoustic testing can apply very large numbers of fatigue cycles very quickly.  
The stress amplitudes involved should be measured and limited to avoid the risk of crack growth.   
 
4.  CONCLUSIONS. 

Given the extreme temperature and stress conditions under which jet engine components operate, 
the detection of defects that could lead to failure is critical.  The desire exists to develop a new 
method known as thermal acoustics, sonic infrared, or vibrothermography.  The purpose of this 
program was to provide additional information and data to determine applicability of this method 
to engine components.  Implementation of this new technique requires use and development of 
public domain data regarding the effectiveness, limitations, and repeatability of the technique as 
well as a verification that it is truly a nondestructive method, i.e., the technique can be safely 
applied such that no changes in microstructure, material properties, or useful part life occur.  A 
series of questions were posed and addressed by this program: 
 
• As a result of the excitation source impacting the part, does localized damage occur that 

could detrimentally affect future use? 
 
• Would repeated excitation as might be necessary to generate a full coverage inspection, 

result in a life debit, i.e., change the high-cycle fatigue (HCF) properties? 
 
• If a component contains a pre-existing crack, would that crack grow as a result of the 

excitation necessary for inspection? 
 
• What effects do different parameter choices/system approaches have on the performance, 

i.e., probability of detection (POD), for this method?   
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Over the course of the program, three different systems at three locations, namely Iowa State 
University (ISU), General Electric Aviation (GE), and Pratt & Whitney (PW), were used to 
generate results.   
 
To address the four questions listed above, four studies were completed as described: 
 
• Localized damage characterization.  The purpose of the localized damage study (LDS) 

was to assess whether localized damage, which is detrimental to the specimen as part of 
the generic thermal acoustic inspection process, occurs at the impact site.  Conclusions of 
this study were as follows: 

 
- Equivalent energies were obtainable with all three tips.  The flat tip and spherical 

tip were more likely to cause surface changes.  The flat tip, when not 
perpendicular to the specimen surface, can cause gouging.   

 
- The spherical tip, because of the smaller contact surface and machining 

tolerances, can also cause greater surface changes.  Care must be taken to ensure 
no remnants of the tip are left after machining. 

 
- Equivalent energies were obtainable with and without paper coupling with only a 

minimum loss of energy.   
 

- No displaced material was observed when using the three selected tips with paper 
coupling.   

 
- Significant changes in surface finish, compressive stresses, and hardness were 

observed when higher energy levels and no paper coupling were used. 
 

With the selection of appropriate tip geometry, paper coupling, and energy levels, surface 
changes can be minimized.  For these reasons, the rounded-edge tip with paper coupling 
was selected for use in the other studies of the program.   

 
• Crack initiation and fatigue life debit assessment study.  This study assessed whether 

damage occurs that can lead to crack initiation or otherwise contribute to a fatigue life 
debit.  Baseline HCF data was generated for the as-machined and shot-peened specimens 
for both titanium (Ti) and nickel (Ni).  No effect on HCF life was found.  To determine if 
location had an effect, two groups of as-machined specimens were also excited and HCF 
tests performed.  While there were differences in variability, no statistically significant 
effects on HCF life were found.  Based on the HCF test results for Ti64 and In718 alloys 
in the as-machined and shot-peened condition, excitation considered typical for 
successful thermal acoustic inspection did not have a negative impact on HCF life. 

 
• Crack growth assessment study.  This study assessed whether crack growth of a pre-

existing flaw, which is detrimental to the specimen as part of the generic thermal acoustic 
inspection process, can occur.  A set of 10 Ti and 10 Ni specimens with crack lengths 
ranging from 0.028″ to 0.335″ were used.  No crack growth was observed for these 20 
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specimens.  However, crack growth was observed in 1 of the 122 cracks used in the POD 
study.  Based on the results of this study, it was determined that safe usage of this 
technique is feasible with appropriate selection of exciter, coupling media, and 
force/amplitude settings.  The use of rounded exciter tips and 90# cardstock is 
recommended.   

 
• POD assessment.  This study generated POD data for various parameter sets for each of 

the inspection systems to provide an understanding of the performance and variability of 
the thermal acoustic method.  The approach of this study was to develop a data set that 
provides the potential for future extrapolation to useful parts by relating the observed 
vibrothermographic heating to the vibrational stresses that caused the heating.  Instead of 
looking at crack detectability as a function of crack length alone, the program evaluated 
crack detectability as a function of both crack length and dynamic vibrational stress, 
presented as a crack detectability surface. 

 
In addition to the detectability surface approach, POD estimates were also made using an 
extension of the common “â vs.  a” method described in MIL-HDBK 1823.  Data were analyzed 
as a function of location and material.  The 90% POD value was in the 50- to 70-mil range, 
which is similar to other reported values for this method on similar specimens.  It is important to 
note that these values are applicable to the specimen set and test conditions used in this study.   
 
The results of the program are very encouraging for the use of thermal acoustics 
(vibrothermography) for industrial applications.  With the appropriate selection of test 
parameters and equipment, this method can be safely applied to engine materials.  When 
reasonable decisions are made regarding the excitation source (amplitude, tip type, and 
coupling), no evidence of life debit was found, and existing surface-breaking fatigue cracks did 
not propagate.  However, crack growth can occur at higher stress levels and when resonance 
conditions occur.  In designing an inspection, care should be taken to ensure that the imparted 
stresses are well below yield for the material(s) being tested.  Further studies on actual engine 
parts that consider practical approaches to calibration and sensitivity verification, including the 
development of industrial standards, will be developed for the sonic infrared process for use in a 
production environment. 
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APPENDIX A—LOW-CYCLE FATIGUE SPECIMEN FABRICATION PROCEDURE 

A.1  LOW-CYCLE FATIGUE. 
 
Low-cycle fatigue (LCF) specimens were made from rolled stock of Inconel 718 (In718) and 
titanium 6 Al-4V (Ti64).  Pieces of both alloys were taken from rolled plate stock, cut with the 
length of the specimen being in the direction of the rolled plate.  The specimens dimensions are 
typically 6 inches long by 1 inch wide and 1/2 inch thick, and come with a 30 rms surface finish 
on one side.  Cracks grown into the LCF specimens are placed on the finished side and centered 
with regards to length and width of the overall bar. 
 
The cracks are produced in a three-point bend fixture in a two-step process.  The first step in the 
LCF process involves the creation of a stress concentration point, from which the crack is 
initiated and grown.  The stress concentration point is a notch created by using an electro-
discharge machining (EDM), as shown in figure A-1.  Creation of the notch is done by the 
discharge of an electrical current that removes a very small amount of material, roughly the 
dimensions of the probe used to make contact with the specimen.  When finished, the dimensions 
of the notch are typically 30 thousandths of an inch long, 5 thousandths of an inch in width, and 
between 1 and 2 thousandths of an inch in depth.  Images of the notch taken at 100x 
magnification, as well as accurate dimensions of both the notch and the location of the notch on 
the specimen surface, are taken once the process is complete.   
 

 
 

Figure A-1.  An EDM Starter Notch Taken at 100x Magnification 
 

The first step in the specimen generation process is continued by placing the specimen onto an 
axial load frame configured in a three-point bend fashion, with the center contact point placed on 
the opposite side of the specimen, directly in line with the newly created notch.  The load frame 
axially fatigues the specimen in the three-point bend mode at 80% of the yield strength of the 
material to create a starter crack; the starter crack is monitored and grown until the crack has 
grown approximately 1 to 2 thousandths of an inch beyond each end of the EDM notch.  The 
exact values of the load parameters are determined by not only the yield strength of the material, 
but the specimen dimensions as well.   
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Once the initial crack is generated, the specimen is then wet ground to remove the top surface of 
the specimen, which also removes the starter notch, leaving only a smooth surface and a portion 
of the initial crack.  The exact depth of material removed is determined by the depth of the 
starter notch, and as a general rule, the crack is twice as long as it is deep.  This general rule was 
established by previous crack growth studies and verified using break-open data.   
 
After the starter notch is removed, the specimen is placed back into the load frame as shown in 
figure A-2, and fatigued until the crack has been grown to the desired length.  A micrometer 
attached to a microscope is used to measure the crack’s length.  When the crack length has 
reached the desired length, a final measurement is taken and recorded along with a 100x 
magnification image of the finished crack, as shown in figure A-3. 
 

 
 

Figure A-2.  Specimen Placed Onto the Load Frame for Fatigue 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-3.  Final Crack Image Taken at 100x Magnification 
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Fatigue parameters for a three-point bend are determined by the specimen geometry and 
calculated based on 80% of the yield strength of the material.  An example for load calculations 
is shown in table A-1. 
 

Table A-1.  Example Load Settings for LCF Crack Production 
 
  Inconel Titanium Aluminum   
Width (in.) 1 1.034 1 <==User Input 
Thickness (in.) 0.5 1.031 0.5 <==User Input 
Span (in.) 4 4 4 <==User Input “Determined by the machine” 
          
80% yield (psi) 129120 112000 34400 <== Make sure to have correct Yield Value 
I= 0.0104 0.0944 0.0104   
          
Maximum load (lb) 5380 20517 1433   
Minimum load (lb) 538 2052 143   
Mean load (lb) -2959 -11284 -788 <==Load Settings 
Amplitude (lb) 4842 18465 1290 <==Load Settings 
          
R Ratio 0.1 0.1 0.1   
Frequency 6 Hertz 6 Hertz 6 Hertz   

 
Equations used in load calculations 
 

3I (w * t ) /12

(4*I*80% Yield)Maximum Load ThicknessSpan *
2

Minimum Load Max Load*0.1

Max MinMean Load Max Load
2

Amplitude Max Min

=

=

=

−
= − −

= −

 

 
For this project, there were 78 In718 specimens made and 74 Ti64 specimens made.  Crack 
length for both alloys ranged from 0.026 to 0.108 inch.  Graphs of both alloys showing crack 
distribution are shown in figures A-4 and A-5 for Ti64 and In718, respectively. 
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Figure A-4.  Crack Distribution for Ti64 
 

 
 

Figure A-5.  Crack Distribution for In718 



 

APPENDIX B—VIBROMETER ENERGY CALCULATIONS 
 
B.1  INTRODUCTION. 
 
These calculations were performed to determine a quantity that can be used to compare 
measured vibration amplitudes.  Since only the transverse velocity is measured (not the force), 
and only at one point, it is not possible to determine true powers or energies.  Since the vibration 
is not single-frequency, calculations of vibration amplitude are not suitable either.  The 
quantities discussed below are intended as useful proxies for the actual vibration energy. 
 
B.2  ENERGY. 
 
