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FOREWORD

This is the final report for Contract F33615-76-C-5172, Disk Residual Life Studies, covering
the period 1 April 1976 to 30 June 1979. It is divided into two parts relating to specific engine disk
applications. Part 1 deals with F1 00 1st-stage turbine disk, while the subject of Part 2 is the TF30
10th-stage compressor disk. A third part is scheduled to be published in 1980 as the final report
for an additional study entitled, "Concept Definition: Retirement-for-Cause of F100 Rotor Disks."
The first two parts are being submitted in December 1979.

The Air Force Project Engineer is Dr. W. H. Reimann, AFML/LLN, Wright-Patterson AFB,
Ohio. The Responsible Engineer/Program Manager is J. S. Cargill, reporting through J. A. Har-
ris, Jr. to M C. VanWanderham, General Supervisor, Mechanics of Materials and Structures,
Pratt & Whitney Aircraft Group/Government Products Division, (P&WA/GPD) West Palm
Beach, Florida 33402.

The authors wish to acknowledge the contributions to this program made by R. M. Wallace,
former Program Manager, prior to his reassignment to his present position at the P&WA Dayton
field office.
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SUMMARY

A residual fatigue life prediction method, suitable for Retirement-for-Cause application, has
been developed for two P&WA turbine engine disks: the F100 lst-stage high pressure turbine disk
and the TF30 10th-stage compressor disk. The method is based upon interaction of fracture
mechanics crack propagation modeling concepts with laboratory nondestructive evaluation
(NDE) techniques. Fracture mechanics life models were developed using the GPD hyperbolic sine
(SINH) model, refined during an earlier Air Force Materials Laboratory (AFMIL) program Stress
intensity (K) solutions for the engine components were based upon experimental effective K
determinations made during full-scale component fatigue tests. The NDE techniques developed
for disk inspections included acoustic emission (AE), eddy current (EC), and fluorescent pene-
trants (FP). Stress-enhanced penetrant and semiautomated rotating probe EC techniques were
developed as periodic inspections, while AE time-domain technique was developed as a real-time
inspection tool, resulting in the following observations.

* AE inspection is sensitive to unexpected defects in the entire component, as
well as those in primary fracture critical locations.

0 AE inspection is not limited to surface or near-surface defects.

• Application of AE techniques to real-time component inspection of operat-
ing gas turbine engines may be feasible.
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SECTION I
INTRODUCTION

Current turbine engine design systems necessitate early retirement of all critical compo-
nents due to uncertainties in matenial fatigue behavior and routine inspection capabilities. When
some conservative life limitation is reached, the critical components are retired, although non-
destructive inspection generally indicates structural integrity comparable to virgin components.
In the case of Government-owned engine disks alone, it has been estimated that replacement
costs of undamaged disks will reach $100,000,000 in the 1980 to 1985 time period (Reference 1).

Increasing pressure at all Government levels to reduce costs and conserve basic materials
and energy is resulting in major turbine engine assessment and redesign programs to better
understand fatigue damage mechanisms and extend useful life of critical components through
advanced design systems In order to assure more economical engine operation, a primary seg-
ment of any advanced design system is NDE to reject potentially dangerous critical components
and allow utilization of structurally sound components to the full extent of their design life.
Buckley (Reference 2) researched the economic potential of advanced NDE techniques while
employed by the AFML and concluded that "a synergism between the development of advanced
NDE and the development of models to predict failure is essential for the realization of the
overall economic potential that these fields offer."

The implication of advanced NDE has generally been more sensitive techniques to detect
small flaws However, D P. Johnson (References 3 and 4) determined that cost-effectiveness of
advanced NDE is a function of (1) the cost of manufacturing, (2) the cost of inspection, (3) the
cost of failure, (4) the NDE rejection probabihty, (5) the flaw frequency, and (6) the probability of
failure, given the fact that the material umt contains an imperfection of a given size. In other
words, to establish the "optimum" NDE methodology for an advanced design system, there must
be a consideration of economic factors, inspection uncertainties, and probability of component
failure.

It was the intent of this program to establish a low-cycle fatigue (LCF) residual life predic-
tion method for two engine disk components (the F100 1st-stage high pressure turbine disk and
the TF30 10th-stage compressor disk) and project widespread, practical applications of the
method. The results of this program will be instrumental in determination of the direction of a
follow-on study, entitled "Concept Definition: Retirement-for-Cause of F100 Rotor Disks,"
through development and demonstration of a fracture mechames minimum residual life predic-
tion method which allows operation of critical engine components until quantifiable damage
necessitates retirement. Fracture mechanics life predictions are based on the results of AFML
Contract F33615-75-C-5097, "Applications of Advanced Fracture Mechanics Concepts to Crack
Growth in Turbine Disks "These results have been published in three AFML Technical Reports
and are listed as References 5,6, and 7 in this report.

SThe optimum procedure for minimum residual LCF life prediction of the F100 1st-stage
turbine disk has been determined to be an NDE methodology based on laboratory AE, EC, and
FP inspections, combined with fracture mechanics and empirical modeling concepts. The concept
of fiacture mechanices/NDE-based Retirement-for-Cause is illustrated in Figure 1. Note that
safety factors, such as multiple reinspections during a period of detectable subcritical crack
growth, may be built into the system.

In applying this residual life prediction method to the TF30 10th-stage compressor disk, the
procedure changed little Periodic laboratory inspections were quantified according to reliability
of fatigue crack detection in the primary critical location (axial bolthole).
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"The program technical approach consists of a five-phase effort including: (1) laboratory
studies on simple specimen geometries, (2) laboratory studies to determine optimum inspection
procedures for complex specimen geometries, (3) development of the optimum inspection proce-
dure for the F100 1st-stage HPT disk, (4) demonstration of the residual life prediction procedure
for the F100 Ist-stage HPT disk and application methodology to a different disk material and
geometry: the TF30 10th-stage compressor disk, and (5) the follow-on study "Concept Definition:

t •Retirement-for-Cause of FIOO Rotor Disks."

PHASE I

In the first phase of this program, laboratory studies on simple specimen geometries using
* AE multiparameter distributions, including signal pulse width, peak amplitude, and ringdown

s ,counts per event, were conducted during elevated temperature strain-control LCF testing of
GATORIZEDO IN1OO to characterize the various stages of fatigue damage in the high-strength,
powder-metallurgy nickel-base superalloy. The objectives of this phase were to characterize

S - fatigue mechanisms in INlOO and establish the utility of AE for classifying these mechanisms.
It was concluded from the test results that at least four different stages of fatigue damage in
elevated temperature IN100 may be characterized using time-domain AE multiparameter distri-
butions (Reference 8).

PH-ASE 11

i .In the second phase, studies were performed to determine optimum inspection procedures
for complex IN100 specimen geometries. Comparisons of inspection techniques included evalua-
tions of the potential for Type I and Type II inspection errors Remembering that it is a single
crack size, a, that is being quantified (for the fracture mechanics analysis), the following defim-
tions are made:

1. Type I errors include not detecting defects that are larger than a These
result in possible component failures.

2. Type II errors include identifying innocuous material anomalies or surface
aberrations as real defects, thus creating high, costly rejection rates.

The FP, EC, and AE inspection techniques have been established as viable individual tools
for detecting fatigue damage in turbine engine alloys (References 9 and 10), but the use of these
three techniques (or any combination of techniques) as complementary inspections of con-plex
engine component geometries has received little development. The primary impetus of Phase II
research using complex geometry specimens was to establish the relative advantages and disad-
vantages of these various inspection techniques as applied to specific turbine engine disk frac-
ture critical locations. Using Phase II results, an inspection methodology combining the three
techniques as "complementary" inspections (each technique being used according to its particu-
lar set of advantages) was developed during Phase III for inspection of the F100 1st-stage HPT
disk.

PHASE III

Phase III consisted of (1) development of the optimum inspection procedure for the F100
1st-stage HPT disk, (2) an experimental stress analysis of the disk, and (3) a study in the
P&WA/GPD spin pit to determine feasibility of AE inspection during spin/proof testing of the
di&sk.iL3



An experinental stress analysis of the primary fracture critical location (radial cooling
hole) was conducted using a strain gage survey. This stress analysis, along with an experimental
fracture mechanics stress intensity determination, was used to form the basis for fracture
mechanics residual life predictions. The experimental fracture mechanics stress intensity was
determined from crack growth measurements taken during ferris wheel testing of a 1st-stage
HPT disk. Crack growth/test cycle information was correlated with fracture mechanics specin'en
crack propagation rate (da/dN) data to produce an experimental stress intensity model for tie
disk region adjacent to the radial coolin, hole.

Inspection procedures were refined and correlated using a fatigue-damaged subject disk
The disk was examined fractographically after Phase III NDE studies were complete to produce
a baseline flaw detection/size determination for further correlation with inspection results

The AE research in the P&WA/GPD spin pit was conducted using a computerized AE
source location system and a simulated AE source to determine the feasibility of AE inspection
of a rotating turbine engine component using state-of-the-art signal transfer and processing
apparatus

PHASE IV

Demonstration of the residual life prediction methodology for the F100 1st-stage HPT disk
was performed on three engine-cycled disks, one of which was actually returned to an expenrmen-
tal engine for its rmnimum predicted residual fatigue life. Each disk was inspected using a com-
bination AE, EC, and FP technique and fatigue-cycled to failure in the P&WA/GPD ferris wheel
fixture. Fracture mechanics life characterizations were based upon the interpolative SINH
model, and actual disk test conditions were modeled from specimen test data taken at various
temperature, cyclic rate, and stress ratio conditions.

Applichtion of the method to the TFM0 10th-stage compressor disk was performed as a sister
"prog-am with the Navy M-32 component life verification program The Navy program funded
the lisk mechanical testing effort. Six TF30 compressor disks were subjected to engine-simulated
fatigue damage in the MMT ferris wheel fixture, and residual life models were developeo by
MMT as periodic inspections were performed. GPD-Design is developing detailed fatigue models
for this disk (under M-32 funding), but results are not yet available for comparison with MMT
models.

The TF30 10th-stage compressor disk program will be discussed as Part 2 of tlis report to
avoid possible confusion. Basic materials characterization, studies with complex geometry spec-
imens, and fracture mechanics residual life models were developed for the compressor disk, as
was performed for the FMOO disls. The primary differences ri the TFl30 compressor disk program
and the F100 turbine disk program include- (1) NDE reliability of periodic inspections was quan-
tified for compressor disk laboratory inspections, and (2) fracture mechanics models were deve-
loped based upon simple cyclic testing of three disks and fracture mechanics specimens, and
those models were projected to predict behavior of three additional disks tested to a duty-cycle
simulation.

4
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. ,•, PHASE V (CONTRACT MODIFICATION, JUNE 19791

( The objective of this phase is to conduct a concept definition study of Retirement-fo,•Cause
• • as it applies to the P&WA F100 turbofan gas turbine engine rotor disks From this study,

Si means for developing a viable Retirement-for-Cause methodology, a means of determining a a

S, Return on Investment (ROI) for each component, an identification of required technology, and

" l plans for acquisition, development, and implementation of Retlrement-for-Cause techniques will
i be established. While the program is specifically directed at the F100 engine, an assessment of

the applicability of Retirement-for-Cause to other P&WA engines such us the TF30, TF33, and
J52 may be made. The P&WA Project Group will advise the Government in assessing applicabil-

t•.• ity to other engines in the Government inventory.

While the first four phases demonstrated feasibility of the Retirement-for-Cause concel:t
from the laboratory life medehng/NDE standpoint, this concept definition phase will include
factors which are crucial to field implementation. These factors include specialized field inspec-
tion problems, inspection economies, and possible fatigue situations (such us multiple initiations)

Swhich may not be accounted for in state-of-the-art fracture mechanics life models.

Results of "Concept Definition: Retirement-for-Cause of F100 Rotor Disks" will be published
Sas Part 3 of this final report in mid-1980.

)
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SECTION 11
EXPERIMENTAL METHODS

LABORATORY APPARATUS

Initial studies consisted of acoustic emission (AE) characterization of material (INI00)

fatigue behavior during crack initiation and crack propagation studies Low cycle fatigue (LCF)

strain-controlled initiation testing was performed using the specimen configuration illustrated in

Figure 2 by a servocontrolled, hydraulic test machine (Figure 3) developed at P&WA/GPD Par-

ticular attention was focused on isolating the test load frame from extraneous vibration originat-

ing in the system hydrauhcs

0500
Both Endi

2.80
- 2.60

Figure 2. Constant Strain LCF Specimen

FD 177374

Figure 3. P&WA/GPD Component Life Analysts Group Test Area
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AE laboratory apparatus used in the development of material characterizations was sup-

plied by Dunegan/Endevco Corp, San Juan Capistrano, CA The AE monitonng system and its

configuration are illustrated schematically in Figure 4 The capability to monitor an AE event

with three separate distribution analyzers was initially developed for P&WA by Dunegan/

Endevco (Figure 5)

Modified compact specimens (Figure 6) were used for AE characterization of crack propaga-

tion in a simple specimen geometry From the fracture mechanics tests, da/dN relationships

were established at several temperature ranges

Phase II studies of IN100 complex geometry LCF specimens for inspection technique

assessment were conducted on two specimen geometries Bolthole simulation and dovetaii groove

simulation LCF specimens are illustrated in Figures 7 and 8, respectively.

The eddy current (EC) bolthole inspections were conducted periodically using an Institute

Dr Forster Circog, , Model 6 230 rotating probe instrument The inspection fixture shown in

Figure 9 was developed by P&WA/GPN NDT Engineering

The EC inspections of dovetail groove simulation specimens were conducted with an Insti-

tute Dr. Forster Defectometer Model 2.164 instrument. The fixture illustrated in Figure 10 was

developed by P&WA/GPD to maintain contact of a nonrotational probe with the specimen sur-

face to minimize liftoff effects The probes, which were designed and produced by P&WA/GPD

- Quality Engineering, have also been used effectively during several engine disk inspection

programs for evaluation of fatigue damage in broached slot regions.

Phase III development of the disk residual life prediction procedure involved 'he use of

fatigue-damaged F100 1st-stage HPT disk S/N BM 798, for refinement and evaluation of inspec-

tion procedures (Figure 11) The disk was mechanically stressed in the P&WA/GPD ferris wheel

fixture (Figure 12) for AE source location studies and to produce fatigue damage for EC and

fluorescent penetrant (FP) studies Another 1st-stage turbine disk, S/N BAA 43, was fatigue-

cycled to failure in the ferris wheel, and crack length measurements were made periodically for

an experimental stress intensity determination in the fracture critical region. S/N BAA 43 was

also the subject of an experimental stress analysis program

Centrifugal loads on engine disks can be conveniently simulated using the ferns wheel

fixture. Radial loads are applied by means of pressurized hydraulic cyhnders operating from a

manifold and connected to drawbars simulating the blade/disk attachment configuration Loads

may be applied either in a steady-state condition, cyclic loading, or cycle loading with timed

dwell at load. Elevated temperatures were achieved using resistance-heating ovens which sand-

wiched the test disk faces. Uniform temperatures in excess of 1200*F were accomplished by

slowly rotating the entire fixture.

During Phase I1, an EC probe was developed for inspection of the 1st-stage turbine disk

blade attachment (firtree) regions The fixture, shown in Figure 13, was designed to operate from

the Defectometer Model 2.164 or, with installation of a balancing coil, the NDT Instruments

Vector 111. The probe is capable of inspecting both the upper and lower disk broach slots on

either side of the firtree
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Figure 10. Defectometer Model 2.164 EC Inspection Instrument With Fix-
tures and Probes
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7Figure 11. P100 1st-Stage High-Pressure Turbine Disk, Made of GATOR.
IZED® PIM 1N100
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Figure 12. Structural Test Laboratory "Ferris Wheel" Facility

Figure 13. EC Probe for Fictree Inspec~tion of FGoo Is-tge Turbine Disk
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Phase III AE spin studies were performed at the P&WA/GPD Spin Rig Facililty (Figures
14 and 15). The facility is used for centrifugal loading of complete engine disk assemblies for testpurposes (including blades, as required). Test piece rotation is accomplished by means of an
air-drive turbine (Barbour-Stockwell, Model 4146HD) which has a speed capability of 25,000 rpm
when the test piece is contained in a rough vacuum in the range of approximately 300 to i00•A
Drive and brake air can be alternately applied to the drive turbine under automatic control from
a Hewlett-Packard dual-present controller/counter (Model 5332B) defining maximum and min-
imum speed limits when conducting speed cycle fatigue tests. Speed count is obtained from a
magnetic pickup located in close proximity to a 60-tooth gear rotating on the drive turbine shaft
and emitting voltage pulses that are counted over a period of time gated by the Hewlett-Packard
counter

Unique features not commonly found in most spin facilities include- (1) the use of scrap
computer cards and/or paper as an energy-absorbing medium in the event of part burst, thus
providing slow particle deceleration, minimum particle damage, and clean fracture faces for sub-
sequent failure analysis, (2) vacuum enclosure only of the spinning part, making a higher
vacuum possible for high-speed work and making possible the use of inexpensive scrap paper
outside the workpiece vacuum can enclosure, and (3) still photography of the part burst condi-
tion, capturing the initial moment of particle separation, providing failure mode information.

A computerized AE system, Dunegan/Endevco Model 1032, was used during the spin
studies to provide an automatic source determination of the simulated AE produced by a pulsing
transducer. The system, bhown in Figure W6, uses a four-sensor array for AE source determina-
non (by time-difference calculations) and noise discrimination. The system is capable of simul-
taneously accepting input from eight different transducer arrays and displaying source informa-
tion on a storage CRT and high-speed teleprinter Gain is adjustable for each transducer from 40
tc 99 dB. The system threshold is manually adjustable

Figure 14. The MMT Spin Rig Showing Vacuum and Turbine LubricationPumps and Turbine Box
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Figure 15. The MMT Spin Rig Basic Configuration Showing the Drie
Schematic

4

FE =0735 4

Figure 16 The Dunegan/Endevco Model 1032 Computerized AE System
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Phase IV inspections of F100 lst-stage turbine disks were cciducted periodically using a
Group VI FP system and the Circograph 6.230 for periodic inspections. The Dunegan/Endevco
3000 series AE instrumentation was used for continuous real-time inspection during fatigue
testing.

TEST PROCEDURES

LCF strain controlled testing of 11400 was conducted at temperatures and strain levels
which simulated localized operating conditions at the fracture critical location in an advanced
gas turbine disk

During initial AE monitoring, adjustments were made to the sampling parameters,
including system gain, amplitude threshold and voltage controlled gate (operating from the
strain signal) to establish the optimum balance between system sensitivity and rejection of
extraneous mechanical and electrical noise. Adjustments were also made to distribution analyzer
processing parameters (multiplier and signal envelope) to establish operating ranges which best
characterize the AE signals associated with nickel alloy fatigue cracks. The AE sensor
attachment was made directly to the load rod below the test specimen.

Strain-control LCF testing is accomplished through the use of a special specimen
configuration (Figure 2) with integral collars for attachment of an extensometer. Electronic
proximity probes are operated from the extensometer.

Phase II dovetail groove simulation specimens were tested at temperatures ranging from
i 800 to 1200OF and net stresses to 133 ksi (R = 0 05, producing strain ranges up to 1 07%). The AE

inspection was performed continuously, with the transducer mounted directly to the load train,
while periodic EC and F? inspections were conducted at intervals from 2000 to 4000 fatigue
cycles (depending upon specimen fatigue life predictons). Several specimens were tested to
failure while others were left intact as calibration standards.

Fatigue damage was produced in bolthole simulation specimens by cycling at net stresses
up to 144 kin (R = 0.05). Test temperatures ranged from room temperature to 1200°F. AE time-
domain inspection was perforaied continuously, with the waveguide-mounted transducer
attached outside the specimen gage section.

F100 1st-stage turbine disk S/N BM 798 was subjected to fatigue damage in experimental
engine S/N P050 and in the ferris wheel fixture for Phase III nondestructive evaluation (NDE)
studies Fatigue macrocracks were detected at several rim locations using EC and FP techniques.
Phase III AE studies were conducted at elevated temperature (1200*F) with three sensors
mounted 120-deg apart on 6-in. waveguides. Waveguides were attached at small (No 4-40) drilled
and tapped holes in the ends of disk firtrees. The AE apparatus used for two-dimensional source
location studies is illustrated schematically in Figure 17.

________________________18
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Phase IV residual life predictions were conducted on three engine-cycled lst-stage turbine
disks. All three disks were bore-modified to produce a local stress distribution in the ferrs wheel
similar to that experienced in the engine. Bore modification was necessary to produce a realistic
stress distribution at the fracture critical locations (radial cooling holes), but the procedure was
not required for AE inspection of the disk rim regions in the ferris wheel. Pertinent operational
data are listed in Table 1.

TABLE I
TURBINE DISKS FOR PHASE IV STUDIES

Heat Experience EngsneLCF Cycles
Disk SIN Code Engine Type I Type 11 Type Ill
BAA 43 BADII FX 217 259 - 1052
OZ 7463 ZWXW PO 37 1001 - -
BDB 257 BADV FX 221 3425 25 5867

ACOUSTIC EMISSION INSPECTION PROCEDURES

AE Rate Analysis

Typically, an AE evcnt from the receiving transducer may be represented as a damped
sinusoid (Figure 18). The AE "counts" are measured as the system threshold is exceeded in the
positive direction. An AE rate analysis indicates the number of times the preset threshold has
been crossed during one test cycle, regardless of the absolute number of AE events, or wave
packets, that may have been received.

AE rate is the most commonly used form of AE inspection to determine variations in
mechanical stress wave activity from a specimen or component which is expenencing cyclic
loading.

r 0 AE Counts

Peak Amplitude

V(t)

j~~ ~ Time -.-- m ,o

Figure 18 Classical Representation of an AE Event
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Amplitude Distribution

Amplitude distribution analysis is an important mode of AE signal processing and proba-
*bly the most widely accepted form of distribution analysis The Dunegan/Endevco analyzer dis-

plays a transduced signal peak amplitude. A linear AE signal is converted to logarithmic form
thereby creating a wide dynamic range. The log-amplified signal is peak detected and an analog-
to-digital converter then outputs a senes of 0 to 100 pulses that represent peak amplitude in
decibels, with 1 dB resolution.

The summed peak amplitude distribution function, E (V0), is the number of events with
amplitudes exceeding a given voltage value, V.. It is of the form:

E(V) = KVo b (b)

where, K and b are constants for a given increment of loading on a structure. The exponent, b, is
sensitive to changing distribution patterns and has therefore been used as an indicator of gen-
eral structural integrity in monotonic loading situations.

In the logic of the distribution analyzer, each pulse represents the ratio of the input signal
of 100y V (in decibels) through the relation:

Pulse =20 log i-

Pulse Width Distribution

The pulse width distribution analyzer counts the time (10 1ssec resolution) that an envelope "4

processor is energized, i a., pulse width per event An event is defined when the processor is
energized at the first pulse of a burst. It remains energized during the burst and stays energized
for a fixed envelope time after the last pulse of the burst above threshold. The end of the envelope
time is defined as the end of an event. Total time the processor is energized is the burst pulse
width.

Ringdown Counts Per Event

The ringdown counts distribution analyzer monitors the number of threshold crossings in
each AE event. For a perfectly resonait transducer with a narrow frequency band, ringdown
counts per event, pulse width, and peak amplitude would all be directly related when monitoring
rapidlj-decaying burst-type AE. The transducers used during this program were uniformly sensi-
tive (within 5dB) over a 300 kHz bandwidth, having a resonant frequency near 650 kHz Though
the burst-type AE monitored during LCF testing displayed exponential decay in many cases, the
three distributions functioned somewhat independently with amplitude being the most auton-
omous.

Source Location and Analyzer Operation

The Dunegan/Endevco Model 920 Distribution Analyzer sorts AE events (bursts) according
to time-domain signal characteristics (pulse width, peak amplitude, rngdown counts, or one-
dimensional source location). Each processed event is assigned a "slot" value from 0 to 100
according to the selected timicdomain analysis, full-scale selection, and signal value Analyzer
output is then displayed in histogram form with slot values displayed along the X-axis and
number of events assigned to each slot displayed along the Y-axis.

21 m
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Figure 19 is an oscilloscope representation of a typical analyzer output. For example, if theanalyzer had been operating in a one-dimensional source-locate mode, the X-axis would represent
the distance (divided into 100 increments) between a transducer located at "0" and a second
transducer located at "100" The Y-axis output would display the number of AE events whose
source locations correspond to each of the 100 distance increments. Events whose sources are
outside the boundaries determined by the two transducers are automatically assigned to either
slot value 0 or 100.

Y Axis.
Number of Events at
Each Slot Value

Y Axis May Be Selected
as a Logarithmic Scale

Y Axis- Slot Values
0 Slot 100 Slot

Cumulative Slot Values -a-
FD 11857MA

Figure 19 Distribution Analyzer Histogram, Normal Output

As an example of one-dimensional source location, suppose transducers 0 and 100 werelocated 100-in. apart on a length of pipe which is being proof tested. Each slot value (X-axis)
would correspond to a 1-rn. increment of pipe. If, as the test progressed, the distribution analyzer
output appeared as in Figure 19, the test engineer would suspect structural damage in a region
located roughly one third of the distance between the transducers. The bulk of acoustic activity
occurs between slot locations 28 and 44, with highest registry occuring at slot 32.

To conduct two-dimensional source location on a disk configuration, one more transducer
and an additional distribution analyzer are required. Transducers are placed 120-deg apart near
the disk outside diameter, different pairs of transducers are assigned to each of the two analyz-
ers, and the surface is mapped using a transmitting transducer. Response from each analyzer is
recorded as the transmitter (simulated AE) is placed at various locations on the disk. Finally,
curved lines of constant analyzer readings are mapped along the disk for each distribution ana-
lyzer and the two-dimensional source location of an event is determined by the intersection oftwo of these hnes. Two-dimensional source location analysis may be performed on many other
surface configurations using similar methods, while the introduction of a third distribution ana.
lyzer permits three-dimensional analysis in specialized cases. See the Appendix to this report for
a more detailed discussion of the principles of acoustic emission analysis.