The energy referred to here is calculated from the laser vibrometry data and is distinct and 
different from the electrical energy transmitted into the welder or piezoelectric stack.  The two 
can be distinguished through units.  The energy discussed here has units of m2/s, whereas the 
electrical energy transmitted by the welder/stack is measured in Joules. 
 
“Energy” is the time-integral of the square of the (vibrometer velocity minus the average 
velocity).  It has units of m2/s. 
 
Calculation Procedure: 
 
1. Collect the specimend vibrometer data v0[n], n=0..(N0-1), with specimen period δt. 
 
2.  “Energy”

n

2
0 0( ( ) )= −∑ avg

n
v n v tδ  (B-1) 

 
 Alternatively, in “C” code: 
 
 Energy=0.0; for (Cnt=0,Cnt<info->dimlen[0];Cnt++) { 
 Energy+=pow((info->data[Cnt]-Average),2)*dt; } 
 
B.3  HIGH-AMPLITUDE ENERGY. 
 
High-amplitude energy (HAE) is the energy in frequencies above 500 Hz that have spectral 
amplitude greater than 5% of the peak spectral amplitude. 
 
Calculation Procedure: 
 
1. Collect the specimend vibrometer data v0[n], n=0..(N0-1). 
 
2. Pad the specimend vibrometer data with its average value to double its length, creating 

the padded vibrometer specimens v[n], n=0..(N-1) where N=2N0. 
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3. Calculate the discrete Fourier transform (DFT) V[m] of the padded vibrometer data v[n], 
n=0..(N-1): 

 

  (B-2) 
1

2π /

0
[ ] [ ]

−
−

=

=∑
N

j mn N

n
V m v n e

 
for m=0..(N-1). 
 
4. Multiply the DFT by the time-step δt (proper normalization). 
 
5. Calculate the proper mapping between frequency and index into the DFT: 
 
 ( ) [ ( δ )]=V f V round fN t  (B-3) 
 
for 0..(1/ (2δ )), δ 1/ ( δ )= =f t and f N t  
 
6. Search for and identify the peak amplitude Vpeak in the DFT beyond 500 Hz. 
 
7. Integrate the square of the DFT over all frequencies beyond 500 Hz with DFT amplitude 

greater than 5% of the peak. 
 
8. Multiply the result from step 4 by 2.0 to compensate for ignoring negative frequencies. 
 
9. The result is called HAE and has units of m2/s. 
 
 2

| [ ] .05
" " 2( [ ] δ

>

= )∑
peakmV m V

HAEnergy V m f  (B-4) 

 
Notes: 
 
• The difference between these “Energies” and true energy is that calculating true energy 

requires knowledge of the mechanical impedance. 
 
• If the mechanical impedance and force/velocity (a function of frequency) were known, 

the DFT could be multiplied by the mechanical impedance in the frequency domain 
before integrating to give the true energy (in units of Joules). 

 
• HAE ignores energy in frequencies with a small spectral amplitude. 
 



 

APPENDIX C—STALL DATA FROM LOCALIZED DAMAGE STUDY 
 

Table C-1.  The GE System Flat-Tip Stall Data 
 

Force (lbf) Successes/Attempts Test Point Energy Force (lbf) Stalls/Attempts Test Point
20 75 3/3 ST-416 301 80 2/2 ST-412

ST-417 289 ST-419
ST-418 290

40 40 4/5 ST-407 508 45 2/4 ST-405
ST-408 520 ST-406
ST-409 Stall
ST-410 570
ST-411 540

60 No Successes 20 2/2 ST-258
ST-390

80 No Successes 20 2/2 ST-259
ST-391

100 No Successes 20 2/2 ST-260
ST-392

20 75 5/5 ST-349 413 80 1/1 ST-348
ST-350 372
ST-351 357
ST-362 297
ST-364 245

40 80 3/3 ST-355 963 85 1/1 ST-358
ST-356 785
ST-357 1086

60 30 4/5 ST-373 Stall 35 1/2 ST-372
ST-374 391
ST-375 372
ST-376 325
ST-377 335

80 30 3/3 ST-378 595
ST-379 678
ST-380 567

100 25 3/3 ST-385 461 30 2/4 ST-384
ST-386 488 ST-385
ST-387 623

20 70 3/3 ST-530 224 75 2/3 ST-536
ST-531 226 ST-537
ST-532 228

40 75 5/6 ST-278 593 80 1/2 ST-495
ST-538 1043
ST-539 1074
ST-540 Stall
ST-541 1049
ST-542 1060

60 80 4/5 ST-496 1286 85 2/3 ST-566
ST-497 Stall
ST-560 1301 ST-567
ST-561 1297
ST-562 1329

80 100 3/3 ST-580 2386 110 4/5 ST-303
ST-581 1961 ST-304
ST-582 1968 ST-585

ST-586
100 110 2/2 ST-565 2541 124 1/3 ST-305

ST-566 2842
20 70 5/6 ST-318 281 75 2/2 ST-439

ST-328 146 ST-327
ST-420 Stall
ST-436 135
ST-437 128
ST-438 128

40 80 4/4 ST-337 1157 85 3/4 ST-334
ST-441 509 ST-447
ST-442 488 ST-448
ST-443 519

60 100 4/6 ST-310 1738 104 1/1 ST-468
ST-331 Stall
ST-332 Stall
ST-464 994
ST-465 976
ST-466 1014

80 114 3/3 ST-477 1849 120 2/2 ST-481
ST-478 1572 ST-485
ST-479 1613

100 130 3/3 ST-486 2496 140 2/4 ST-490
ST-487 2807 ST-492
ST-488 3296

Stall Point

Stalls also noted at 85 to 95 lbf

Titanium 6-4 (Ti64-01)
 with paper couplant

Not Determined

Inconel 718 (718-01)
 with no couplant

Inconel 718 (718-01)
 with paper couplant

Titanium 6-4 (Ti64-01)
 with no couplant

No Stall Limit (or very few)Amplitude (%)
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Table C-2.  The GE System Rounded-Tip Stall Data 
 

 Force (lbf) Successes/Attempts Test Point Energy Force (lbf) Stalls/Attempts Test Point
20 75 3/3 ST-749 490 80 2/2 ST-754

ST-750 506 ST-755
ST-751 475

40 55 3/3 ST-765 776 60 2/3 ST-759
ST-766 749 ST-760
ST-767 786 ST-761

60 No Successes 20 2/2 ST-772
ST-773

80 25 3/3 ST-781 697 30 2/3 ST-778
ST-782 660 ST-779
ST-783 677 ST-780

100 25 3/3 ST-784 837 30 2/2 ST-790
ST-785 736 ST-791
ST-786 834

20 75 3/3 ST-705 384 80 2/4 ST-701
ST-706 354 ST-702
ST-707 530 ST-703

ST-704
40 55 3/4 Stall 60 2/2 ST-715

ST-718 635 ST-716
ST-719 616
ST-720 642

60 25 3/3 ST-724 342 30 2/2 ST-722
ST-725 368 ST-723
ST-726 270

80 30 3/3 ST-730 696 35 2/3 ST-737
ST-731 669 ST-738
ST-732 700 ST-741

100 30 3/3 ST-746 867 35 2/2 ST-740
ST-747 904 ST-742
ST-748 904

20 65 4/5 ST-645 270 70 2/2 ST-637
ST-646 268 ST-638
ST-647 269
ST-648 266

Stall
40 80 4/4 ST-656 1007 85 2/3 ST-659

ST-657 999 ST-663
ST-658 998 ST-664
ST-665 978

60 85 4/4 ST-671 1515 90 3/4 ST-673
ST-677 1309 ST-674
ST-678 1279 ST-675
ST-679 1519 ST-676

80 95 3/3 ST-683 1893 100 2/3 ST-680
ST-684 1786 ST-681
ST-685 1593 ST-682

100 110 4/4 ST-687 2059 116 2/2 ST-691
ST-693 2992 ST-692
ST-694 2370
ST-695 2390

20 70 3/4 Stall 75 2/2 ST-598
ST-595 170 ST-599
ST-596 171
ST-597 167

40 80 5/5 ST-600 531 85 2/2 ST-605
ST-601 960 ST-606
ST-602 934
ST-603 903
ST-604 914

60 100 4/5 ST-613 1110 106 2/2 ST-618
Stall ST-619

ST-615 1195
ST-616 1224
ST-617 1188

80 110 4/5 Stall 116 2/2 ST-625
ST-621 1801 ST-626
ST-622 2078
ST-623 1787
ST-624 1818

100 110 4/4 ST-633 2248 116 2/2 ST-631
ST-634 2371 ST-632
ST-635 2009
ST-636 2370

 with no couplant

Inconel 718 (718-01)
 with paper couplant

Titanium 6-4 (Ti64-01)

Titanium 6-4 (Ti64-01)

Inconel 718 (718-01)

 with no couplant

 with paper couplant

Stall PointNo Stall Limit (or very few)Amplitude (%)

ST-717

ST-649

ST-589

ST-614

ST-620
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Table C-3.  The GE System Spherical-Tip Stall Data 
 

Force (lbf) Successes/Attempts Test Point Energy Force (lbf) Stalls/Attempts Test Point
20 116 3/3 ST-807 261 120 2/2 ST-801

ST-808 263 ST-802
ST-809 265

40 95 3/3 ST-820 412 100 2/2 ST-818
ST-821 403 ST-819
ST-822 407

60 110 4/5 ST-828 917 116 2/3 ST-833
ST-829 1039 ST-834

Stall ST-835
ST-831 965
ST-832 1042

80 120 3/3 ST-858 1889 126 2/2 ST-865
ST-859 1962 ST-866
ST-860 1301

100 116 3/3 ST-874 1349 120 2/3 ST-871
ST-875 3533 ST-872
ST-876 3004 ST-873

20 110 3/3 ST-928 362 116 2/2 ST-926
ST-929 351 ST-927
ST-930 449

40 95 4/5 ST-936 1285 100 2/2 ST-931
Stall ST-932

ST-938 1133
ST-939 1182
ST-940 1297

60

80

100

20 80 3/3 ST-880 159 85 2/2 ST-885
ST-881 162 ST-886
ST-882 163

40 85 3/3 ST-893 304 90 2/2 ST-891
ST-894 296 ST-892
ST-895 291

60 95 3/3 ST-903 449 100 2/2 ST-898
ST-904 444 ST-899
ST-905 453

80 110 3/3 ST-909 812 116 2/2 ST-915
ST-910 1031 ST-916
ST-911 1035

100 120 3/3 ST-919 1388 126 2/2 ST-922
ST-920 1768 ST-923
ST-921 1577

20

40

60

80

100

Stall PointNo Stall Limit (or very few)Amplitude (%)

 with no couplant

Inconel 718 (718-01)
 with paper couplant

Titanium 6-4 (Ti64-01)