22I______________princip________es_ emission analysis
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EDDY CURRENT INSPECTION PROCEDURES

All EC probes used in this program were designed and manufactured by P&WA/GPD tomaintain a characteristic inductance of 6 0 ± 0.ljAH This rigid standard is economically upheldthrough the inspection of all ferrite toroids by a Q-meter type inspection system shown i Figure20 (also developed at P&WA/GPD) before coils are wound and probes actually fabricated. Manysupposedly high-sensitivity ferrites are rejected due to insufficient initial permeability. Typically,the teroids range in size from 0.100 to 0 150-in. diameter Probe designs used for bolthole, cooling
hole, and groove inspections are illustrated in Figure 21.

Circograph.type inspection of a disk radial cooling hole or bolthole simulation specimen isperformed while a rotating probe (differentially wound) is lowered into the bolthole, never actu-ally making contact with the specimen. Any defect inside the bolthole will disturb the passingEC field and a processed signal from the defect will appear on the Circograph storage oscillo-scope. This is made possible by synchronous action of the rotating shaft and the scope, produc.ing a 360-deg sweep of the bolthol with each sweep of the scope.

Photographs were taken of many Circograph indications for quantitative assessments ofcrack indications as the specimens were subjected to more fatigue cycles.

2X

........ .~

Figure 20. Q-Mceter Inspection System for Ferrite Toroids
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Figure 21. EC Probe Designs Used for Bolthole, Cooling Hole and Groove
Inspections

Defectometer-type inspections were conducted on the Phase III disk firtrees and the bolthole
and dovetail groove simulation specimens. The Circograph bolthole inspection was comple-
mented by a bolthole edge-sensitive inspection performed with a probe which contains a partial
horseshoe-shaped coil capable of bridging the edge of a hole. This complementary inspection,
performed by the system shown in Figure 22, is especially important when fatigue cracks are
introduced by stress concentrators at bolthole edges, and liftoff effects mask any edge indica-
tions produced by the Circograph.

As seen previously in the lower right corner of Figure 10, IN100 dovetail groove simulation
specimens were held securely in a plexiglass fixture. Crack indications were produced by passing
a probe back and forth along a slot in the fixture which allowed chatter-free contact of the probe
with the specimen surface. The probe was typically passed to each end of the specimen slot until
edge effects precluded any further inspection

24
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F1igure 22. Defectometer Model 2.164 EC Inspection Instrument With a Bolt.
hole Edge-Sensitive Probe

Initially, preinspection surface preparation was conducted by applying a mild abrasive"(crocus cloth) to the specimen. This procedure was later replaced by a stronger abrasive to
remove residual oxidation layers.

FLUORESCENT PENETRANT INSPECTION (FPI) PROCEDURES

Static FPI was conducted by (1) applying Zyglo ZL 30 oil-base fluid, (2) allowing a 15-
minute soak period, (3) wiping the suspect regions with cleaner on a cotton swab, (4) applying
developer, and (5) inspecting the specimen m a darkroom with a black light, often using a mag-
nifying lens

Static FPI was augmented by wink FPI while phase II specimens were installed in the
fatigue test machine. This form of inspection proved to be much more sensitive to small fatigue
cracks than static FPI. Wink FPI was performed by loading a specimen in the fatigue test
machine to the maximum cyclic load, applying ZL 30 fluid, wiping with cleaner, unloading the
specimen, applying developer, and inspecting with a black light. This procedure was later
revised for compression disk inspections.

25
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SECTION III
TEST RESULTS-F100 1ST STAGE TURBINE DISK

STRAIN-CONTROLLED LCF

The fatigue process at a typical engine disk fracture critical location, such as a bolt or

cooling hole, has been proven dunng several programs at P&WA/GPD to be strain controlled.
Strain-controlled LCF tests were conducted during Phase I to simulate AE output from IN100
turbine disk fracture critical locations during LCF

Twenty-two LCF strain control specimens from five different heats of IN100 were tested
while monitonng with AE multiparameter distributions. Multiparameter time domain distn-
butions included AE amplitude, pulse width, and counts-per-event analyses. Specimen test
conditions, cycles to failure, and other pertinent data are listed in Table 2.

TABLE 2 LCF STRAIN CONTROL TESTING OF IN100
Test

Engine Strain Test
Specimen Material LCF Level* Temp Test
Number Source Cycles (70) ('F) Cycles Remarks

217-1 Disk FX 217* 1,761 10 1000 9,984 Macrocracked
217 2 Disk FX 217 1,761 10 1000 4,559 Fractured.
217-3 Disk FX 217 1,761 1 0 1000 310 Specimen overstrained

Test discontinued
217-4 Disk FX 217 1.761 1o 1000 4,200 Test stopped for micro-

crack inspection

SC-1 Disk BDB 257-- 1.123 1 0 1000 2,279 Macrocracked
SC-W Disk BDB 257 1,123 10 1000 3,356 Fractured.

036-i Disk P036** 1,001 10 1000 3,811 Test stopped for micro-
crack inspection.

036-2 Disk P036 1,001 1.0 1000 9,974 Fractured
036-3 Disk P036 1,001 10 1000 2,225 Fractured
036-4 Disk P036 1,001 10 1000 1,670 Macrocracked

V-7 Virgin Forging None 1 0 1000 3,482 Fractured
V-8 Virgin Forging None 12 1000 1,967 Fractured
V-9 Virgin Forging None 10 1000 3,837 Macrocracked
V-10 Virgin Forging None 10 100 6,027 Fractured
V-11 Virgin Forging None 10 1000 9,574 Fractured
V-12 Virgin Forging None 10 1200 2,647 Fractured
V-13 Virgin Forging None 10 1000 5,310 Fractured.

- V-14 Virgin Forging None 10 1000 2,700 Fractured.
V-15 Virgin Forging None 10 1000 5,460 Fractured.
V-17 Virgin Forging None 0.8 1200 8,845 Test stopped for micro-

crack inspection.
V-21 Virgin Forging None 10 1000 3,325 Fractured
V-22 Virgin Forging None 10 1000 8,487 Fractured

*Mean Stnein = 1 Maximum Strain

*-Engine cycled material

'527 - ----
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44 •Typically, acoustic and distribution analyses during the course of a strain-controlled
IN100 LCF test may be modeled as:

1. A penod of initial shakedown. The AE rate registry is high. Pulse width,
ringdown counts per event, and amplitude distributions reflect AE bursts
with greatly varying characteristics.

2. A stable period. The AE rate decreases and the AE distributions indicate
bursts with relatively short pulse widths, few nngdown counts per event,
and low peak amplitudes.

3. Maximum AE signal pulse widths and maximum ringdown counts per
event suddenly increase (possibly several times during this portion of the
test), but AE signal peak amplitudes change relatively little. The AE rate
may slightly increase.

4. Another stable period. AE distributions again indicate bursts with rela-
tively short pulse widths, fewer ringdown counts per event and un-
changed signal peak amplitudes. The AE rate is low.

5. A general increase in AE activity to specimen failure. The AE rate may
increase two or more orders of magnitude. The AE distributions indicate
burst registries with longer pulse widths, increased nngdown counts per
event and higher peak amplitudes.

The above phenomena are represented graphically in Figure 23.

Testing of three specimens (036-1, V-17, and 217-4) was discontinued during period "3"
for surface and internal inspections of the gage sections External inspections were performed
using EC and FP techniques, while the internal inspection procedure included sectioning each
specimen axially and polishing through the inspection surface while microscopically scanning
at 1O0X to 160OX. Thin-foil microscopy and replication at 20,(00X were also performed on
specimen V-17

The EC (Defectometer) and FP inspections of the specimen 036-1 gage section surface
produced no fatigue crack indications. However, upon sectioning the specimen axially and
subjecting it to microscopic fractographic examination, multiple microcracks (on the order of
1/4 rail) were discovered internal to the specimen gage section, initiating primarily from
microporosity. Further examination outside the most highly strained region of the gage sec-
tion revealed no microcracking in the porous areas, discounting the possibility that the mate-
rial was nmcrocracked prior to testing.

Testing of specimen 217.4 was also discontinued after the period "3" of increased AE
signal maximum pulse widths and ringdown counts per event (Figure 24). Even though 217.4
was machined from a different heat of material than 036-1, post-test external and internal
inspections produced similar results. Gage section internal inspection ag-in revealed micro-
cracking from microporous areas at the center of the gage section, while no microcracking
was noted outside the most highly strained region of the specimen.

28
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4 " Replicas from the V-17 gage section showed multiple microcracks adjacent to the pn-
mary gamma prime (-/) particles Thin-foil microscopy revealed numerous stacked dislocations
at particle boundaries, as well a& dislocation slipbands throughout the highly strained
matesial.

Four tests (217-1, SC-1, 0364, and V-9) were discontinued near the beginning of AE
period "5" (general increase in AE activity). EC inspection disclosed macrocracks in all spec-
imen gage sections. The distribution records of maximum pulse width, ringdown counts per
event, and peak amplitude for the 217-1 test are presented in Figutre 25, illustrating periods
"I" through "5."

Tests which did not exhibit the above AE phenomena (periods "1" through "5") encoun-
tered long periods wherein AE registry was completely masked by extraneous noise, or multi-
ple macrocracks were obvious on the specimen fracture surfaces, indicating a combination of
mechanisms operating simultaneously (Figure 26)

FRACTURE MECHANICS TESTING

During AE inspection of an IN100 turbine disk, fatigue macrocrack propagation is the
process which is expected to be most pronounced in fatigue-damaged locations Fracture
mechanics tests were conducted on modified compact specimens at several temperatures to
produce da/dN vs AE rate relationships for application to Phase III and Phase IV disk
studies. Test conditions are summarized in Table 3.

The da/dN vs stress intensity (AK) plots for specimens VTC-1, VTC-2, VTC-3 are illus-
trated as Figures 27, 28 and 29, respectively. The plots reflect anticipated results Crack
growth rate is higher at elevated temperature. The graphs also provide an explanation for the
large difference in AE threshold (AKA thresh.) between room temperature crack propagation
and elevated temperature propagation in IN100 The AE threshold appears to be dependent
upon da/dN and occurs near a crack growth rate of 10- mn./cycle in all cases.

Figure 30 illustrates the difference between the AE rate vs AK relationship recorded
from a room temperature test and the same relationship recorded from elevated temperature
tests Although the AE threshold is higher at room temperature, the average AE rate recorded
above threshold from the room temperature test was higher than the AE rate levels recorded
from elevated temperature testing over the stress intensity range of 16 ksi l/i. < 26 ksi V'

The relationship may be affected by specimen thickness, the room temperature specimen
being twice as thick as the elevated temperature specimens. Harris (Reference 12) has shown
that energy released during crack propagation can be related to relevant material constants
and fracture netchanics parameters The energy release parameter may be represented as.

(DN 11

where,

B = specimen thickness
E = Younq's Modulus
R "o,,iio
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Figure 25. LOP Specimen 217-1
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Figure 26. LCF Specimen Fractured After Multiple Macrocrack Indications

TABLE 3
PHASE I CRACK PROPAGATION TESTING 0OF VIRGIN IN100

Specimen Test
Seria Thickness Temp 41KAS Thresh

1.Number Specimen Typw i.) (P R (rpm) ass v'--)

VPC.1 Compact Tension 0125 1000 01 10 90
VTC-2 Compact Tension 0125 1200 01 10 90
VT1C-2 Compact Tension 0200 RT 01 10 160
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Figure 27. Crack Growth Characteristics of INIOO at 10000F, R 0.1, 10
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Figure 28. Crack Growth Characteristics of INIOO at 1200'F, R 0.1, 10
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• ~Figure 30 Stress Intensity vs Average AE Rate for INIO0 MCT Specimens •

A r has also been related to total energy -elease during da/dN testing (Reference 13 and
14), the--by establishing a relationship between AE output and specimen thickness, B
Although a similar waveguade was used for all three crack growth tests, several factors such •
as waveguide oxidation and damping of AE along the waveguide by insulating materials alsoinfluenced the perceived AE rate levels duT ng elevated temperature testing .

DOVETAIL SPECIMENS R pn

During Phase 11 (determination of optimum inspection procedures for complex IN100 •-
LCF specimen geometries) dovetail LCF specimens were tesast fo i e M cal S atigue dam-
age at the blade attachment regions in a turbine disk. Dovetail specimens were fati1ue cycleda
at conditions hsted in Table 4 Periodic EC Defectometer and Fp inspections and cntinuous
AE inspection were performed during each test. Continuous AE inspection included AE rate
(counts per cycle) at 90 dB gain, pulse aldth ditributions, amplitude distributinns, and counts
per event distributions Linear spatial filtering of the load train was used during several tests
for noise discrimination.( i onrLC pcme emtre)dvealLF pcmnswr ese osiuaeloa aigedm

age a th bld attahmen regon inatrieds.Doealse-esweetgecc



TABLE 4
INIOO DOVETAIL GROOVE SIMULATION LCF SPECIMENS FATIGUE

TEST INSPECTION RECORD
Specimen Inspection AE EC Rndato

4S/N C~c~e Indication Indication Wink Static Remarks

fliTest Temperature 1200
0
F, am, 117

kin
D-1 Pretest - NO No No Notches polished
fli 2,000 No No No No
fl4 4,000 No No No No
fl-I 6.000 No No No No
Dl-1 8,000 No No No No
D4- 10,000 No No No No
al- 12.000 No yea Yea No 2c =O00O0in (FP)
Dl-i 12,250 Yea - - - AE rate
Dl-1 13,000 Yea yes Yea Yea 2C =0 250in (FP),

Dl-2 Teat Temperature 8000F, 
0
a_ 133

ksi
Dl-2 Pretest - No No No Notchea pholihed
D-~2 4.000 No No No No
Dl-2 8,000 No No NO No
Dl-2 12.000 No No No No
Dl2 16,000 No Yea NO No EC Indication not a mncacrocrak. bat

located at region which eventually
cracked,

Dl-2 18,000 No yea No No EC Indication noats a crocrsck. but
located at region which~eventuasty
cracked.

fl-2 20,000 No yes NO No EC Indication not arniacracrack. bat
located at region which eventually
cracked

Dl-2 22,000 No Yes NO No EC Indication notat inacrocrack. bat
located at region which eventually
cracked

Dl-2 -25,000 Yeas AE Rate

Dl-2 20.000 Yea Yea Yes No 2c =0 010in.(FP)
Dl-2 30,000 yea Yes Yea Yea 2o zOM n. (FP)

D,-3 Teat Temperature =1000T. e,..=133
kin

Dl-3 Pretest - No No No Notches polished
.9 -3 2.000 No No NO No

fl-3 4,000 No No NO No
D-3 6.000 No No No No
D-3 8,000 No No No No
D-3 10,000 NO No No No
1-3 12.000 No NO No No
D-3 14,000 No No No No
D-3 16.000 NO No No No -
Dl-3 18.000 No No No No

0Df-3 19,500 No No No NO
fl-3 22.200 No yea No No EC Two indications, one isfalse
D)3 24.2D0 NO Yea NO No EC-One indication
Dl3 26,200 No Yea Yes No WF1P Indicates smie region as EC at

24,200ccles.2c =0 WSin. FP)
a- D-3 '26A20 yeas AE Rate and distributions

D)3 28,200 Yea Yea Yea No 2c=0 030 in.(FP)
D-~3 29,92 Yea Yea yea No Fsilure
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TABLE 4
IN100 DOVETAIL GROOVE SIMULATION LCF SPECIMENS FATIGUE

TEST INSPECTION RECORD

Specimen Inspection AE EC FP lndcation
S/N Cycle Indication Indication Wink Static Remarks

D-4 Test Temperature = 1000*F. or 133
ksi

)-4 Pretest - No No No Notches polished
D-4 2,000 No Yes No No EC idicates a scratch, polshed out
D-4 4,000 No No No No
D-4 6,000 No No No No
D-4 8,200 No No No No
D-4 10,200 No No No No
D-4 12,200 No No No No
D-4 14,140 No No No No
D-4 17,000 No No No No
D-4 19,000 No No No No
D-4 21,600 No No No No Testing discontinued to use D4 as an

EC basehne standard for no crack

D-5 Test Temperature z 1200DF, o* = 117
ksi

D-5 Pretest - No No No Notchts pohohed
D-5 2,000 No No No No
D-5 7,100 Yes - - - AE rate
1)-5 8,029 Failure

-Real time inspection during fatigue test.

Inspection results for dovetail groove simulation specimens (SIN D-1 through S/N D-6)
are summarized tn numerical order for each test tn Table 4. Specific specimen test results
follow

Specimen S/N D-1 (fatigue cycled at 1200°F, or, = 117 ksi) received a Defectometer crack
indication at the 12,000-cycle inspection (Figure 31) The AE record and standard FPI
revealed nothing. However, wink FPI performed in the test machine showed a 60 mil fatigue
macrocrack. The flaw was then documented with replication.

Upon restart of the fatigue cycling, AE rate indications on the order of 50 to 400 counts
per cycle against a quet background began to occur near test cycle 12,250 and continued to
the 13,000-cycle periodic inspection. The AE amplitude distribution from cycle 12,500 to 13,000
displayed an increase in peak amphtude from approximately 40 to over 50 dB (Figure 32).

At 13,000 cycles the crack length was approximately 0.25 in However, due to the high
concentration of surface stresses in this specimen design, the depth was approximately 20
mils, or less.

Specimen S/N D-2 (fatigue cycled at 8001F, o,. = 133 ksi) received Defectometer indica-
tions as early as the 16,000-cycle periodic inspection No fatigue crack was confirmed until
26,000 cycles, when wink FPI indicated a 10 mil flaw. Even though the Defectometer and FPI
agreed as to the flaw location, a fracture mechanics analysis of the notch resulted in less
than 5,000 cycles of predicted macrocrack propagation, connoting that earlier Defectometer
indications were not macrocracks Continuous AE rate inspection indicated macrocracking
from 25,000 cycles, and at 30,000 cycles wink FPI confirmed a flaw of 90-mils length.

Specimen S/N D-3 (fatigue cycled at 1000*F, os. = 133 ksi) was tested to 22,200 cycles
when the Defectometer produced crack indications in both notches. At 24,200 cycles one indi-
cation disappeared while the other remained unchanged.
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Uncracked Notch- Peaks Are Edge Lift-Off Effect as Probe Is
Passed Back and Forth Many Times

nQl
Cracked Notch Short Spikes Between Edge Lift-Off Effects

Are the Macrocrack Indications

Figure 31 Dovetaoi Groove LCF Specimen S/N D-1 EC Defectometer
Records
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Counts Per Event

SPulse Width

Amplitude

No Fatigue Macrocrack Indications

Counts Per Event

. Pulse Width

Amplitude

Macrocracking Indicated- Increase in All Three Maximum Parameters
ID 128e

Figure 32. Dovetail Groove LCF Specimen S/N D.1 AE Distribution Hfsto-
gram Records

At the 26,200-cycle periodic inspection, wink FPI indicated an 8 mil crack As testing
continued, AE rate and distribution analyses began to produce fatigue macrocrack indications
which continued to the 28,200-cycle inspection. The wink FPI and replication techniques then
confirmed the crack at 30-mils length.

Specimen S/N D-4 (fatigue cycled at 1000'F, oa = 133 ksi) was tested to 21,500 cycles
with no crack indications Fatigue cycling was then discontinued and S/N D-4 was used as a
baseline standard for remaining EC Defectometer inspections (after cleaning) as a no-crack
specimen.
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Specimen S/N D-5 (fatigue cycled at 1200
0F, a,,, 117 ksi) was the subject of an AE

spatial filtering experiment. Periodic EC and FP inspections were not conducted close enough

to specimen fainure to detect macrocracking However, AE rate indicated macrocrack initiation

near test cycle 7120

One-dimensional spatial filtenng of the load train to perform subsequent time-domain

distributions was not successful in sorting macrocrack propagation indications to the proper

distribution slot locations. Spatial filtering is performed by attaching AE sensors at opposite

ends of the load train and conducting one-dimensional AE source location characterization of

the region of interest (the specimen gage section). The Dunegan/Endevco Model 920 Distnbu-

tion Analyzer may then be programmed to accept only those signals whose sour :e is deter-

mined to be the region of interest for further processing in external memory modules. How-

ever, should one sensor be located far enough away from a relatively low amplitude source

that the signal level is below threshold at that single sensor, the signal will register as

extraneous noise in either the 0 to 100 slot (depending upon which sensor receives the signal)

of the distribution analyzer This was the unfortunate case during the test period near cycle

7120 for specimen S/N D-5 The distribution analyzer record for test cycles 7000 to 7500 is

shown in Figure 33. The top histogram is a record of the spatial filter for this test period,

with slots 40 to 50 corresponding to the specimen gage section. It is obvious that the macro-

crack initiation indications did not register in the proper region and, since the primary sensor

from which the rate plot was taken corresponded to slot location 0, it must be assumed that

all of the macrocrack indications registered in slot 0 (i e, the signals were above the threshold

detection level of the primary sensor, but not above the threshold level of the reference

sensor)

Spatial Filter

SPulse Width

Amplitude

FD 127511

Figure 33 Dovetail Groove LCF Specimen S/N D-5 AE Distribution Histo-
gram Records

The fact that AE indications diminished during later portions of the fatigue test is sig-

nificant It may be possible for a specimen of the dovetail configuration to coutain a rela-

tively large fatigue macrocrack without AE verification
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BOLTHOLE SPECIMENS

During Phase II, bolthole LCF specimens were tested to simulate local fatigue damage
at bolt and cooling holes in an IN-100 turbine disk. Bolthole specimens were fatigue cycled at
conditions listed in Table 5. Periodic EC Circograph and Defectometer, FP, and continuous
AE inspections were performed during each test Continuous AE inspection included AE rate
(counts per cycle) at 90 dB gain, pulse width distributions, amplitude distributions, and counts
per event distributions

TABLE5
IN100 LCF BOLTHOLE SPECIMENS FATIGUE TEST INSPECTION RECORDS

Specimen Inspection AE EC PP Indication

S/IN Cycle Indication Indication Wink Static Remarks

BR-1 Room Temperature, o,,t = 114 ksI
BR-i Pretest - No No No Hole honed and polished
BR-1 5,000 No No No No
BR-i 10,025 No Yes No No EC Indication not a macrocrack, but

located at region which eventually
cracked

BR-I 15,010 No Yes Yes No
BR-I * 15,120 Yes - - - AE rate and distributions
riR-i 15,400 Yes Yes Yes Yes 2c = 0125 in. (FP) Failure

BR-2 Test Temperature =800*F, o,, 94

BR-2 Pretest - No No No Hole honed and polished
BR-2 5,000 No No No
BR2 10,000 No No No
BR 2 15,000 No Yes No No EC. Not a macrocrack
BR-2 20,000 No Yes No No EO Not a macrecrack
BR-2 25,000 No Yes No No EC Not a macrocrack
BR-2 30,000 No Yes No No EQ Not a macrocrack
BR-S 35,000 No Yes No No SC: Not a macrecrack
BR-2 40,000 No Yes No No EC. Indication shifted, not a macro-

crack
BR-2 45,000 No "Yes No No EC: Indication shifted, not a macro-

crack
BR-2 50,000 No Yes No No EC. Indication shifted, not a macro-

crack
BR-2 55,000 No Yes No No SC: Indication shifted, not a macro-

crack
BR-2 60,000 No Yes No No EC Indication shifted, not a macro-

crack
BR-2 05,000 No Yes No No EC Indication shifted, not a macro-

BR-S 70.000 No Yes No No ED. Indication shifted, not a macro-
crack

BR2 0 70,100 Yes -- - - Arate and distributions
BR 2 a 71,700 Failure at thermocouple tack weld.

Fractography: no cracks in bolthole

BR-3 Test Temperatu,-e, = 10000F, o,,, 90

kIoBR- Pretest - No No No Hole honed and polished
BR-3 5,000 No Yes No No SC Not a macrocrack
BR-3 10,000 No Yes No No EC Not a macrocrack
BR-3 15,000 Yes Yes No No AE Clevis pi failure

EC Not a macrocrack
BR-3 20,350 No Yes No No EC Not a macrocrack
BR-S 20,400 Yes AE rate and distributions
BR-1 21,300 Failure at thermocouple tack weld.