Titanium 6-4 (Ti64-01)

Inconel 718 (718-01)

 with no couplant

 with paper couplant

ST-830

ST-937
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Table C-4.  The GE System In718 GE Correlation Data 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Number Specimen ID Clamp Force 
(lb)

Trigger Force 
(lb)

Down Speed 
(in/sec)

Tip ID Paper Couplant 
(Y/N)

Amplitude 
(%)

Delivered Power 
(%)

Energy 
(Joules)

E (m^2/sec) HAE 
(m^2/sec)

Comments

GE_VT_1 718-01 (top) 28 26 0.8 F2 Y 40 4.5 164 0.0451 0.0388
GE_VT_2 718-01 (top) 28 26 0.8 F2 Y 40 4.5 162 0.0746 0.0411
GE_VT_3 718-01 (top) 28 26 0.8 F2 N 20 4.5 141 0.1293 0.0993
GE_VT_4 718-01 (top) 28 26 0.8 F2 N 20 4.5 141 0.1299 0.0954
GE_VT_5 718-01 (top) 28 26 0.8 F2 Y 80 11.0 414 0.0929 0.0786
GE_VT_6 718-01 (top) 28 26 0.8 F2 Y 80 11.0 419 0.0947 0.0836
GE_VT_7 718-01 (top) 28 26 0.8 F2 N 50 9.5 347 0.1672 0.1249
GE_VT_8 718-01 (top) 28 26 0.8 F2 N 50 9.5 344 0.1585 0.1180
GE_VT_9 718-01 (top) 42 40 1.1 F2 Y 70 13.0 476 0.0974 0.0889
GE_VT_10 718-01 (top) 42 40 1.1 F2 Y 80 15.5 575 0.1177 0.1107
GE_VT_11 718-01 (top) 42 40 1.1 F2 Y 90 17.0 638 0.1240 0.1019
GE_VT_12 718-01 (top) 42 40 1.1 F2 Y 100 19.0 720 0.1129 0.1075
GE_VT_13 718-01 (top) 30 28 0.8 F2 N 50 11.0 375 0.2226 0.1720
GE_VT_14 718-01 (top) 30 28 0.9 F2 N 60 13.0 471 0.2710 0.2223
GE_VT_15 718-01 (top) 30 28 0.9 F2 N 70 15.0 553 0.2929 0.2514
GE_VT_16 718-01 (top) 30 28 0.9 F2 N 80 17.5 632 0.3091 0.2630
GE_VT_17 718-01 (top) 30 28 0.9 F2 N 90 20.5 708 0.3359 0.2650
GE_VT_18 718-01 (top) 30 28 0.9 F2 N 100 24.0 799 0.3796 0.2873
GE_VT_19 718-01 (top) 30 28 0.8 F2 N 100 24.0 772 0.3575 0.2675
GE_VT_20 718-01 (top) 30 28 0.8 F2 N 90 22.5 699 0.4244 0.2495
GE_VT_21 718-03 (bot) 30 28 0.9 F2 N 50 11.5 389 0.2497 0.2114
GE_VT_22 718-03 (bot) 30 28 0.9 F2 N 60 13.5 482 0.2714 0.2323
GE_VT_23 718-03 (bot) 30 28 0.9 F2 N 70 15.0 560 0.3125 0.2699
GE_VT_24 718-03 (bot) 30 28 0.9 F2 N 80 18.0 660 0.2223 0.1996
GE_VT_25 718-03 (bot) 30 28 0.9 F2 N 90 19.5 742 0.2468 0.2085
GE_VT_26 718-03 (bot) 30 28 0.9 F2 N 100 23.0 847 0.2879 0.2560
GE_VT_27 718-03 (bot) 30 28 0.8 F2 Y 72 11.5 380 0.1129 0.1045
GE_VT_28 718-03 (bot) 30 28 0.9 F2 Y 80 13.5 443 0.1434 0.1326
GE_VT_29 718-03 (bot) 30 28 0.9 F2 Y 85 15.5 463 0.0936 0.0844
GE_VT_30 718-03 (bot) 30 28 0.8 F2 Y 85 14.0 455 0.1143 0.1044
GE_VT_31 718-03 (bot) 30 28 0.9 F2 Y 90 15.5 517 0.1272 0.1159
GE_VT_32 718-03 (bot) 30 28 0.9 F2 Y 90 15.0 501 0.1055 0.0949
GE_VT_33 718-03 (bot) 42 40 1.1 F2 Y 70 15.5 578 0.1987 0.1742
GE_VT_34 718-03 (bot) 42 40 1.1 F2 Y 70 15.5 579 0.1715 0.1422
GE_VT_35 718-03 (bot) 42 40 1.1 F2 Y 75 16.0 612 0.1618 0.1462
GE_VT_36 718-03 (bot) 42 40 1.1 F2 Y 80 18.0 669 0.2060 0.1821
GE_VT_37 718-03 (bot) 42 40 1.0 F2 Y 85 19.5 729 0.2022 0.1724
GE_VT_38 718-03 (bot) 42 40 1.0 F2 Y 85 19.0 712 0.2370 0.2008
GE_VT_39 718-03 (bot) 42 40 1.0 F2 Y 90 21.0 792 0.2978 0.2284
GE_VT_40 718-03 (bot) 30 28 0.9 F2 N 10 3.5 74 0.0987 0.0775
GE_VT_41 718-03 (bot) 30 28 0.9 F2 N 10 5.0 81 0.1163 0.0976
GE_VT_42 718-03 (bot) 30 28 0.9 F2 N 20 7.0 191 0.1684 0.1304
GE_VT_43 718-03 (bot) 30 28 0.9 F2 N 30 8.5 270 0.1852 0.1460
GE_VT_44 718-03 (bot) 30 28 0.9 F2 N 40 10.0 330 0.1973 0.1442
GE_VT_45 718-03 (bot) 30 28 0.9 F2 N 50 11.5 432 0.2862 0.2342
GE_VT_46 718-03 (bot) 30 28 0.9 F2 N 60 20.0 512 0.2331 0.1480
GE_VT_47 718-03 (bot) 30 28 0.9 F2 N 60 21.0 509 0.2757 0.2267
GE_VT_48 718-03 (bot) 30 28 0.9 F2 N 70 20.5 581 0.2990 0.1871
GE_VT_49 718-03 (bot) 30 28 0.9 F2 N 70 24.0 611 0.2501 0.1514
GE_VT_50 718-03 (bot) 30 28 0.9 F2 N 80 24.5 679 0.2701 0.1574
GE_VT_51 718-03 (bot) 30 28 0.9 F2 N 80 18.0 652 0.2649 0.2198
GE_VT_52 718-03 (bot) 30 28 0.9 F2 N 90 22.0 722 0.2720 0.2465
GE_VT_53 718-03 (bot) 30 28 0.9 F2 N 100 22.5 836 0.2442 0.2126
GE_VT_54 718-03 (bot) 30 28 0.9 F2 N 100 24.0 872 0.2498 0.1977
GE_VT_55 718-03 (bot) 30 28 0.9 F2 N 80 19.0 672 0.2564 0.2143
GE_VT_56 718-03 (bot) 52 50 1.3 F2 Y 100 38.0 1233 0.5734 0.4648
GE_VT_57 718-03 (bot) 52 50 1.3 F2 Y 100 31.5 1159 0.3741 0.3166
GE_VT_58 718-03 (bot) 52 50 1.3 F2 Y 100 31.5 1168 0.3472 0.2440
GE_VT_59 718-03 (bot) 62 60 1.3 F2 Y 100 39.5 1392 0.4682 0.3317
GE_VT_60 718-03 (bot) 62 60 1.4 F2 Y 100 44.0 1481 0.6490 0.4776
GE_VT_61 718-03 (bot) 72 70 1.4 F2 Y 100 49.0 1709 0.7133 0.3922
GE_VT_62 718-03 (bot) 72 70 1.4 F2 Y 100 48.0 1709 0.6551 0.4355
GE_VT_63 718-03 (bot) 52 50 1.2 F2 Y 100 32.5 1217 0.4784 0.2822
GE_VT_64 718-03 (bot) 52 50 1.3 F2 Y 100 34.0 1210 0.4140 0.2890
GE_VT_65 718-03 (bot) 52 50 1.2 F2 Y 100 32.0 1204 0.4800 0.3408
GE_VT_66 718-03 (bot) 52 50 1.2 F2 Y 100 32.0 1201 0.5667 0.4449
GE_VT_67 718-03 (bot) 52 50 1.2 F2 N 100 49.0 1414 0.4959 0.4196
GE_VT_68 718-03 (bot) 52 50 1.2 F2 Y 100 31.5 1190 0.8210 0.7134
GE_VT_69 718-03 (bot) 62 60 1.3 F2 Y 100 42.0 1477 0.6600 0.4677
GE_VT_70 718-03 (bot) 62 60 1.3 F2 Y 100 39.5 1451 0.6134 0.4575
GE_VT_71 718-03 (bot) 72 70 1.5 F2 Y 100 41.0 1553 0.7050 0.4953
GE_VT_72 718-03 (bot) 72 70 1.5 F2 Y 100 41.0 1521 0.5992 0.4527
GE_VT_73 718-03 (bot) 42 40 1.1 RC-1 Y 80 16.0 545 0.1625 0.1389
GE_VT_74 718-03 (bot) 42 40 1.0 RC-1 Y 90 19.0 648 0.1879 0.1433
GE_VT_75 718-03 (bot) 47 45 1.1 RC-1 Y 80 20.0 709 0.4370 0.2771
GE_VT_76 718-03 (bot) 47 45 1.1 RC-1 Y 90 21.0 762 0.2695 0.2066
GE_VT_77 718-03 (bot) 52 50 1.3 RC-1 Y 80 18.5 665 0.2264 0.1806
GE_VT_78 718-03 (bot) 52 50 1.3 RC-1 Y 80 21.5 757 0.2707 0.2024
GE_VT_79 718-03 (bot) 52 50 1.2 RC-1 Y 90 25.0 894 0.3334 0.1997
GE_VT_80 718-03 (bot) 57 50 1.3 RC-1 Y 80 24.5 880 0.3594 0.2367
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Table C-4.  The GE System In718 Correlation Data (Continued) 
 
 
 
 
 
 
 
 
 
 
 