Fractography no cracks in bolthole
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Vt

4; 

TABLESS FATIGUE TEST INSPEC'rIoN RECORDS
(Confiilued)

Specimen ks.oecoon AR EC FPInd�cauonS/N Cycle Indication Indication Wink Static RemarksBR.4 
Teat Temperature 1200'F, o,,�

82
kmBR-4 Pretest - No No No Hale honed sod pohohedBR-4 5.000 No Na No NaBR-E 10.000 No No No NoBR-t 15,000 No Yea No No RZ Indication not a mocrocrar, bot
ocated at region which even �adly
.�rackedBR-4 20,000 No Yea No No SC Indication not a macrocrack bat

located at region which eventoally
cracked135-4 24,700

* Yea - - -

AS 
4

indications 
44

85-4 20,000 Yea Yea No No �'hoctogrsph 2c 0 040 inIIRS 
Teat Teniperstore l000'l�. a,,,, 90BR-S Preteat - No N., No Hole honed aiid polished 

ABR-S Na No No NoBR.3 5.000 No No Na NoBR-S 10,000 No No No Na� 10,005 No Yea No No SC: Nota macrocrackBRO 20,000 No Yea No NaBR-S 20,000 No Yea No NaBR-S 30,000 No Yea Na Na NaBR-S 35,000 Yea Yes No No AS May he falae or reootting from
initiation at internal defece

SC a mocaccrackBR-S 40.000 Yes Yea Na Na SC Not a macroccackBR-S 45,000 No Yea No No SC Nato macrocrackBR-S 00.000 No Yea No No SC Nota macro�rackBR-S 05,000 No Yea No No SC a macrocrackBR-S 60,000 No Yea No No SC Rots inacrocrockBR-S 65.000 No Yea No No SC Rota mnacrocrackBR-S 70,000 Na No No No SC Revised preinspection hole prep-
arationBR-S 70,000 No No No NaBR-S 80,000 No No No NoBR-S 85,000 No No No Na searaisedte85koiBR-S 00.t00 No No No NoBR-S 95,100 No No No No

No additional periadic inapectionaBR-S 109.200 Yea - - - AS distributionsBR-S 109.730 
Failare �ani interns] defect inside hell-
hole

BR-6 
Teat Temperature o 1200'F, e,,� 82

km
BRO Pretest -. No No No Role honed and polished

j BRO 5,000 No No Na NoBR-6 10,000 No No No NoBR-G 10,000 No No No No85-6 20,000 No No No No4 BRO 25,000 No No Na NoBIle 30.000 N0  Yea No No SC Two indicatioes. not niscracracks85-6 35.000 Na Yea No No SC One indication repeated, not a
inacraersck

p

4 
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A TABLE5

INIOO LCF BOLTHOLE SPECIMENS FATIGUE TEST INSPECTION RECORDS
(Continued)

Specimen Inspection AR EC FPlridcatin
S/N Cycle Indication Indicat ion Wink Static Remarks

BR-6 40,000 No Yes No No ECO Not a macrocrack
BR-6 45.000 No yes No No
BRtS 50,000 No Yes No No
BR-S 55,000 No yes No No
BR-6 00,000 No No No No EC Revioed preinspection hole prep-

aration
BR-6 05,000 No No No No a. raised to 9 ka
BR-6 70.000 No No No No
BR-S 75.000 NO No No No
BRS6 80,000 No No No No
BR4S 85,000 No No No No
BMt 90,100 No No No No
BRtS 95,150 No No No No
BR-6 100,000 No No No No
BR-6 105,000 No No No NoA
BRtS 110,000 No No No No Test discontinued

BC-1Teat Temperature 10001F, o..= 120
ksi

BC01 Pretest - No No No Hole honed and polished
BC-i 4M50 yes - - - AE dilnbotions,
BC-i 5,000 Yea yes No Iso
BC-i 5,570 Failure at thermocouple track weld.

Frartography: 0 030 in crack at
region indicated by EC

ItC-2 Test Temperature = 200oFo,ý 110
kin

BC-2 Pretest - NO No No Hole honed and pohished
BC-2 3,150 Yes - - - AE rate
BC-2 3,450 Failure before periodic inspections

BC-3 Boom Temperature o_,, = 144 ksi
BC-S Pretest - No No No Hole honed and polished
BC-S 5,000 No NO No No
BC-3 10,000 No No No No
BC-3 15,000 No Yea No No
BC-S 17,50 No yea Yes No 2c=0 010 in. (FPsand reica) Used

as, EC standard

BQ-i Test Temperature =1000*F, o_ 100
km .,

BQ-1 Pretest - No No No Hole honed r- wolishod

Bq-1 65M5 Yes - - - AE rate
ABQ-1 6,000 yes yes Yes Yes, 2e=0 125

BS-l Teat Temperature = 0001F, on 113
ksi

V Skewed bolthole (25-deg angle)
BS-1 Pretest - No No No Bole honed and polished
BS-i 2,000 No No No No EC Revised preinspection bole prep-

arstion
BS-1 7,000 No No No No r
BS-i 12.000 NO No No No
ES-i 17,000 No No No No

B- 2200 No No No No
B1 ,0 No No No No
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TABLE 5
IN100 LCF BOLTHOLE SPECIMENS FATIGUE TEST INSPECTION RECORDS

(Continued)

Spaecimen Imeti A EC FP Indwiation
S/N Cycle Indtoation lndiatuon Wink Static Remarks

SB-I 32,000 No No No NoBS-1 35,000 No No No No

BS-1 *36,300 Yes - - - AE rate and amplitude dist
BS-l 37,300 Failure

BS-2 Test Temperature = 10001F, o_ 113
ksi

Skewed bolthole (irsieg angle)
BS-2 Pretest - No No No Hole honed and polished
BS-2 4,560 No No No No EC- Revised premspectlon hole prep-

aration
BS-2 9,W60 No No No No
BS-2 12,W0 No No No No
ES-2 16,560 No No No No
BS-2 21,560 No No No No
BS-2 023,300 Yes - - -
BS-2 23,500 Failure

*Real Time Inspection during faUgue test

Inspection results for bolthole simulation specimens (S/N BR-1 through S/N BR-6, S/N
BQ-I, BS-I, BS-2, and S/N BC-I through S/N BC-3) are listed in chronological order for each
test in Table 5

Specific specimen test results follow-

Specimen S/N BR-1 (fatigue cycled at room temperature, an,, 144 ksi) received crack
indications by both EC inspection methods at the 15,050-cycle periodic inspection. Figure 34 is
the Circograph record from this inspection, indicating cracks at 90 (primary initiation site)
and 270-deg (secondary initiation site). Slight FPI indications were recorded from both sides
of the bolthole

Upon restart of fatigue cycling, AE rate and distribution analyses began to indicate
fatigue macrocrack propagation near cycle 15,120. Count rate increased by more than an
order of magnitude and maximum peak amplitudes of the incoming AE bursts .ncreased from
50 to over 80 dB. By fatigue cycle 15,400 the primary fatigue crack was over 1/8 in. long, and
at 15,850 cycles the specimen fractured. Figure 35 clearly illustrates the subcntical crack
propagation regions.

Specinen S/N BR-2 (fatigue c~cled at 800'F, a, = 93.7 ksi) received Circograph indica-
tions as early as the 15,000-cycle periodic inspection. A fracture mechanics analysis of the
specimen disclosed that, while these indications occurred at high-stress regions, macrocrack
propagation life of this specimen (a, = 0.003 in.) was on the order of several thousand cycles;
and, therefore, the indications were not originating from fatigue macrocracks.

Although EC and FPI produced no indications of impending failure (fracture occurred at
a thermocouple tack weld site on the gage section), AE rate and distribution records indicated
macrocrack activity commencing 1,500 cycles before final fracture at 71,700 cycles Fracto-
graphic analysis of the bolthole revealed no fatigue macrocracks.
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Cracks Are Indicated at 9O* (Primary Initiation
Site) and 2700 (Secondary Site)

FD 131174

Figure 34 LCF Boltiwle Specimen BR-i, 15,000-cycle Circograph EC
inspection Record

TEST CONDITIONS' aMax = 144 ksi,
ROOM TEMP, Nf 15,950 CYCLES

N3

Figure 35 LCF Boithole Specimen BR-1 Fracture Surface
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Specimen S/N BR-3 (fatigue cycled at 1000
0
F, a.,= 90 ksi) received AE indications near

cycle 15,000. At the periodic inspection, these indications were determined to be initiating
from a cracked clevis pin in the load train.

Although EC and FPI could not detect fatigue damage at the unexpected initiation site
(thermocouple weld), AE rate and distribution analyses indicated over 1,000 cycles of macro-
crack propagation before specimen failure. Fractography revealed no cracks in the boltholes.

Fractographic analysis was performed on specimen S/N BR4 (fatigue cycled at 1200°F,2a , = 82 ksi) after the 25,000-cycle periodic EC and FPI. Circograph inspection at 15,000,
20,000 and 25,000 cycles had produced indications at the same region of the bolthole (Figure
36); and, near 25,000 fatigue cycles, continuous AE rate inspection indicated macrocrack activ-
ity. FPI and Defectometer inspections with the edge-sensitive probe produced no positive
results.

~j~i

FD 131176

S~Figure 36. LCF Specimen BR.4, 15,000-cycle Circograph EC Inspection
Records

Fractographic analysis revealed a fatigue crack in the bolthole :.-)or a corner (indicated ,

near 90 deg in Figure 35), with dimensions of approximately 40-mils Ilength by 60-mils depth.
A smaller crack (less, than 10-mils length) had initiated from the far side of the belthole.

Specimen SIN BR-5 (fatigue cycled at 10000F, u• = 90 kai for 85,000 cycles, raised to 99

ksi for the final 24,700 cycles) was the focus of surface preparation refinements for EC inspec-
tions. Cireograph inspection had produced large indications in the high-strews regions of 6he
bolthole as early as 30,000-cycle inspection. Although a mild abrasive was being used to pre-
pare the specimen for inspection, it became apparent after several inspections that Type 11

o, errors were present. Studies performed at P&WA/GPD predicted less than 2,000 cycles of
macrocrack propagation for this test (Figure 37). As a result• the mild abrasive procedure was

•" replaced by a stronger plastic wool (Scotch Brite) attached to a drill motor fixture. Figure 38

• shows that the large Circogcaph indication recorded at 270 deg during the 65,000.cycle inspec-
• tion was removed before the 70,000-cycle inspection. A question still remains regarding selec-
• tivity of this oxidation problem to high-stress regions of the belthole.

o• 49
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S.50_pecimen Thickness
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0 e 500r 1000e150002000

Assumptions-
1 Initial Flaw Length = 6 mils
2 Surface Initiation
3 Specimen Fails When Crack Grows

Through Thickness 117

Figure 37. LCF Bolthole Specimen SIN BR-S Fracture Mechanics Macin
crack Propagation Life Analysis

e5,000-Cycle Circogreph Eddy Current Indication et male Iteteflr 70.000-Cycie lCircograph Eddy Current Record After Cleaning

Th 131178

Figure 38. LCF BoIthole Specimen BR-S Circograph Records
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After the 95,000-cycle inspection of specimen S/N BR-5 it was decided, in the inteiest of
expediting the test, that periodic inspections would be discontinued until continuous AE
inspection indicated macrocrack activity AE indications occured only within the final 500
cycles of the test. The most pronounced indications of impending failure came from AE pulse
width and counts per event distributions which revealed a 50% increase in maximum para-
metric values dunng the final period of the test (Figure 39).

S~Counts Per Event

S~Pulse Width

SAmplitude
Cycles 108,000 to 109,090

Counts Per Event

Pulse Width

Amplitude

Cycles 109,091 to 109,730 (Failure) .

FD 124997

E4

it
Figure 39 LCF Bolthole Specimeni BR-5 Distribution Analyzer Histogram

Records
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Fractographic analysis of S/N BR-5 resulted in the observation that macrocrack initia-
tion occurred at an aluminum rich, one-mile diameter inclusion located several mils from the
bolthole edge (Figure 40). It is hkely that the lack of a pronounced AE macrocrack indication
until the final stage of the test was due to the anoxic state of fatigue crack growth from an
internal defect during the initial stage

IIIII.Bolthole
Edge

Mag, 500X
FD 1249_f

Figure 40 LCF Bolthole Specimen BR-5 Fracture Surface

Specimen S/N BR-6 (fatigue cycled at 1200*F, o= 82 ksi for 65,000 cycles, raised to 90
ks" for an additional 45,000 cycles) was the continued focus of preinspection cleaning proce-
dure experiments. Circograph indications apparently resulting from selective oxidation at
high-stress regions of the bolthole also appeared near the 30,000-cycle mark of this test. At
the 60,000-cycle inspection, the highly abrasive cleaning procedure was initiated. The next ten
plriodic inspections produced no false indications. Fatigue cycling of S/N BR-6 was discon-
tinued at 110,000 cycles to expedite the program.

DISK INSPECTIONS (PHASE 111)

An experimental stress analysis of F100 lst-stage turbine disk S/N BDB 257 was con-
ducted for Phase IV ferris wheel residual life studies. As mentioned previously, Phase IV sub-
ject disks were bore-modified to produce engine-simulating rim stress during ferris wheel test-
ing. Maximum strain (0.1%) was recorded at a radial cooling hole acute corner. Room
temperature strain survey results are listed in Table 6, with strain gage locations illustrated
in Figure 41.
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TABLE6

FI00 Ist-STAGE HPT DISK S/N BDB 257
ROOM TEMPERATURE STRAIN SURVEY

(See Figure 47 for Strain Gage Locqtions)

Gage Run Strain (Micro in in) .or Radial Load (10) of.