GE_VT_81 718-03 (bot) 57 55 1.3 RC-1 Y 80 25.0 904 0.3716 0.2407
GE_VT_82 718-03 (bot) 57 55 1.3 RC-1 Y 90 28.5 1034 0.4281 0.2547
GE_VT_83 718-03 (bot) 62 60 1.3 RC-1 Y 80 29.5 1042 0.4565 0.2365
GE_VT_84 718-03 (bot) 62 60 1.3 RC-1 Y 90 32.5 1162 0.4118 0.2151
GE_VT_85 718-03 (bot) 92 90 1.5 RC-1 Y 80 47.0 1560 1.1020 0.6285
GE_VT_86 718-03 (bot) 92 90 1.6 RC-1 Y 80 46.0 1446 0.8168 0.4939
GE_VT_87 718-03 (bot) 82 80 1.4 RC-1 Y 80 41.0 1285 0.6833 0.3935
GE_VT_88 718-03 (bot) 82 80 1.5 RC-1 Y 80 39.0 1189 0.5273 0.3834
GE_VT_89 718-03 (bot) 30 28 0.8 RC-1 N 60 15.5 532 0.3519 0.2472
GE_VT_90 718-03 (bot) 30 28 0.8 RC-1 N 60 15.5 478 0.2196 0.1625
GE_VT_91 718-03 (bot) 30 28 0.8 RC-1 N 60 16.5 451 0.1599 0.1163
GE_VT_92 718-03 (bot) 30 28 0.9 RC-1 N 60 13.5 468 0.2392 0.1682
GE_VT_93 718-03 (bot) 37 35 1.0 RC-1 N 60 20.0 669 0.3720 0.2393
GE_VT_94 718-03 (bot) 37 35 1.0 RC-1 N 60 22.0 692 0.3154 0.2075
GE_VT_95 718-03 (bot) 42 40 1.1 RC-1 N 60 25.5 770 0.4423 0.2870
GE_VT_96 718-03 (bot) 42 40 1.1 RC-1 N 60 24.5 725 0.4470 0.2413
GE_VT_104 718-03 (bot) 42 40 1.1 S-1 Y 40 10.5 343 0.4225 0.3657
GE_VT_105 718-03 (bot) 42 40 1.1 S-1 Y 50 10.0 355 0.3403 0.3023
GE_VT_106 718-03 (bot) 42 40 1.1 S-1 Y 60 11.5 425 0.3500 0.3048
GE_VT_107 718-03 (bot) 42 40 1.1 S-1 N 60 10.5 348 0.3235 0.2682

 
Table C-5.  The GE System Ti64 Correlation Data 

 
 
 
 
 
 
 
 

Number Specimen ID Clamp Force 
(lb)

Trigger Force 
(lb)

Down Speed 
(in/sec)

Tip ID Paper Couplant 
(Y/N)

Amplitude 
(%)

Delivered Power (%) Energy 
(Joules)

E (m^2/sec) HAE 
(m^2/sec)

Comments

GE_VT_97 TI64-24 (bot) 52 50 1.3 RC-1 Y 40 22.0 586 2.6250 2.0530
GE_VT_98 TI64-24 (bot) 52 50 1.3 RC-1 Y 40 25.0 629 3.0900 2.1410
GE_VT_99 TI64-24 (bot) 52 50 1.3 RC-1 Y 40 26.5 612 2.8170 2.1660

GE_VT_100 TI64-24 (bot) 42 40 1.1 RC-1 N 40 29.0 632 2.2020 1.7500
GE_VT_101 TI64-24 (bot) 42 40 1.1 RC-1 N 40 28.0 628 2.0870 1.6480
GE_VT_102 TI64-24 (bot) 22 20 0.7 RC-1 N 80 28.5 654 1.1340 0.7738
GE_VT_103 TI64-24 (bot) 22 20 0.7 RC-1 N 80 20.0 677 1.1540 0.8991
GE_VT_108 TI64-24 (bot) 42 40 1.1 S-1 N 60 9.0 246 1.2040 1.0550
GE_VT_109 TI64-24 (bot) 42 40 1.1 S-1 Y 40 11.5 423 2.2350 1.8300
GE_VT_110 TI64-24 (bot) 42 40 1.0 S-1 Y 50 16.5 597 2.5330 2.0700
GE_VT_111 TI64-24 (bot) 42 40 1.1 S-1 Y 60 10.5 313 1.4540 1.2210
GE_VT_112 TI64-24 (bot) 42 40 1.1 S-1 Y 60 25.5 630 2.3280 1.8010
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Table C-6.  The PW System In718 Stall and Correlation Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Number Specimen ID Clamp Force 
(lb)

Trigger Force 
(lb)

Down Speed 
(in/sec)

Tip ID Paper Couplant 
(Y/N)

Amplitude 
(%)

Delivered Power (%) Energy 
(Joules)

E (m^2/sec) HAE 
(m^2/sec)

Comments

1 718-3 (bot) N/A 15 N/A F2 N 35 141 0.0899
2 718-3 (bot) N/A 18 N/A F2 N 37 184 0.1036
3 718-3 (bot) N/A 20 N/A F2 N 40 214 0.1158
4 718-3 (bot) N/A 22 N/A F2 N 42 240 0.1261
5 718-3 (bot) N/A 24 N/A F2 N 44 267 0.1410
6 718-3 (bot) N/A 26 N/A F2 N 46 346 0.1730
7 718-3 (bot) N/A 28 N/A F2 N 48 389 0.1940
8 718-3 (bot) N/A 30 N/A F2 N 50 428 0.2109
9 718-3 (bot) N/A 32 N/A F2 N 52 469 0.2266
10 718-3 (bot) N/A 34 N/A F2 N 54 512 0.2443
11 718-3 (bot) N/A 34 N/A F2 N 56 519 0.2467
12 718-3 (bot) N/A 36 N/A F2 N 58 560 0.2604
13 718-3 (bot) N/A 38 N/A F2 N 60 604 0.2858
14 718-3 (bot) N/A 40 N/A F2 N 62 648 0.3109
15 718-3 (bot) N/A 42 N/A F2 N 64 30.0 698 0.3242
16 718-3 (bot) N/A 44 N/A F2 N 66 30.0 718 0.3337
17 718-3 (bot) N/A 44 N/A F2 N 68 30.0 704 0.3375
18 718-3 (bot) N/A 46 N/A F2 N 70 35.0 737 0.3905
19 718-3 (bot) N/A 46 N/A F2 N 72 35.0 743 0.3841
20 718-3 (bot) N/A 48 N/A F2 N 74 35.0 775 0.4199
21 718-3 (bot) N/A 50 N/A F2 N 76 35.0 796 0.4367
22 718-3 (bot) N/A 52 N/A F2 N 78 35.0 810 0.4540
23 718-3 (bot) N/A 54 N/A F2 N 80 40.0 857 0.4876
24 718-3 (bot) N/A 56 N/A F2 N 82 45.0 918 0.5209
25 718-3 (bot) N/A 58 N/A F2 N 84 50.0 981 0.5615
26 718-3 (bot) N/A 60 N/A F2 N 86 60.0 1043 0.6036
27 718-3 (bot) N/A 62 N/A F2 N 88 70.0 1102 0.6323
28 718-3 (bot) N/A 62 N/A F2 N 90 70.0 1111 0.6439
29 718-3 (bot) N/A 64 N/A F2 N 92 75.0 1183 0.7038
30 718-3 (bot) N/A 64 N/A F2 N 94 80.0 1204 0.7276

31 718-3 (bot) N/A 28 N/A F2 N 48 60.0 209 0.1271  
32 718-3 (bot) N/A 30 N/A F2 N 50 60.0 235 0.1757  
33 718-3 (bot) N/A 32 N/A F2 N 52 60.0 255 0.1943  
34 718-3 (bot) N/A 34 N/A F2 N 54 60.0 279 0.2163  
35 718-3 (bot) N/A 34 N/A F2 N 56 70.0 293 0.2197  
36 718-3 (bot) N/A 36 N/A F2 N 58 70.0 316 0.2485  

37 718-3 (bot) N/A 40 N/A F2 Y 25 10.0 251 0.1000
38 718-3 (bot) N/A 40 N/A F2 Y 50 15.0 351 0.1450
39 718-3 (bot) N/A 40 N/A F2 Y 75 20.0 506 0.2302
40 718-3 (bot) N/A 20 N/A F2 Y 25 4.0 75 0.0311
41 718-3 (bot) N/A 30 N/A F2 Y 25 10.0 213 0.0691
42 718-3 (bot) N/A 40 N/A F2 Y 25 10.0 277 0.1422
43 718-3 (bot) N/A 42 N/A F2 Y 25 10.0 300 0.1858
44 718-3 (bot) N/A 45 N/A F2 Y 25 15.0 328 0.2078
45 718-3 (bot) N/A 48 N/A F2 Y 25 15.0 335 0.2119
46 718-3 (bot) N/A 50 N/A F2 Y 25 40 Stalled at 0.37sec
47 718-3 (bot) N/A 50 N/A F2 Y 40 25.0 575 0.3171
48 718-3 (bot) N/A 50 N/A F2 Y 50 160 Stalled at 0.43sec
49 718-3 (bot) N/A 50 N/A F2 Y 60 45.0 639 0.2600  
50 718-3 (bot) N/A 50 N/A F2 Y 70 40.0 618 0.3266
51 718-3 (bot) N/A 50 N/A F2 Y 75 30.0 608 0.3342
52 718-3 (bot) N/A 52 N/A F2 Y 75 30.0 657 0.3659
53 718-3 (bot) N/A 55 N/A F2 Y 75 35.0 717 0.4012
54 718-3 (bot) N/A 58 N/A F2 Y 75 45.0 744 0.4511
55 718-3 (bot) N/A 60 N/A F2 Y 75 55.0 868 0.4472
56 718-3 (bot) N/A 60 N/A F2 Y 65 91 Stalled at 0.21sec
57 718-3 (bot) N/A 60 N/A F2 Y 55 138 Stalled at 0.32sec
58 718-3 (bot) N/A 60 N/A F2 Y 45 35.0 736 0.3901
59 718-3 (bot) N/A 60 N/A F2 Y 35 25.0 568 0.3531
60 718-3 (bot) N/A 60 N/A F2 Y 25 12 Stalled at 0.12sec

61 718-3 (bot) N/A 28 N/A RC N 48 251 0.2272
62 718-3 (bot) N/A 30 N/A RC N 48 9.0 275 0.3191
63 718-3 (bot) N/A 32 N/A RC N 48 9.0 295 0.3614
64 718-3 (bot) N/A 32 N/A RC N 52 10.0 329 0.3675
65 718-3 (bot) N/A 34 N/A RC N 56 11.0 378 0.4108
66 718-3 (bot) N/A 36 N/A RC N 58 12.0 418 0.4639

2Kw Exciter with rounded edge tip

1 Kw Exciter with flat tip

2 Kw Exciter with flat tip

1 Kw Exciter with flat tip



 

Table C-7.  The PW System Ti64 Stall and Correlation Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Number Specimen ID Clamp Force 
(lb)

Trigger Force 
(lb)

Down Speed 
(in/sec)

Tip ID Paper Couplant 
(Y/N)

Amplitude 
(%)

Delivered Power (%) Energy 
(Joules)

E (m^2/sec) HAE 
(m^2/sec)

Comments

1 TI64-24 (bot) N/A 15 N/A F2 N 35 5.0 78 0.2450
2 TI64-24 (bot) N/A 18 N/A F2 N 37 5.0 84 0.0981
3 TI64-24 (bot) N/A 20 N/A F2 N 40 11 Stalled at 0.22sec
4 TI64-24 (bot) N/A 22 N/A F2 N 42 29 Stalled at 0.48sec
5 TI64-24 (bot) N/A 24 N/A F2 N 44 5.0 104 0.4332 Stalled at 1.49sec
6 TI64-24 (bot) N/A 26 N/A F2 N 46 10.0 63 Stalled at 0.81sec
7 TI64-24 (bot) N/A 28 N/A F2 N 48 16 Stalled at 0.20sec
8 TI64-24 (bot) N/A 30 N/A F2 N 50 33 Stalled at 0.32sec
9 TI64-24 (bot) N/A 15 N/A F2 N 30 5.0 52 0.3109
10 TI64-24 (bot) N/A 17 N/A F2 N 30 3.0 49 0.0595
11 TI64-24 (bot) N/A 19 N/A F2 N 32
12 TI64-24 (bot) N/A 20 N/A F2 N 35
13 TI64-24 (bot) N/A 21 N/A F2 N 36
14 TI64-24 (bot) N/A 22 N/A F2 N 37
15 TI64-24 (bot) N/A 23 N/A F2 N 38
16 TI64-24 (bot) N/A 24 N/A F2 N 39
17 TI64-24 (bot) N/A 25 N/A F2 N 40
18 TI64-24 (bot) N/A 26 N/A F2 N 41
19 TI64-24 (bot) N/A 15 N/A F2 Y 35 4.0 63 0.0435
20 TI64-24 (bot) N/A 18 N/A F2 Y 37 4.0 71 0.0653
21 TI64-24 (bot) N/A 21 N/A F2 Y 40 46 Stalled at 0.99sec
22 TI64-24 (bot) N/A 18 N/A F2 Y 35 4.0 67 0.0584
23 TI64-24 (bot) N/A 18 N/A F2 Y 36 4.0 67 0.0658
24 TI64-24 (bot) N/A 18 N/A F2 Y 37 4.0 68 0.0652
25 TI64-24 (bot) N/A 18 N/A F2 Y 38 4.0 71 0.0661
26 TI64-24 (bot) N/A 18 N/A F2 Y 39 4.0 74 0.0674
27 TI64-24 (bot) N/A 18 N/A F2 Y 40 5.0 76 0.0696
28 TI64-24 (bot) N/A 18 N/A F2 Y 41 5.0 79 0.0697
29 TI64-24 (bot) N/A 20 N/A F2 Y 41 5.0 85 0.0780
30 TI64-24 (bot) N/A 21 N/A F2 Y 41 68 Stalled at 1.34sec
31 TI64-24 (bot) N/A 22 N/A F2 Y 41 5.0 94 0.1130
32 TI64-24 (bot) N/A 24 N/A F2 Y 41 29 Stalled at 0.49sec
33 TI64-24 (bot) N/A 26 N/A F2 Y 41 15 Stalled at 0.23sec
34 TI64-24 (bot) N/A 28 N/A F2 Y 41
35 TI64-24 (bot) N/A 30 N/A F2 Y 41 19 Stalled at 0.23sec

36 TI64-24 (bot) N/A 15 N/A RC N 10 6 0.0273
37 TI64-24 (bot) N/A 15 N/A RC N 11 8 0.0815
38 TI64-24 (bot) N/A 15 N/A RC N 12 1.0 12 0.1408
39 TI64-24 (bot) N/A 16 N/A RC N 13 3 Stalled at 0.38sec
40 TI64-24 (bot) N/A 17 N/A RC N 14 3 Stalled at 0.22sec
41 TI64-24 (bot) N/A 15 N/A RC N 10 3.0 13 0.2361
42 TI64-24 (bot) N/A 17 N/A RC N 12 4 Stalled at 0.45sec
43 TI64-24 (bot) N/A 15 N/A RC N 12 2.0 15 0.2444
44 TI64-24 (bot) N/A 15 N/A RC N 14 7 Stalled at 0.64sec
45 TI64-24 (bot) N/A 15 N/A RC N 16
46 TI64-24 (bot) N/A 15 N/A RC Y 10 1.0 13 0.0251
47 TI64-24 (bot) N/A 15 N/A RC Y 11 1.0 17 0.0290
48 TI64-24 (bot) N/A 15 N/A RC Y 12 1.0 18 0.0206
49 TI64-24 (bot) N/A 15 N/A RC Y 13 1.0 19 0.0326
50 TI64-24 (bot) N/A 15 N/A RC Y 14 1.0 19 0.0348
51 TI64-24 (bot) N/A 15 N/A RC Y 15 1.0 21 0.0453
52 TI64-24 (bot) N/A 15 N/A RC Y 16 1.0 24 0.0525
53 TI64-24 (bot) N/A 15 N/A RC Y 17 1.0 24 0.0646
54 TI64-24 (bot) N/A 15 N/A RC Y 18 1.0 26 0.0621
55 TI64-24 (bot) N/A 15 N/A RC Y 19 1.0 27 0.0670
56 TI64-24 (bot) N/A 15 N/A RC Y 20 2.0 29 0.0678
57 TI64-24 (bot) N/A 15 N/A RC Y 21 2.0 29 0.0251
58 TI64-24 (bot) N/A 15 N/A RC Y 22 2.0 32 0.1225
59 TI64-24 (bot) N/A 15 N/A RC Y 23 2.0 33 0.1120
60 TI64-24 (bot) N/A 15 N/A RC Y 24 30 Stalled at 0.83sec
61 TI64-24 (bot) N/A 15 N/A RC Y 24 25 Stalled at 1.52sec

62 TI64-24 (bot) N/A 30 N/A F2 N 35 6.1 231 0.7585
63 TI64-24 (bot) N/A 30 N/A F2 N 40 6.6 186 0.5828
64 TI64-24 (bot) N/A 30 N/A F2 N 45 2.6 106 0.3021
65 TI64-24 (bot) N/A 30 N/A F2 N 50 8.1 188 0.4350
66 TI64-24 (bot) N/A 30 N/A F2 N 55 3.8 160 0.3299
67 TI64-24 (bot) N/A 30 N/A F2 N 60 4.4 180 0.3393
68 TI64-24 (bot) N/A 35 N/A F2 N 60 4.7 192 0.3393
69 TI64-24 (bot) N/A 35 N/A F2 Y 60 11.6 340 0.6211
70 TI64-24 (bot) N/A 40 N/A F2 Y 60 12.0 372 0.5907
71 TI64-24 (bot) N/A 40 N/A F2 Y 65 13.0 384 0.6171
72 TI64-24 (bot) N/A 40 N/A F2 Y 70 12.0 375 0.4975
73 TI64-24 (bot) N/A 40 N/A F2 Y 75 15.0 465 0.6381
74 TI64-24 (bot) N/A 45 N/A F2 Y 75 16.4 527 1.1340
75 TI64-24 (bot) N/A 45 N/A F2 Y 80 18.1 599 0.9995

76 TI64-24 (bot) N/A 50 RC Y 50 26.0 728 1.2780
77 TI64-24 (bot) N/A 50 RC Y 60 31.0 957 1.6210
78 TI64-24 (bot) N/A 50 RC Y 70 31.0 853 1.5670 Stalled at 1.50sec

1 Kw Exciter with flat tip

1 Kw Exciter with rounded edge tip

2 Kw Exciter with flat tip

2 Kw Exciter with rounded edge tip
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APPENDIX D—LOCALIZED DAMAGE SPECIMENS CHARACTERIZATION 
 

Twenty-four specimens were analyzed as part of the localized damage study (LDS) portion of 
the project using laser profilometry.  Laser profilometry results are provided in this appendix for 
the measured specimens.  Of the 24 specimens, 5 were analyzed using x-ray diffraction (XRD) to 
determine residual stress at the point of excitation.  Stress measurements were performed on 
specimens that were excited with each type of welding horn tip shape (flat, rounded, and 
spherical), both at the site of excitation and at a site left untouched by excitation to determine the 
change in compressive residual stress due to the impact of the ultrasonic welding tip.  The 
residual stress measurements were made by placing the specimen in four different orientation 
angles (0°, 90°, 180°, and 270°).  Stress measurements were made in four directions, as it is 
common for the stress to vary with direction within a specimen.  The equipment used to make 
the measurements was a Technology for Energy Corporation Model 1603-3 X-Ray 
Diffractometer using a copper tube and a 142 bracket with a 3-milimeter round spot. 
 
Results of the XRD (table D-1) showed that the impact increased the compressive residual stress 
in directions perpendicular to one another, but did not appear to be detrimental.  The specimens 
tested showed a greater compressive residual stress (negative numbers imply compressive stress) 
as expected.  Continued tests on all specimens were not performed due to limited funding.  
However, the results obtained were conclusive and no further tests were warranted. 
 