No No 2000 4000 6M0 8000 10000 11080 10000 8000 6000 4000 2000

1 1 1400 2780 4240 5720 7280 8110 6950 5W 4570 3130 1410
2 1420 2780 4250 5730 7270 8110 1920 5630 4530 3040 1380

2 1 1340 2660 4030 5W80 6810 7580 6540 5390 4340 2950 1370
2 1360 2660 4050 5400 6820 7590 6530 5380 4310 2860 1350

3 1 1330 2700 4160 5610 7120 7930 6940 5870 4640 3060 1310
2 1350 2710 4190 5660 7140 7940 6940 5850 4610 2990 1360

4 1 1320 2610 3970 5320 6370 7490 6380 5240 4180 2820 1380
2 1340 2600 3980 5330 6730 7480 6380 5240 4170 2760 1370

5 1 1010 2030 3070 4080 5120 5670 4850 3910 3110 2090 950
2 1020 2030 3080 4110 5150 5680 4860 3920 3100 2040 950

6 1 1020 2050 3110 4160 5210 5770 4980 4050 3180 2100 960
2 1020 2050 3120 4170 5230 5780 4990 4060 3170 2050 960

7 1 1190 2350 3450 4460 5430 5900 4880 3780 2900 1820 690
2 1220 2360 3450 4460 5430 5930 5910 3830 2940 1790 650

8 1 1150 2330 3540 4720 5940 6570 5710 4660 3650 2420 1100
2 1160 2330 3550 4740 5950 6580 5720 4660 3650 2360 1110

9 1 480 960 1430 19Wn 2380 2630 2340 1800 1470 5000 500
2 460 940 1430 1900 2370 2620 2330 1860 1450 950 480

10 1 470 930 1400 1860 2340 2580 2310 1840 1430 960 450
2 460 920 1400 1870 2340 2580 230M 18-1' 1420 930 450

11 1 -10 -10 -10 -10 0 0 10 0 -10 -10 -10
2 -10 10 -10 -20 -20 -10 0 -10 -20 -20 -20

12 g0 0 0 0 0 0 0 -10 0 10
2 0 0 0 0 0 0 0 -10 -10 -10 10

13 1 470 930 1380 1840 2310 2540 2260 1800 1400 940 450
2 450 910 1380 1840 2300 2540 2250 1800 1390 910 450

14 1 450 900 1360 1800 2270 2510 2240 1780 1380 920 440
2 430 890 1350 1810 2260 2500 2230 1770 1370 890 430

15 1 60 110 150 190 230 250 230 190 150 100 50
2 60 100 140 180 220 250 230 180 130 90 *0

56 1 50 100 150 190 230 260 230 190 150 110 60
2 50 100 140 190 230 250 230 180 140 100 60

4 17 1 620126018802500311034203170248018601220 600
2 650 1260 1810 2500 3110 3420 3180 2480 1860 12D0 600

"18 1 640 1270 1880 2500 3120 3440 3170 2420 1840 1230 600
2 630 1260 1880 2490 3110 3430 3160 2420 1830 1180 590
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Figure 41. F100 1st-Stage Turbine Disk S/N BDB 257 Strain Gage Loca. .

tions far Experimental Stress Analysis
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"1st-stage turbine disk S/N BM 798 was engine-cycled in experimental engine P050,
recei•ing 330 Type I LCF cycles, 45 Type II LCF cycles, and 2157 Type III LCF cycles (a
total of 774 7 hr) The importance of using an engine-cycled disk for Phase III studies is
primarily in the realm of EC inspection The preinspection preparation procedure was fur-her
refined during Phase III to eliminate Type If EC inspection errors arising from oxidation
effects The disk was not bore modified before being subjected to 5310 Type I LCF cycles in
the ferns wheel at 1200'F and 11,700 lb maximum drawbar load to produce fatigue cracking
in radial coohng holes (primary fracture critical) and blade slots.

Prior to AE inspection of disk S/N BM 798 in the ferris wheel, the disk was character-
ized using a pulsing tiansducer to simulate AE to determine source location readings along
the entire disk rnm adiacent to the radial cooling hole acute corners (see "AE Inspection
Procedures" for explanation of characterization procedure). This one-dimensional charactenza-
tion for each of two distribution analyzers is presented as Figure 42 The distribution analyzer
output for each disk location corresponded to a "slot" value between "0" and "100." The
charactenzation was performed usog three Dunegan/Endevzo D750 transducers mounted on
6-in. waveguides, spaced 120 deg apart along the disk nm The characterization was checked
at total gain settings of 80 and 90 dB.

Distribution analyzer output during 100 ferris wheel fatigue cycles indicated the disk
regions listed in Table 7 Since the disk radial cooling holes were the only regions to be AE-
characterized, indications from the blade attachment regions appeared in terms of the closest
radial cooling holes

Two FP inspectons were conducted on the blade attachment regions of disk S/N BM 798
after ferns wheel initiation of fatigue cracks and AE inspection. The first FP was conducted
as a stardard producton inspection, while the second was performed under carefully con-
trolled laboratory conditions Results of both inspections are listed in Table 8.

The EC Circograph inspections were also performed in the disk radial cooling holes
according to the procedure outlined in Section II. Abrasive preinspection surface preparation
procedures were ased to eliminate oxidation layer effects Originally, Scotch-brite plastic wool
was used before Circograpb inspection Then the radial cooling holes and disk lugs were
vapor blasted before a second inspection run. Subtle changes in several indications occurred
as a result of the vapor blast and will be disussed in Section IV. The Circograph inspection
record is listed in Table 8

The EC Defectometer-type inspections were conducted in the disk lug regions using an
NDT Instruments Vector 11 system and the fixture shown in Figure 13. With the addition of
a balancing coil to the probe designed for Defectometer use, the Vector 111 is designed to
simplify adjustment for liftoff effects The probe performed satisfactorily for Phase III disk
inspections, but the fixture itself proved to be unsatisfactory. Although several changes were
made to the fixture, it still allowed the probe to drift as it was moved along a broach slot.
The fixture was finally made workable for laboratory use, but a design similar to that shown
in Figure 43 is recommended for future studies. The Defectometer inspection record is hsted in
Table 8.

Fractography was then conducted on selected disk radial cooling holes and blade attach-
ment regions in an attempt to produce flaw confirmations. Results are also listed in Table 8
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TABLE 7
V ACOUSTIC EMISSION SOURCE LOCATION INSPECTION

F100 lsVSTAGE HPT DISK S/N BM 798

Analyzer I Analyzer 2
Reading Reading Indwated Radial Cooling Hole

48 58 1
63 51 26
56 40 34
61 48 28 (crack located in lug between holes 28 and 29).
56 40 34 (crack located mn lug between holes 34 and 35).
35 40 55 (no crack confirmed)
37 51 65 (crack located in lug between holes 65 and 66).

TABLE8
PHASE III DISK INSPECTION RECORD F100 lst-STAGE HPT DISK

S/N BM 798

Radial Cooling AE Circograph Production FP Fractography

Hole No Indication Indication Indication (in. Length)X in. Depth)

I Yes Large Yes 0045X0022
9 No Small No -

12 No Small No -

13 No Small No -
14 No Small No -
15 No Small No Uncracked
19 No Small No -
20 No Small No -
21 No Small No
2V No Small No
23 No Small No -
24 No Medion No 00100X005
25 No Small No
26 Yes Large Yes 0.160 x 0 100
27 No Small No Uncracked

S29 No Small No -
30 No Small No -
31 No Small No -
32 No Small No -
33 No Small No -
34 Yes Large Yes 0.200 X 0 145
35 No No No Uncracked
42 No Small No

44 No Small No
45 No Small No Uncracked
46 No Small No
54 No Small No
55 Yes No No
58 No Small No
66 No Small No

I I5ii
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TABLE 8
PHASE III DISK INSPECTION RECORD F100 Ist-STAGE HPT DISK S/N BM 798

(Continued)

Dish Lug AS Vector III FPbudaeation Fractography
Location Indication Indication Production Laboratory (mn. Length X in Depth)

1-2 No Yes No Yes Yes, ee note.
2-3 No Yes No Yes Yes, see note
3-4 No Yes No No -
4-5 No No No Yes -
5-5 No Yes No Yes -

6-7 No No No Yes -

9-10 No No No Yes -

10-11 No Yes No No -

11-12 No Yes No No Uncracked
18-19 No Yes No Yes -

19-20 No Yes No Yes Yea, see note
20-21 No Yes No No -
21-22 No No No Yes -
23-24 No Yes No No -

24.25 No Yes No No -

27-28 No Yes Yes Yes 0.35 X 0 12
28-29 Yes Yes Yes Yes 0.36 X 0 12
34-35 Yes Yes Yes Yes 0 40 X 0 12
40-41 No Yes No No -

44-45 No Yes Yes Yes (Crack Gaping Open)
46-47 No No No Yes -

'5A57 NO Yes No No -

65-W6 No Yes Yes Yes 0 43 X 0 19

NOTE. Lug broken open adjacent to visible crack

VCV

FAS 163MJ n •

Figure 43. Recommended EC Probe Fixture for Disk Lug Inspections

I8 i



SPIN STUDY (PHASE III)

Five miniature AE transducers, Dunegan/Endevco P/N S1000 BM, were obtained for
AE evaluations during spin testing of an F100 1st-stage HPT disk. The single-ended trans-
ducers are 5/16-in, in diameter and mounted conveniently inside the disk snapring, where
centrifugal loading acted to increase transducer coupling Centrifugal loading from each
transducer was calculated to be less than 200 lb at 10,000 rpm.

The standard 1032 AE inspection system computer program, whose transducer arrange-
ment is shown i Figure 44(a) was determined to be unsuitable for AE disk inspections due to
a requirement for a center transducer or three parallel transducers in place of the center
transducer. Instead, an alternate computer program whose normal senso; -arrangement is
illustrated in Figure 44(b) was modified to accommodate evaluation of a disk surface Since
traiisducer arrangement in the snapnng could not be conducted to the required 45 deg paral-
lelogram and AE signal paths around the disk bore produced large errors in computer calcu.
lation of rectangular coordinates for emission sources, characterization of the disk surface
with simulated AE was required to enable correlation of calculated (x,y) coordinates with
actual locations on the disk surface Such a correlation for the disk snapring region is illus-
trated as Figure 45. With proper software alternations the existing packaged computer pro-
gram could be rendered more suitable to the disk geometry, but the above mnipping process
would still be required. Dunegan/Endevco is currently developing a "random array" package
which will eliminate the necessity of mapping complex test surfaces. During spin studies,
simulated AE from a pulsing 81000 BM transducer was used to various rpm ranges to dem-
onstrate feasibility of real time AE inspection during spin testing.

S SX Centrold

0

1 5 2

a. Standard "Quad" Array (Transducer "0" May Be~ Replaced by Three Parallel Transducers for
Disk Inspections)

0 2

bb

3 45 deg

b. Alternate Array D 14890MI

: Figure 44, Dunegan/Endeuc Model 1032 Computerized AE System Trans-

ducer Arrays
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Before the spin program began, system electrical noise studies were conducted to deter-
* •mine the effects of passing the AE signal along standard (not coaxial) conductors on the disk

surface and through the slipring assembly. Various sections of the system were assessed
independently by determining the maximum total gain setting which was attainable without
inundating the system with electrical noise. Results are summarized in Table 9 Obviously,
the first slipring to be used with the AE system contributed greatly to the ambient noise
level.

TABLE9
ELECTRICAL NOISE ASSESSMENT FROM

SPIN CONFIGURATION

Maximum Gain
Condatwn Descrmptaon (dB)

A Basehne 99.
B Spin Configuratmon 58
C Shpmng Omitted 75
D Dik Omitied 66
DI Improved Shpnng 99+

A baseline (condition A) was first established by attaching a standard coax cable to a
reference sensor on location at the spin rig. At a maximum total gain of 99 dB, the system
was functional. The system was then connected in the spin configuration, passing signals
from the turbine disk through a Tilton slipring assembly (condition B) Maximum total gain
attainable was only 58 dB before spurious electrical noise inundated the system. In order to
determine the primary noise source, the AE system was then connected, bypassing the shp-
ring, directly to the disk (condition C) Maximum total gain was then 75 dB. The system was
then assessed by passing signals through the slipring from an external reference sensor (disk
omitted from the configuration, condition D) Maximum gain in this condition was only 66
dB It was apparent that the slipnng was the primary noise source.

The pulsing transducer (simulated AE source) was fixed at a location corresponding to
approximately 45 deg in Figure 45. Functionality of the system was checked continuously
using the pulser fiom a static condition to a spin condition of 7300 rpm. Ambient extraneous
noise level did not change appreciably from the static condition, even at the maximum spin
condition. In fact, there was a noticeable decrease in ambient Poise as the disk assembly
went ;rom a static to a spin condition, again indicating a problem with signal transmission
through the Tilton slipring. While the system did remain functional, with the pulsing trans-
ducer being received and source located throughout the spin program, the serious electrical
noise problem would prevent the use of total system gain at the required level to receive AE
from actual propagating cracks A possible solution, using an improved slipring, is presented
in Section IV

RESIDUAL LIFE STUDIES (PHASE IV)

Disk S/N BAA 43 received 743 operational hours in experimental F100 engine S/N FX
217 The disk was than subjected to 11,140 room-temperature, Type I LCF cycles in the ferris
wheel fixture in an attempt to precrack the disk for fracture mechanics analysis. Maximum
measured strain was 0.97% at the acute comer of a rad~al cooling hole at 14,640-lb drawbar
load. An AE inspection during the room temperature cycles and periodic inspection using the
conventional NDE techniques produced no flaw indications. Fracture mechanics minimum
residual life analysis for further ferris wheel testing at elevated temperature was tiierefore
initiated from an initial flaw size of 10-mils (see Section IV for residual life calculations)
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Ferris wheel testing was then continued at 1200°F, t_, = 1.0%, 2 cpm, with AE real time
inspection being performed to detect imtiation. Near 100 cycles, AE inspection began to indi-
cate crack activity. At 250 cycles, the disk received an inspection using conventional NDE
techniques, revealing fatigue cracks in three radial cooling holes. Periodic measurements were
then made of the largest crack until the disk failed at 550 elevated-temperature cycles. Crack
length measurements along the outside of the radial cooling hole and into the hole are pre-
sented as Figure 46.

03

T = 1200°F
Y =2 cpm
R = 0.02
(= 1 0% alnternal..

_ 0.2

aSurface

c 0.1

0 I I I I
200 400 600 800 1000

Cycles
FD 148911

Figure 46 Ist-Stage Turbine Disk Fatigue Crack Measurements, Radial
Cooling Hole

First- tage turbine disk S/N OZ 7463 received 1001 Type I LCF cycles in F100 engine
S/N P036. The disk was subjected to an additional 909 elevated-temperature Type I cycles in
the ferrs wheel before room temperature AE inspection was performed by loading . e disk to
a maximum drawbar load of 12,300 lb for 41 cycles. An AE inspection and subsequent con-
ventional NDE assessments produced no flaw indications. Fracture mechanics minimum life
predictions (Section IV) were then made fi nm an initial flaw size of 10-mils

Elevated-temperature fatigue cycling was then resmned at 975'F, t_ = 0 92%, 2 cpm,
with AE real time inspection being performed to detect initiation AE inspection indicated
fatigue crack extensmon from cycle 1550, and conventioial NDE performed after cycle 2500
confirmed the presence of two cracked radial cooling holes. One of the cracks propagated
100% through the disk at 3400 total elevated temperature ferns wheel cycles

In summary, crack initiation life for disk S/N OZ 7463 was between 1910 and 2551
cycles (including 1001 engine cycles) and propagation life was bounded by 1850 to 2491
cycles.

62

V I -4



First-stage turbine disk S/N BDB 257 was engine-cycled in experimental engine FX 221
to a total of 1121 Type I, 25 Type 11. and 755 Type III LCF cycles. The disk was then sub-
jected to room tWmperature AE inspection in the ferris wheel, as well as conventional NDE,
before being reinstalled in FX 221. The inspection procedure was repeated periodically (before
engine rebuilds) a total of four times before the disk was finally retired, still receiving no
NDE indications. Disk S/N BDB 257 accumulated a total of 3425 Type I, 25 Type II, and
5867 Type III LCF cycles in FX 221. Fracture mechanics minimum life predictions for the
subsequent ferns wheel test were then based upon an initial flaw size of 10-mils.

After bore modification, the disk was subjected to Type I LCF cycles at 10501F, =
0.95%, 2 cpm in the laboratory. Continuous AE inspection and periodic inspections using FP
and the Circograph were conducted throughout the ferris wheel program. Fatigue cracking
was first indicated by AE inspection near ferris wheel cycle 11,000, and the following periodic
inspection at 11,500 cycles produced EC indications from two radial cooling holes All of the
radial cooling holes, axial boltholes, and one axial cooling hole received Circograph indica-
tions before the disk finally failed at 14,062 ferns wheel cycles Since the likelihood was low
that all of the radial cooling holes and axial boltholes in BDB 257 were cracked, the prein-
spection preparation procedure was modified to include vapor blasting for oxide layer
removal. Subsequently, all Circograph indications, except one in a radial cooling hole, disap-
peared Fractographic analysis of the disk confirmed only that single crack.

Failure of BDB 257 was nonstandard A furnace element shorted against the disk at the
edge of an axial cooling hole (not the fracture critical location), causing a weak recast layer
which in., ited the fatal fatigue crack (Figure 47). However, the confirmed radial cooling hole
crack would have caused disk failure in less than 100 cycles. The inspection record from the
BDB 257 ferns program is listed in Table 10

4
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JN,

Figure 47 Front Vieu Showing Crock from Axial Cooling Hole at "Fail-
ure" Condition
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TABLE 10
lst-STAGE TURBINE DISK S/N BDB 257

FERRIS WHEEL PROGRAM INSPECTION RECORD

AE Circograph FP
Cycle Indiwatton Indication Indication

6,500 No No No
7,550 No No Yes (scratches)
8,500 No No No
9,350 No No No

10,353 No No No

I11,000 *Yes
11,500 Yes Two Radial Holes No
12,500 Yes Six Radial Holes One Axial Cooling Hole

One Axial Cooling Hole
13,592 Yes 66 Radial Holes One Axial Cooling Hole

All Axial BolRboles
One Axial Cooling Hole

14,062 (Failure) Yes 68 Radial Holes Bore (initiation at a
All Axial Boltholes second recast area)
Failure at Axial Cooling Hole

Vapor Blast - One Radial Hole -.
Radial Holes (Confirmed by Fractography)

*Real time inspection dun, g fatigue test.
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SECTION IV

DISCUSSION - F100 1st STAGE TURBINE DISK

PHASE I (ACOUSTIC EMISSION FATIGUE CHARACTERIZATION)

Crack propagation studies revealed the AE threshold (stress intensity above which crack
propagation AE is detectable) to be lower for elevated temperatures (1000*F and 1200'F) than
room temperature. However, the AE threshold appeared to be associated with a similar crack
growth rate (da/dN) in all cases, indicating that an AE rate vs da/dN relationship may be
more universally applicable than an AE rate vs AK relationship

It is apparent from the strain-control LCF test results that at least four different stages
of fatigue damage in elevated temperature IN100 may be characterized using time-domain AE
multiparameter distnbutions (MPD) The respective AE characteristics are illustrated in Fig-
ore 23 The four fatigue stages are

Stage I - Nucleation

MPD Phenomenon

* All three time-domain distributions (ringdown counts per event, pulse
width, and peak amplitude) fluctuate during the initial "shakedown" por-
tion of a typical test, followed by relatively small consistent parametric
values

Mechanism

* "Shakedown"is a combination of extraneous noise from the test load train
and acoustic output from initial plasticity at the specimen gage section

* During nucleation, dislocations stack up at obstacles such as microporosity
and grain boundaries.

Stage If - Microcrack Initiation

MPD Phenomena

* Increased maximum ringdown counts per event
* Longer signal pulse widths
* Little variation in peak amplitudes

Mechanism

* Microcracks begin to form in regions of highest stress concentrations both
internally and externally. These events occur individually over longer peri-
eds of time than stackup (producing longer AE signal pulse widths and

'-greater ringdown counts per event), but energy release is not great enoughj to appreciably affect AE amplitude distributions

I,. • Stage III - Transition

MPD Phenomena

* Maximum nngdown counts per event and maximum signal pulse widths
decrease to levels occurring previously during the nucleation stage.

* Amplitude distributions still display little change.
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Mechanism

0 Dislocations are moving to free surfaces (microcracks) as they occur. Lack
of stacking before dislocations are released produces shorter lived individual
acoustic bursts (i.e., shorter pulse widths and fewer ringdown counts per
event than during nucrocrack initiation).

Stage IV - Macrocrack Propagation

MPD Phenomenon

* All three time-domain distributions display increases in maximum para-
metric values.

Mechanism

Large incremental advances m the fatigue crack(s) occur, producing rela-
tively large acoustic energy release with each advance Internal crack
propagation reaches the specimen surface and oxidation layer cracking (as
well as the large acoustic energy release) contributes to higher acoustic
peak amplitudes. Each event occurs over a longer period of tune than those
occarring during nucleation or transition phases, thus producing longer
signal pulse widths and more ringdown counts per event.

Detection of fatigue macrocracking may be performed solely on the basis of AE peak
amplitude distribution analysis. The results support the theory (Reference 15) that larger
deformation events produce minre AE energy, and, therefore, larger AE peak amplitudes.

PHASE II (NONDESTRUCTIVE EVALUATION OF COMPLEX GEOMETRY SPECIMENS)

It was apparent that the AE MPD phenomena associated with microfatigue damage in
the IN100 strain control LCF specimens was not readily detectable from the complex geome-
try LCF specimens. These subtle AE characteristics were not useful to classify fatigue dam-
age in the Phase II specimens because- (1) the highest strain volume of the complex geometry
dovetail and bolthole specimens was relatively small compared to that of a strain control
specimen, and the AE phenomena recorded during the microcrack initiation stage of Phase I
tests resulted from many microdeformations or fractures rather than single events, (2) extra-
neous AE signals (from load trains, etc.), resulting from higher loads required to fatigue
Phase II specimens, masked most subtle changes in the AE distributions as testing
progressed

Because EC inspection may be capable of detecting local material perturbations due to
early fatigue damage in the IN100 LCF specimens, it is difficult to distinguish between false
indications and real defects (a Type II error), Although fracture mechanics analyses from a 3
rmil initial flaw size would disclaim the possibility that macrocracks existed at the first EC
indications during several tests, these early indications were not considered false if they regis-
tered at surface locations which eventually developed into fatigue macrocracks

The edge-sensitive EC probe developed at P&WA/GPD was evaluated during bolthole
simulation inspections with the Defectemeter system. However, even though the design revi-
sion was useful for edge cracks, the probe was virtually ineffective because of bolthole interior
crack initiations during each test. The probe was not capable of inspecting cracked regions.
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Type II errors were a major obstacle during Phase II EC inspections. A revised prems-
pection preparation procedure using an abrasive plastic wool (Scotch Brite) proved to be effec-
tive in removing most of the oxidation effects which were a primary cause of the Type II
errors, and during Phase III and IV vapor blasting was introduced to streamline the
procedure.

The AE Type II errors were substantially reduced through (1) use of a relatively high
resonant frequency (approximately 750 kHz) transducer, (2) use of spatial filtering, and
(3) development of antirub coatings for load mechanisms.

Bolthole simulation specimen 13C-,3 was tested at room temperature to a fatigue crack
length of approximately 10-Mois at the bolthole. Continuous AE inspection failed to produce
any distinct macrocrack indications before EC, wink FPI, and replication confirmed the flaw
This result is in agreement with previous crack propagation testing performed to relate AE
threshold levels to stress intensity. It was determined that the stress intensity at the tip of a
10-mil flaw subjected to a 144 ksi net stress field was less than the room temperature AE
threshold stress intensity (16 ksi /'i-n) for the inspection parameters (sensor, gain, system
threshold, etc ) employed

Heat treatments at 12001F in air were conducted on BC-3 to determine the effect of oxn-
dation layers on acoustic activity from the small (1.-mil) fatigue crack. Room temperature
cycles were then conducted while monitoring with one-dimensional AE source location to dis-
tinguish between AE from the fatigue crack and extraneous noise from the load train. Test
cycles were conducted using the 750 kHz resonant Dunegan/Endevco D750A transducer

The specimen was again heat treated and subjected to similar room temperature cycles
while monitoring with a 140 kHz resonant sensor. It was determined that introduction of an
oxidation layer in the fatigue crack did cause it to emit at detectable levels even at the rela-
tively low stress intensity of approximately 13 ksiVi n, and AE output was more readily
detected with the 140 kHz resonant piezoelectric crystal.

An important point was demonstrated through the failure of bolthole specimens at loca-
tions other than primary regions of interest. The AE inspection was able to produce indica-
tions of impending failure even when the origins were unknown, the entire specimen gage
section was being inspected in each case It would have been impossible to inspect the
regions under tack-welded thermocouples with EC or FPI and, in most cases, it is impractical

7 to use EC inspection in regions other than primary fracture critical zones

Fracture mechanics life predictions were made for Phase II bolthole and dovetail groove
simulation specimens to permit estimates of flaw size detectability by AE and EC inspection
techniques Calculations were made using the GPD ft computer program (developed by
T. Cruse and P. Besuner) which is capable of analyzing a crack located in a stress gradient,
such as the region adjacent to a bolthole or groove. The technique utilizes an influence func-
tion requiring only the uncracked stress field to determine a stress intensity solution. Table 11
lists calculated macrocrack propagation byes (NDE) for most of the Phase II specimens and
propagation cycles confirmed by NDO.
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TABLE 11
CALCULATED MACROCRACK PROPAGATION LIVES

FOR PHASE II SPECIMENS*

Test Predicted Actual
Specimen Net Stress Temperature Crack Propagation Propagation

S/N (ksi) (IF) Type Life Cycles Life Cycles

Dovetail
D I 117 1,200 Surface 2,000 >1.000
D-2 133 800 Surface >3,000 5,000

(from 1000*F data). D-3 133 1,000 Surface 3,000 >3,720
0D4 133 1,000 Surface 3,000 -
D-5 117 1,200 Surface 2,000 > 929

Bolthole
BR-1 144 RT Corner 2,300 > 800
BR4 82 1,200 Corner 1,700

82 1,200 Surface 1,350 > 300
BR-5 99 1,000 Comer 1,700

99 1,000 Surface 1,500 > 530
BR-6 82 1,200 Comer 1,700 -

82 1,200 Surface 1,350 -
BC-2 110 1,200 Comer 800 > 300
BC-3 144 RT Comer 2,300 > 200

lnitial fla, size = 3 mils

The fracture mechanics analyses, along with actual observed crack sizes, entered into
the creation of surface flaw detectability estimates for dovetail groove and bolthole simulation
specimens Estimates of flaw detectability and probability of Type II errors are also based on
communications with inspection personnel and inferences from actual data. The relative rat-
ings of the various techniques, where possible, have been confirmed experimentally

Fracture surface analysis/striation spacing of dovetail specimen D-3 resulted in an est.-
mate of over 2800 macrocrack propagation cycles.