Table D-1.  Summary of Specimen X-Ray Diffraction Results 
 

Specimen Tip/Couplant 0o 90o 180o 270o Location 
13 Rounded/None -73 -98 -88 -91 on 
  4.7 -42 -14 -55 off 
16 Flat/None -19 -39   on 
  -15 -46 -8.8 -19.6 off 
20 Spherical/None -42 -45 -39 -67 on 
  -29 -50 -1.4 -54 off 
21 Spherical/Paper 2.1 -53 0.1 -51.9 on 
  -7.1 -54 2.4 -43.9 off 
23 Flat/None -87.8 -109 -108 -103 on 
   -43 3.8  off 

 
Testing parameter results for all specimens scanned are provided in table D-2, with the results of 
laser profilometry scans provided after the table. 
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Table D-2.  Testing Parameters Used in Excitation of the LDS Specimens 
 

Test 
First 
Run 

Run 
Order Material Team 

Stall 
Energy 

(%) 

Loading 
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results Depth 

Surface 
Indication 

1 2 Ti64-23 
(bottom) 

PW ~50 40 55 Flat None Stalled, reduced 
to 35% 

20 μm X 

2 1 Ti64-23 
(top) 

PW ~50 50 70 Flat Paper Stalled, reduced 
to 35% 

 Y 

3 7 In718-19 
(top) 

PW ~50 40 60 Flat None Reduced to 
35 lb/30%, 
good run 

12-13 μm X 

4 8 In718-19 
(bottom) 

PW ~50 50 60 Flat Paper Reduced to 
40 lb/35%, 
good run 

 N 

5 10 Ti64-13 
(bottom) 

PW ~50 35 55 Rounded None Reduced to 
25%, good run 

2-3 μm X 

6 9 Ti64-13 
(top) 

PW ~50 50 60 Rounded Paper Stalled, reduced 
to 25% 

 Y 

7 3 In718-13 
(bottom) 

PW ~50 30 55 Rounded None Reduced to 
30%, good run 

2-3 μm X 

8 4 In718-8 
(top) 

PW ~50 50 40 Rounded Paper Reduced to 
40 lb, good run 

 N 

9 6 Ti64-21 
(bottom) 

PW ~50 35 70 Spherical None Good run  N 

10 5 Ti64-21 
(top) 

PW ~50 35 70 Spherical Paper Good run  Y 

11 11 Ti718-14 
(top) 

PW ~50 40 60 Spherical None Good run 10-12 μm X 

12 12 Ti718-14 
(bottom) 

PW ~50 40 60 Spherical Paper Reduced to 
45 %, good run 

 N 

13 2 Ti64-16 
(bottom) 

GE ~50 30 40 Flat None Good run 6-8 μm X 

14 1 Ti64-16 
(top) 

GE ~50 40 40 Flat Paper Good run  N 
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Table D-2.  Testing Parameters Used in Excitation of the LDS Specimens (Continued) 
 

Test 
First 
Run 

Run 
Order Material Team 

Stall 
Energy 

(%) 

Loading 
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results Depth 

Surface 
Indication 

15 7 In718-17 
(top) 

GE ~50 40 65 Flat None Good run 10-12 μm X 

16 8 In718-17 
(bottom) 

GE ~50 60 70 Flat Paper Good run  N 

19 3 In718-12 
(top) 

GE ~50 40 60 Rounded None Good run 8-10 μm N 

20 4 In718-12 
(bottom) 

GE ~50 60 80 Rounded Paper Good run  N 

21 6 Ti64-20 
(bottom) 

GE ~50 45 70 Spherical None Good run  N 

22 5 Ti64-20 
(top) 

GE ~50 45 70 Spherical Paper Good run  N 

23 11 In718-11 
(top) 

GE ~50 50 70 Spherical None Good run 3 μm X 

24 12 In718-11 
(bottom) 

GE ~50 50 70 Spherical Paper Good run  N 

 
Note:  For specimens that showed a measurable surface indication, depth values are included.  The last column indicates which surfaces had a surface 
indication.  “X” indicates surface change evident by a measurable depth of indentation.  “Y” indicates a surface blemish with no noticeable indentation.  
“N” indicates no evidence of surface change 



 

Specimen Ti64-23-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

1 2 Ti64-23 
(bottom) 

PW ~50 40 55 Flat None Stalled, 
reduced to 
35% 
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Figure D-1.  Observation:  Major Indention, Depth Possibly up to 20 Microns 
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Specimen Ti64-23-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

2 1 Ti64-23 
(top) 

PW ~50 50 70 Flat Paper Stalled, 
reduced to
35% 
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Figure D-2.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen In718-19-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

3 7 In718-19 
(top) 

PW ~50 40 60 Flat None Reduced to 
35 lb/30%, 
good run 
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Figure D-3.  Observation:  Noticeable Indention, Depth Possibly 12 to 13 Microns 
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Specimen In718-19-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

4 8 In718-19 
(bottom) 

PW ~50 50 60 Flat Paper Reduced to 
40 lb/35%, 
good run 
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Figure D-4.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen Ti64-13-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

5 10 Ti64-13 
(bottom) 

PW ~50 35 55 Rounded None Reduced to 
25%, good 
run 
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Figure D-5.  Observation:  Slight Blemish and Indentation, Depth Possibly 4 to 5 Microns 
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Specimen Ti64-13-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

6 9 Ti64-13 
(top) 

PW ~50 50 60 Rounded Paper Stalled, 
reduced 
to 25% 
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Figure D-6.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen In718-13-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

7 3 In718-13 
(bottom) 

PW ~50 30 55 Rounded None Reduced 
to 30%, 
good run 
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Figure D-7.  Observation:  Visible Blemish, Indention Possibly 2 to 3 Microns in Depth 
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Specimen In718-8-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

8 4 In718-8 
(top) 

PW ~50 50 40 Rounded Paper Reduced 
to 40 lb, 
good run 
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Figure D-8.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen Ti64-21-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

9 6 Ti64-21 
(bottom) 

PW ~50 35 70 Spherical None Good run 
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Figure D-9.  Observation:  No Noticeable Damage 
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Specimen Ti64-21-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

10 5 Ti64-21 
(top) 

PW ~50 35 70 Spherical Paper Good run 
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Figure D-10.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen In718-14-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

11 11 In718-14 
(top) 

PW ~50 40 60 Spherical None Good run 
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Figure D-11.  Observation:  Visible Indention, Depth Possibly 10 to 12 Microns 
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Specimen In718-14-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

12 12 In718-14 
(bottom) 

PW ~50 40 60 Spherical Paper Reduced 
to 45%, 
good run 
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Figure D-12.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen Ti64-16-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

13 2 Ti64-16 
(bottom) 

GE ~50 30 40 Flat None Good run 
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Figure D-13.  Observation:  Noticeable Indentation, Depth Possibly 6 to 8 Microns 
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Specimen Ti64-16-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

14 1 Ti64-16 
(top) 

GE ~50 40 40 Flat Paper Good run 
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Figure D-14.  Observation:  No Noticeable Damage 
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Specimen In718-17-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

15 7 In718-17 
(top) 

GE ~50 40 65 Flat None Good run 
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Figure D-15.  Observation:  Visible Indention, Depth Possibly 10 to 12 Microns 
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Specimen In718-17-bottom 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

16 8 In718-17 
(bottom) 

GE ~50 60 70 Flat Paper Good run 
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Figure D-16.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen In718-12-top 

Test 
Run 

Order Material Team 

Stall 
Energy

(%) 

Loading
Force 
(lb) 

Amplitude 
(%) Tip Coupling Results 

19 3 In718-12 
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Figure D-17.  Observation:  Visible Indention, Depth Possibly 8 to 10 Microns 
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Specimen In718-12-bottom 
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Figure D-18.  Observation:  No Noticeable Damage 
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Specimen Ti64-20-bottom 
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Figure D-19.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Specimen Ti64-20-top 
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Figure D-20.  Observation:  No Noticeable Damage, but a Visible Blemish Present 
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Figure D-21.  Observation:  Slight Blemish, Indention Possibly 3 Microns in Depth
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Figure D-22.  Observation:  No Noticeable Damage 
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APPENDIX E—BASIC GENERAL ELECTRIC AVIATION SETUP PROCEDURE FOR  
GENERATING ENGINE TITANIUM CONSORTIUM THERMAL ACOUSTIC STUDIES 

PROBABILITY OF DETECTION DATA 
 

The procedure enumerated below was used by General Electric Aviation as setup procedure for 
the thermal acoustic studies probability of detection data collection.  It includes applying 
vibrometer tape to the specimen, mounting, alignment, coupling, and adjustment.  Procedures 
used at Iowa State University and Pratt & Whitney were similar.   
 
1. If not already in place, apply a small piece of retroreflective tape to the specimen on the 

face opposite to the crack location. 
 
2. Using a 6-inch steel rule and a Sharpie® ultra-fine-point marker, place a small dot on the 

tape in the center of the specimen face.  This is presumably the point opposite to the 
crack itself, but since the cracks have been painted, it cannot be verified.   

 
3. Verify condition of the rubber “pins.”  Any with evidence of burning, melting, or 

significant distortion should be replaced. 
 
4. Insert and center rubber pins in fixture “v” grooves.  Assure pin corner fits into groove. 
 
5. Mount specimen on rubber pins with the serial number to the right side as the infrared 

camera and laser vibrometer face the fixture and with the painted crack surface on the 
top.   

 
6. Visually center the specimen beneath the two fixture jaws and assure that the two rubber 

pins support the entire width of the specimen. 
 
7. Insert the 0.176″ thick, black plastic spacer between the specimen right end and the right-

hand fixture jaw support. 
 
8. Gently lift the specimen and move it until it seats tightly against the plastic spacer, 

assuring that the rubber pins do not dislodge or move in any manner and that the 
specimen remains centered on the jaws. 

 
9. Being careful not to move the specimen, lift each fixture jaw and insert another rubber 

pin into the inverted v groove.   
 
10. Assure that both the upper and lower rubber pins span the entire width of the specimen, 

that the specimen is still tightly positioned against the plastic spacer, and that the 
specimen is still centered on the fixture jaws. 

 
11. Tighten both of the fixture nuts by hand by first noting resistance and then completing 

one additional turn of the nuts. 
 
12. Remove the black plastic spacer. 
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13. Apply a 0.75″ x 1.0″ piece of the 90# paper couplant to the specimen top surface at the 

right fixture jaw.  Secure it in place with two pieces of duct tape that adhere to the sides 
of the specimen.  The tape should cover ~0.125″ of the paper on each side and should be 
very firmly affixed to both the specimen and the paper. 

 
14. Using the white plastic spacing tool, position the sonic welder tip 0.75″ above the 

specimen face and 0.10″ from the right fixture jaw.  This step need only be done if the 
sonic welder carriage has been released or there is evidence of movement of the welder 
stack. 

 
15. Verify that the welder will completely contact the paper couplant and not any of the duct 

tape. 
 
16. Adjust the laser vibrometer so that the laser beam in on the black dot created in step 2.  If 

the laser vibrometer signal drops significantly, move the laser beam just enough to 
recover the signal. 



 

APPENDIX F—BASIC GENERAL ELECTRIC AVIATION PROCEDURE FOR ACQUIRING 
ENGINE TITANIUM CONSORTIUM THERMAL ACOUSTIC STUDIES PROBABILITY OF 

DETECTION DATA 
 
The procedure enumerated below was used by General Electric Aviation for acquisition and 
logging of the thermal acoustic studies (TAS) probability of detection (POD) data.  It includes 
verification of setup, the use of a conditioning run, software settings, recording infrared (IR) and 
vibrometry data, saving the measured data, and recording the actions taken into an experiment 
log.  Similar procedures were used at Iowa State University and Pratt & Whitney.   
 

1. Ensure that specimen is properly set up as instructed within the Basic GE Set-up Procedure for Generating 
ETC TAS POD Data procedure. 

2. Ensure that the laser vibrometer system is properly set up as instructed within the Polytec® Laser 
Vibrometer General Operating Procedure. 

3. Ensure that the Branson sonic welder system is properly set up as instructed within the Infrared 
Thermography General Operating Procedure.  

4. Set sonic welder amplitude profile in the Branson® WPC-2 system for initial run based off of the 
randomized testing order provided by ISU. 

a. A value of 1 corresponds to an amplitude of 20%: Select amplitude profile – KMD2K20 
b. A value of 2 corresponds to an amplitude of 30%: Select amplitude profile – DMF2K30 
c. A value of 3 corresponds to an amplitude of 40%: Select amplitude profile – KMD2K40  

5. Perform a conditioning run by exciting the part at the first amplitude:  
a. Prepare vibrometer for data collection by selecting single-shot acquisition mode. 
b. Press and hold both green buttons to actuate sonic welder system and continue to hold for 

approximately 2 seconds after horn contacts specimen. 
c. Record run number, specimen number, time, amplitude, delivered power, and energy into GE 

Sonic IR POD Tests.xls spreadsheet. 
i. The delivered power and energy can be read off of the Branson WPC-2 system. 

6. Open ImagePro® Phoenix® DAS system and prepare for data acquisition. 
a. Select menu option Camera → Start User Interface 
b. Under active NUC select Sonic_IR_320x256_2.4ms_23C-33C_21808 
c. Select Acquire and set frame count to 1000 frames  

7. Prepare vibrometer for actual data collection by selecting single-shot acquisition button. 
8. Arm Phoenix® DAS system for recording infrared data. 
9. Trigger IR recording system using a “ready, go” count-off. 
10. Immediately following triggering of IR recording system, press and hold both green buttons to actuate 

sonic welder system and continue to hold for approximately 2 seconds after horn contacts specimen. 
11. Playback the IR data in order to ensure data quality and determine the frame number at which heating of 

the specimen first becomes visible.  This will typically occur on the tape used to secure the couplant. 
12. Save the IR data, within the directory D:\Sonic_IR_Data\(Date), as a .FTS file using the following naming 

convention: GE_05-xxx_yz_nnnJ.FTS. Where: 
a. xxx – refers to the specimen number 
b. y – refers to the welder amplitude (either 1, 2, or 3 as specifed in Step 2) 
c. z – refers to the amount of times the specimen has been excited at each amplitude (a – 1st time, b – 

2nd time, etc.) 
d. nnn – refers to the energy, in joules, as read off of the Branson® WPC-2 system  

13. Record run number, specimen number, time, amplitude, delivered power, energy, welder start frame, and 
file name into GE Sonic IR POD Tests.xls spreadsheet.  

14. Save the vibrometer data, within the directory D:\Laser_Vibro_Shared\Sonic_IR\Sonic_IR_POD\(Date), as 
a .pvd file using the same file name as the .FTS file. 

15. Export the vibrometer data, within the directory D:\Laser_Vibro_Shared\Sonic_IR\Sonic_IR_POD\(Date), 
to a .txt file using the same file name as the .FTS file. 

16.  Repeat steps 7 – 15. 
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17. Set sonic welder amplitude profile to next level as specified by the random testing order information. 
18. Repeat steps 7 – 16. 
19. Set sonic welder amplitude profile to final level as specified by the random testing order information. 
20. Repeat steps 7 – 16. 
21. Remove specimen from clamp and prepare next specimen for testing.



 

APPENDIX G—EXAMPLE EXPERIMENT LOG FROM THE PROBABILTY OF 
DETECTION EXPERIMENT 

 
The experiment logs from all three sites (Iowa State University (ISU), Pratt & Whitney (PW), 
and General Electric Aviation (GE)) were processed into a common XML format.  The format 
was developed to be easily readable and interpretable by both humans and computers.   
 
The experiment involving a single specimen at a single site is enclosed in a <run> </run> tag.  
Nested XML tags such as <specimen></specimen> record data specific to the run such as the 
specimen ID.  A <trigger></trigger> tag represents data recorded from a single excitation.  
Nested tags within <trigger> record parameters such as data file names, crack heating, and 
dynamic stress. 
 
A copy of the ISU experiment log for the probability of detection test of titanium specimen 05-
426 is shown on page G-2.  It includes processed values such as dynamic vibrational stress and 
crack heating.  The logs from PW and GE, after processing into the common format, are similar. 
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<run variable="amplitude" runindex="1" date="102307" label="etcpod"> 
    <descr/> 
    <specimen>05-426</specimen> 
    <trigger> 
        <takenby>Holland/Uhl</takenby> 
        <transduceroffset units="mm">29</transduceroffset> 
        <clampoffset units="mm">10.5</clampoffset> 
         
        <transducerserial>4</transducerserial> 
        <coating>icepaint</coating> 
        <elecenergy units="Joules">360.15631</elecenergy> 
        <setfile>etcpod_05-426_102307_1_trig01.set</setfile> 
        <resonantfrequency units="Hz">19988.0</resonantfrequency> 
        <transducerforce units="N">189.61379</transducerforce> 
         
        <meastype>trialrun</meastype> 
         
        <hit>1 -- Frequency sweep</hit> 
        <excitation type="sweep"> 
            <f0 units="Hz">200.00000</f0><f1 
units="Hz">25000.000</f1><t0 units="s">0.20000000</t0><t1 
units="s">0.21000000</t1><t2 units="s">1.1900000</t2><t3 
units="s">1.2000000</t3> 
        </excitation> 
        <timestamp> 
            2007-10-23T12:10:59-0500 
        </timestamp> 
        <triggercount>1</triggercount> 
        <pixelsperinch units="Pixels">141.00000</pixelsperinch> 
        <dgsfile>etcpod_05-426_102307_1_trig01.dgs</dgsfile> 
        <couplant>ETC standard paper</couplant> 
        <clamptorque units="in-oz">28</clamptorque> 
        <notes/> 
        <aircylinder>McMaster 1.5in</aircylinder> 
        <run_basename>etcpod_05-426_102307_1</run_basename> 
        <amplitude units="V">4.0000000</amplitude> 
        <transducertemp> 
            300.25000 
        </transducertemp> 
        <transducerpressure 
units="Pascals">166314.49</transducerpressure> 
        <triggerindex>8</triggerindex> 
        <opticalcracklength units="mils">74.5</opticalcracklength> 
        <crackheat units="Kelvin">0.020802177</crackheat> 
        <majoraxis units="mils">78.565852</majoraxis>
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        <minoraxis units="mils">14.184397</minoraxis> 
        <dynstress units="Pascals p-p">0</dynstress> 
        <dynstressmean units="Pascals p-p">0</dynstressmean> 
        <dynstressstddev units="Pascals p-p">0</dynstressstddev> 
        <hae units="meters^2/second">0.0084249629</hae> 
    </trigger> 
    <trigger> 
        <takenby>Holland/Uhl</takenby> 
        <transduceroffset units="mm">29</transduceroffset> 
        <clampoffset units="mm">10.5</clampoffset> 
         
        <transducerserial>4</transducerserial> 
        <coating>icepaint</coating> 
        <elecenergy units="Joules">145.42322</elecenergy> 
        <setfile>etcpod_05-426_102307_1_trig02.set</setfile> 
        <resonantfrequency units="Hz">19988.0</resonantfrequency> 
        <transducerforce units="N">189.63692</transducerforce> 
         
        <meastype>sequence</meastype> 
         
        <hit>2 -- Amplitude 1.5, resonant frequency</hit> 
        <excitation type="burst"> 
            <f0 units="Hz">19988.000</f0><t0 
units="s">0.20000000</t0><t1 units="s">0.21000000</t1><t2 
units="s">1.1900000</t2><t3 units="s">1.2000000</t3> 
        </excitation> 
        <timestamp> 
            2007-10-23T12:12:46-0500 
        </timestamp> 
        <triggercount>2</triggercount> 
        <pixelsperinch units="Pixels">141.00000</pixelsperinch> 
        <dgsfile>etcpod_05-426_102307_1_trig02.dgs</dgsfile> 
        <couplant>ETC standard paper</couplant> 
        <clamptorque units="in-oz">28</clamptorque> 
        <notes/> 
        <aircylinder>McMaster 1.5in</aircylinder> 
        <run_basename>etcpod_05-426_102307_1</run_basename> 
        <amplitude units="V">1.5000000</amplitude> 
        <transducertemp> 
            300.55100 
        </transducertemp> 
        <transducerpressure 
units="Pascals">166334.78</transducerpressure> 
        <triggerindex>9</triggerindex> 
        <opticalcracklength units="mils">74.5</opticalcracklength> 
        <crackheat units="Kelvin">0.07637463</crackheat> 
        <majoraxis units="mils">31.277825</majoraxis> 
        <minoraxis units="mils">15.707318</minoraxis> 
        <dynstress units="Pascals p-p">26175061</dynstress>  
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        <dynstressmean units="Pascals p-p">26178446</dynstressmean> 
        <dynstressstddev units="Pascals p-
p">149951.15</dynstressstddev> 
        <hae units="meters^2/second">0.048405301</hae> 
    </trigger> 
    <trigger> 
        <takenby>Holland/Uhl</takenby> 
        <transduceroffset units="mm">29</transduceroffset> 
        <clampoffset units="mm">10.5</clampoffset> 
         
        <transducerserial>4</transducerserial> 
        <coating>icepaint</coating> 
        <elecenergy units="Joules">137.32071</elecenergy> 
        <setfile>etcpod_05-426_102307_1_trig03.set</setfile> 
        <resonantfrequency units="Hz">19988.0</resonantfrequency> 
        <transducerforce units="N">189.65044</transducerforce> 
         
        <meastype>sequence</meastype> 
         
        <hit>3 -- Amplitude 1.5, nominal frequency</hit> 
        <excitation type="burst"> 
            <f0 units="Hz">20070.000</f0><t0 
units="s">0.20000000</t0><t1 units="s">0.21000000</t1><t2 
units="s">1.1900000</t2><t3 units="s">1.2000000</t3> 
        </excitation> 
        <timestamp> 
            2007-10-23T12:14:40-0500 
        </timestamp> 
        <triggercount>3</triggercount> 
        <pixelsperinch units="Pixels">141.00000</pixelsperinch> 
        <dgsfile>etcpod_05-426_102307_1_trig03.dgs</dgsfile> 
        <couplant>ETC standard paper</couplant> 
        <clamptorque units="in-oz">28</clamptorque> 
        <notes/> 
        <aircylinder>McMaster 1.5in</aircylinder> 
        <run_basename>etcpod_05-426_102307_1</run_basename> 
        <amplitude units="V">1.5000000</amplitude> 
        <transducertemp> 
            300.42000 
        </transducertemp> 
        <transducerpressure 
units="Pascals">166346.64</transducerpressure> 
        <triggerindex>10</triggerindex> 
        <opticalcracklength units="mils">74.5</opticalcracklength> 
        <crackheat units="Kelvin">0.15239797</crackheat> 
        <majoraxis units="mils">35.739498</majoraxis> 
        <minoraxis units="mils">14.184397</minoraxis> 
        <dynstress units="Pascals p-p">43456665</dynstress> 
        <dynstressmean units="Pascals p-p">44056549</dynstressmean>  
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        <dynstressstddev units="Pascals p-
p">2942640.1</dynstressstddev> 
        <hae units="meters^2/second">0.1378018</hae> 
    </trigger> 
    <trigger> 
        <takenby>Holland/Uhl</takenby> 
        <transduceroffset units="mm">29</transduceroffset> 
        <clampoffset units="mm">10.5</clampoffset> 
         
        <transducerserial>4</transducerserial> 
        <coating>icepaint</coating> 
        <elecenergy units="Joules">609.33020</elecenergy> 
        <setfile>etcpod_05-426_102307_1_trig04.set</setfile> 
        <resonantfrequency units="Hz">19988.0</resonantfrequency> 
        <transducerforce units="N">189.64568</transducerforce> 
         
        <meastype>sequence</meastype> 
         
        <hit>4 -- Amplitude 3.0, nominal frequency</hit> 
        <excitation type="burst"> 
            <f0 units="Hz">20070.000</f0><t0 
units="s">0.20000000</t0><t1 units="s">0.21000000</t1><t2 
units="s">1.1900000</t2><t3 units="s">1.2000000</t3> 
        </excitation> 
        <timestamp> 
            2007-10-23T12:16:21-0500 
        </timestamp> 
        <triggercount>4</triggercount> 
        <pixelsperinch units="Pixels">141.00000</pixelsperinch> 
        <dgsfile>etcpod_05-426_102307_1_trig04.dgs</dgsfile> 
        <couplant>ETC standard paper</couplant> 
        <clamptorque units="in-oz">28</clamptorque> 
        <notes/> 
        <aircylinder>McMaster 1.5in</aircylinder> 
        <run_basename>etcpod_05-426_102307_1</run_basename> 
        <amplitude units="V">3.0000000</amplitude> 
        <transducertemp> 
            300.17000 
        </transducertemp> 
        <transducerpressure 
units="Pascals">166342.46</transducerpressure> 
        <triggerindex>11</triggerindex> 
        <opticalcracklength units="mils">74.5</opticalcracklength> 
        <crackheat units="Kelvin">0.28562865</crackheat> 
        <majoraxis units="mils">37.935353</majoraxis> 
        <minoraxis units="mils">14.184397</minoraxis> 
        <dynstress units="Pascals p-p">81860229</dynstress> 
        <dynstressmean units="Pascals p-p">81572631</dynstressmean> 
        <dynstressstddev units="Pascals p-  
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p">1603282.5</dynstressstddev> 
        <hae units="meters^2/second">0.4757736</hae> 
    </trigger> 
    <trigger> 
        <takenby>Holland/Uhl</takenby> 
        <transduceroffset units="mm">29</transduceroffset> 
        <clampoffset units="mm">10.5</clampoffset> 
         
        <transducerserial>4</transducerserial> 
        <coating>icepaint</coating> 
        <elecenergy units="Joules">598.41602</elecenergy> 
        <setfile>etcpod_05-426_102307_1_trig05.set</setfile> 
        <resonantfrequency units="Hz">19988.0</resonantfrequency> 
        <transducerforce units="N">189.64715</transducerforce> 
         
        <meastype>sequence</meastype> 
         
        <hit>5 -- Amplitude 3.0, resonant frequency</hit> 
        <excitation type="burst"> 
            <f0 units="Hz">19988.000</f0><t0 
units="s">0.20000000</t0><t1 units="s">0.21000000</t1><t2 
units="s">1.1900000</t2><t3 units="s">1.2000000</t3> 
        </excitation> 
        <timestamp> 
            2007-10-23T12:17:44-0500 
        </timestamp> 
        <triggercount>5</triggercount> 
        <pixelsperinch units="Pixels">141.00000</pixelsperinch> 
        <dgsfile>etcpod_05-426_102307_1_trig05.dgs</dgsfile> 
        <couplant>ETC standard paper</couplant> 
        <clamptorque units="in-oz">28</clamptorque> 
        <notes/> 
        <aircylinder>McMaster 1.5in</aircylinder> 
        <run_basename>etcpod_05-426_102307_1</run_basename> 
        <amplitude units="V">3.0000000</amplitude> 
        <transducertemp> 
            301.18100 
        </transducertemp> 
        <transducerpressure 
units="Pascals">166343.75</transducerpressure> 
        <triggerindex>12</triggerindex> 
        <opticalcracklength units="mils">74.5</opticalcracklength> 
        <crackheat units="Kelvin">0.39093395</crackheat> 
        <majoraxis units="mils">37.663543</majoraxis> 
        <minoraxis units="mils">14.184397</minoraxis> 
        <dynstress units="Pascals p-p">1.1460432e+08</dynstress> 
        <dynstressmean units="Pascals p-
p">1.1457523e+08</dynstressmean> 
        <dynstressstddev units="Pascals p-  
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p">1477149</dynstressstddev> 
        <hae units="meters^2/second">0.9315424</hae> 
    </trigger> 
    <trigger> 
        <takenby>Holland/Uhl</takenby> 
        <transduceroffset units="mm">29</transduceroffset> 
        <clampoffset units="mm">10.5</clampoffset> 
         
        <transducerserial>4</transducerserial> 
        <coating>icepaint</coating> 
        <elecenergy units="Joules">317.81827</elecenergy> 
        <setfile>etcpod_05-426_102307_1_trig06.set</setfile> 
        <resonantfrequency units="Hz">19988.0</resonantfrequency> 
        <transducerforce units="N">189.64435</transducerforce> 
         
        <meastype>sequence</meastype> 
         
        <hit>6 -- Amplitude 2.2, nominal frequency</hit> 
        <excitation type="burst"> 
            <f0 units="Hz">20070.000</f0><t0 
units="s">0.20000000</t0><t1 units="s">0.21000000</t1><t2 
units="s">1.1900000</t2><t3 units="s">1.2000000</t3> 
        </excitation> 
        <timestamp> 
            2007-10-23T12:19:06-0500 
        </timestamp> 
        <triggercount>6</triggercount> 
        <pixelsperinch units="Pixels">141.00000</pixelsperinch> 
        <dgsfile>etcpod_05-426_102307_1_trig06.dgs</dgsfile> 
        <couplant>ETC standard paper</couplant> 
        <clamptorque units="in-oz">28</clamptorque> 
        <notes/> 
        <aircylinder>McMaster 1.5in</aircylinder> 
        <run_basename>etcpod_05-426_102307_1</run_basename> 
        <amplitude units="V">2.2000000</amplitude> 
        <transducertemp> 
            302.24000 
        </transducertemp> 
        <transducerpressure 
units="Pascals">166341.30</transducerpressure> 
        <triggerindex>13</triggerindex> 
        <opticalcracklength units="mils">74.5</opticalcracklength> 
        <crackheat units="Kelvin">0.16955277</crackheat> 
        <majoraxis units="mils">39.342655</majoraxis> 
        <minoraxis units="mils">16.247332</minoraxis> 
        <dynstress units="Pascals p-p">77413501</dynstress> 
        <dynstressmean units="Pascals p-p">76608837</dynstressmean> 
        <dynstressstddev units="Pascals p-
p">2303795.8</dynstressstddev>  
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        <hae units="meters^2/second">0.41755584</hae> 
    </trigger> 
    <trigger> 
        <takenby>Holland/Uhl</takenby> 
        <transduceroffset units="mm">29</transduceroffset> 
        <clampoffset units="mm">10.5</clampoffset> 
         
        <transducerserial>4</transducerserial> 
        <coating>icepaint</coating> 
        <elecenergy units="Joules">346.84668</elecenergy> 
        <setfile>etcpod_05-426_102307_1_trig07.set</setfile> 
        <resonantfrequency units="Hz">19988.0</resonantfrequency> 
        <transducerforce units="N">189.64682</transducerforce> 
         
        <meastype>sequence</meastype> 
         
        <hit>7 -- Amplitude 2.2, resonant frequency</hit> 
        <excitation type="burst"> 
            <f0 units="Hz">19988.000</f0><t0 
units="s">0.20000000</t0><t1 units="s">0.21000000</t1><t2 
units="s">1.1900000</t2><t3 units="s">1.2000000</t3> 
        </excitation> 
        <timestamp> 
            2007-10-23T12:20:27-0500 
        </timestamp> 
        <triggercount>7</triggercount> 
        <pixelsperinch units="Pixels">141.00000</pixelsperinch> 
        <dgsfile>etcpod_05-426_102307_1_trig07.dgs</dgsfile> 
        <couplant>ETC standard paper</couplant> 
        <clamptorque units="in-oz">28</clamptorque> 
        <notes/> 
        <aircylinder>McMaster 1.5in</aircylinder> 
        <run_basename>etcpod_05-426_102307_1</run_basename> 
        <amplitude units="V">2.2000000</amplitude> 
        <transducertemp> 
            302.68100 
        </transducertemp> 
        <transducerpressure 
units="Pascals">166343.46</transducerpressure> 
        <triggerindex>14</triggerindex> 
        <opticalcracklength units="mils">74.5</opticalcracklength> 
        <crackheat units="Kelvin">0.075761671</crackheat> 
        <majoraxis units="mils">36.362756</majoraxis> 
        <minoraxis units="mils">14.184397</minoraxis> 
        <dynstress units="Pascals p-p">48307642</dynstress> 
        <dynstressmean units="Pascals p-p">48856066</dynstressmean> 
        <dynstressstddev units="Pascals p-
p">1466298.3</dynstressstddev> 
        <hae units="meters^2/second">0.16910228</hae>  
    </trigger> 
</run>  
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