Phase II NDE comparisons indicated no inherently superior technique as the optimum
inspection procedure for the F100 1st-stage high pressure turbine (HPT) disk. However, a list-
ing of the relative advantages and disadvantages of each technique was produced, along with
suggestions for complementary inspections. The hasting is presented in Section IV.

Z PHASE III (NDE OF THE TURBINE DISK)

Fractography results from disk S/N BM 798 indicate that EC inspection produced Type
IIerrors during both cooling hole and lug inspections. It is possible that all of the cooling

hole "small" indications shown in Table 8 were Type II errors, although confirming fractog-
raphy of all the radial cooling holes was prohibited by cost and -'5*ae restraints.

Inspection results from disk S/N BM 798 also confirm Phase 'I results showing inspec-
tion to be the most sensitive of the three techniques evaluated (see cooling hole No. 24)
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" ~Initially, an abrasive plastic wool was used to prepare the disk radial cooling holes prior
to EC Circograph inspection. Results shown in Table 8 reflect this premspection preparation.
However, the radial cooling holes were later mildly vapor blasted to remove any residual oxi-
dation effects, and subtle changes occurred in the subsequent EC indications. In general all
indications, as well as baseline flutter, were reduced in size. However, indications from several
holes, including hole No. 24 (containing a 0.010 X 0 005 in. crack), were actually sharpened
and more easily resolved This phenomenon can be explained as either elimnnation of residual
oxidation effects or rearrangement of residual stresses in the cooling holes Further investiga-
tion is currently underway at GPD. Preliminary impetus for the use of vapor blast to prapare
EC inspection surfaces, instead of manual preparation using abrasive plastic wool, is reduc-
tion in manhours required to perform the procedure. However, these results indicate that
greater crack resolution may also be obtainable using vapor blast as preparation.

Phase III laboratory vs production FP resuits indicate production inspection may miss
disk lug cracks which are detectable under more carefully controlled laboratory conditions.

Spin study results using the computer7ed AE system were encouraging from the stand-
point that the system did remain functional as an automatic AE source locator through the
full range of spin conditions. But due to the low gain levels required to prevent reception of
spurious electrical noise, the system is currently incapable of actual fatigue crack inspection
The system has recently been rechecked in the laboratory in Condition D of Table 9 using a
slipring manufactured by Lebow Associates, Inc. Maximum gain achievable using the new
slipring was 99+ dB, as good as the baseline condition This means that the system could be
run at gain settings which are practical for the detection of fatigue crack propagation in
IN100 with adaptation of the Lebow slipring. The associated cost of fixturing and spin modi-
fications cannot be considered within the scope of this prograrc, but future spin studies will
incorporate the new slipring design. An IR&D program, whose goal is to detect an actual
propagating crack in a spinning disk, is scheduled for late 1979.

PHASE IV (DISK RESIDUAL LIFE STUDIES)

Life predictions for ferns wheel LCF testing of three lst.stage turbine disks were based
on an interpolative empirical fracture mechanics model based on the hyperbolic sine Model

- - development was performed by GPD personnel for AFML Contract F33615-75-C-5097. Devel-
opment and primary applications of the hyperbolic sine model are thoroughly discussed in
References 5, 6 and 7. The interactive effects of stress, temperature, time and environment are
described with the model.

Log (da/dN) = CJ I sinh (C2 2 (log (AK) + C)) C4  (4)

The stress intensity solution for Phase IV disk life predictions was developed from
empirical data generated during crack propagation testing of turbine disk S/N BAA 43
Crack growth (a vs N) data developed from the disk test (Figure 46) were correlated with
da/dN vs AK data from compact tension specimen tests at the Same temperature, stress ratio,
and frequency, to produce a normalized K vs a relationship (lReference 16) The model is pre-
sented as Figure 48.

The K/f vs a plot reflects an abrupt change in crack growth rate the first time 90
i ksi/,f'jn was attained. Ultimate failure of the disk occurred when 90 ksi/V/i was again

reached This value corresponds approximately to the maximum value observed during crack
growth rate testing. Whereas exceeding this maximum stress intensity results in failure dur-
ing laboratory da/dN testing, it is felt that the bulk of the disk surrounding the cooling hole
prevented catastrophic failure when this critical value was first exceeded; failure of the mate-jral surrounding the hole occurred when this was exceeded a second time.t 71
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Disk S/N BAA 43 was LCF tested in the ferris wheel at 1200*F, 2 cpm, R 0.02. Since
no fracture mechanics data were available at those conditions, the hyperbolic sine model for
existing 1200'F, 10 cpm, R = 0.1 data was stress ratio and frequency adjusted to produce an
interpolative da/dN vs AK relationship for the disk test The da/dN data from which the fre-
quency model was derived are illustrated in Figure 49. Frow, Figure 50, "Effect of Frequency
on SINH Model Coefficients C2 and C4," the coefficients C2 and C4 for the 2 cpm model were
calculated as 3.68 and -4.20, respectively. From the C3 vs C0 relationship in Figure 49, C3 was
determined to be -1.422. For IN100, C, has a fixed value of 0 500. The model for 1200 0

F, 2
cpm, R = 0.1 takes the formn

Log (da/dN) = 0.5 sinh (3.68 (log (AK) - 1.42)) - 4.20 (5)

From the stress ratio model, cohnearity of the sinh curve inflection points (Figure 51)
may be described by.

C, = -M3C0 + B3  (6)

Assuming linear change of M3 with frequency change, M3  0.92 C0 and C4 are already
known; therefore:

C4 = -0.92 C3 -5.51. (7)

From Figure 52, "Effect of Stress Ratio, R, on sinh Model Coefficient, C0":

CS = M4 log (l-R) + B4  (8)

Assuming linear change of M4 with frequency change,

B4 = 0 542 log (1-0.1) - 1.42 = -1.45 (9)

C3 = -0 542 log (1-R) - 1.45. (10)

Using equation (10) for the new stress ratio, R = 0.02, C3 -1.442. From equation (7), C4 =
-4 18 Prior experience has shown that C2 varies little with minor changes in stress ratio, so
the interpolative crack growth model for disk S/N BAA 43 test conditions (1200'F, 2 cpm, R
0 02) is

Log (da/dN) = 0 5 sinh (3.68 (log(AK) -1 44)) -4.18 (11)

The above crack growth rate model is presented in Figure 53 as curve No. 1. Upon
development of the experimental stress intensity model, the GPD life analysis computer pro-
gram was checked for functionality (correlating actual vs calculated life cycles) The compari-
son is shown as Figure 54.

The Ist-stage turbine disk S/N OZ 7463 (retired from experimental F100 engine P036)
was ferns wheel LCF tested at 975°F, R = 0 02, with a 2-min dwell at maximum load Crack
growth data did not exist for the above conditions, so the available 12001F, R = 0.1, 2-min
dwell curve was adjusted for temperature and stress ratio to produce an interpolative hyper-
bolic sine da/dN model for the disk test
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Spec No. Symbol

10. -- 1000347 A

10- 1000324 +

1000527 'x110005407
1000644AF
1000346
1000633AF
1000604AF Y

10.4 1000337 x

2 2Minute Owell

-0 5 lCycles Per Minute
10- ......i- 105 Cycles Per Minute

z *120 Cycles Per Second

M181.20

10- loe1i 30.07

4~Variable Frequency
a~nd Hold Line

10.7 1

Paris Threshold Line

1 2 5 10 2 5 100 2 5 1000
AK, kl-sl/ln.

Figure 49. The Effect of Frequency on Crack Growth Rate at 1200-F, R
0o.1
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Spec No. Symbol

1000346
1_-2_ 1000633AF

102 1000334 A
1000393 t
10005556 X
1000546

10"3• -- D R = 0.5

I ~ ~ -~ R0.5

l/JjR f1R0.8

1 C4 - -M3 C3 + B3

3 2 13 = 0.93

B3 =5.60

1-5

10-6 J'

1 2 5 10 2 5 100 2 5 1000

AK, ksl v/Jj-
n~) 14MI5

Figure 51. Effect of Stress Rati on Crack Growth Rate at 1200*F, 10 cpm
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R = 0.8 A =0.5 R= 0.1

-0.9 C3 = M4 Log (1-R) + B4_
M4 - 0.805

B4= 1.423

-1.0

-1.1 20 cps

.10 cpm

-1.2

-1.3

-1.4 P3= M4 Log (1-R)+B
M4 = -0 544

94 = -1.442

0.1 0.5 1.0

* 1-lR
FD 14916

Figure 52. Effect of Stress Ratio, R, on Sinh Model Coefficient, C3 at
1200'F
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Figure 53 Crack Growth Models for Phase IV Turbine Disk Tests
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R=002
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*~F 160i27

Figure 54. lat.Stage Turbine Disk SIN BAA 43, Actual vs Calculated
Crack Length, Radial Cooling Hole

The SINH model for 1200'F, R =0 1, 2-nunute dwell is:

Log (da/dN) =0 5 sinb (4.20 (log (AK) -1.45)) - 3.50. (12)

Using equation (6) again and assuming linear change of M3 with frequency change (2-min
dwelt 05 cpm for frequency adjustments), M3 =092. C3 and C4 are known from equation
(12), so B3-4.83 and,

04 =-0.92 03 -4.8'l. (13)

Using equation (8) again, and assuming a linear change of V4 with frequency change, B,
-148 and,

C3 = -0 542 log (1-0.02) -1.48 =-1.47. (14)

From equation (M), C, = -3.48. So the interpolative crack growth model for 1200'F, R 0.02,

2-min dwell, is

Log (da/dN) =0.5 sinh (4.20 (log (AK) - 1.47)) - 3.48. (15)

The effec of temperature on 2-mmn dwell testing of IN100 may be illustrated as in Figure
55. Using the relationships,

AC2 (0.20 X10,3 ) ATE,, and (16)

AC4 (4.94 X 10 3) ATp4  (17)
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C2 and C4 are calculated as 3 26 and -4.59, respectively. The interpolative crack growth modelfor disk S/N OZ 7463 ferris wheel test conditions is,

Log (da/dN) = 0.5 sinh (3.26 (log (AK) - 1.47)) - 4.59. (18)

The model is shown in Fgure 53 as curve No. 2.

Using equation (18) and the experimental stress intensity mcdel developed from the diskS/N BAA 43 program, a minmum residual life of 1750 cycles was computed from an initialdetectable flaw size of 0.010 in. The initial flaw size was arbitrarily determined from Phase IIand Phase III results as the minimum detectable flaw size in the disk radial cooling hole
(remembering that before ferns wheel testing was initiated, no flaws were detected). This min-imum residual life calculation compares favorably with the actual crack propagation life of1850 to 2491 cycles. Actual and calculated a vs N are presented as Figure 56.

03
T = 975*F Actual

=21M0n Dwell aSurface
R = 0 02 Actual
a0 = 0.010 in alnternal

d 0 -2 =0.92%o/

01

Calculated 484

100 1,000 10,000

Cycles

Figure 56. lst.Stage Turbine Disk S/N OZ 7463 Radial Cooling Hole
Residual Life Analysis

STo produce an interpolative crack growth model for disk S/N BDB 257 ferns wheel testconditions, the model for disk S/N BAA 43 equation (11) was temperature adjusted from1200OF to 1050'F. Assuming that the effect of temperature on sinh coefficients C2 and C4 is
similar at a cyclic frequency of 2 cpm to that at 10 cpm, the relationships of Figure 57 wereused to calculate C2 = 3.24 and C, = -4 42 The crack growth model for disk S/N BDB 257 fer.rns wheel test conditions (1050*F, 2 cpin, R = 0 02) is represented as,

Log (da/dN) = 0.5 sinh (3 24 (log (AK) -1.44)) -4.42. (19)

The da/dN model is shown in Fgure 53 as curve No. 3.
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A fracture mechanics residual life analysis was again performed using equation (19) and
the stress intensity solution of Figure 48. The resulting a vs N relationship (Figure 58) pre-
dicts a residual life of 959 cycles from a, = 0.010 in. Therefore, periodic inspections were pcr-
formed dunng the ferris wheel test program in increments of 1000 cycles or less to demon-
strate flaw inspectability before disk failure (the basis of Retirement-for-Cause philosophy).

O3

d-• 02

0* o.LJLL

100 1,000 10,000
Cycles

Figure 58 Ist-Stage Turbine Disk S/N BDB 257 Radial Cooling Hole
Residual Life Prediction

After the disk had exhausted a "safe" portion of its LCF life, periodic inspections began
at cycle 6500. Real time AE rate inspection indicated fatigue cracking beginning near cycle
11,000, but EC inspection could not locate a defect in a radial cooling hole (primary fracture
critical location). At 12,500 cycles, FP inspection located the crack in an axial cooling hole, so
the EC inspection procedure was modified to evaluate all axial holes, as well as the radial
cooling holes The disk failed at 14,062 cycles from the axial cooling hole crack, which was
caused by a weak recast layer at the hole edge The importance of performing AE and FP
inspections is illustrated in this case when fracture originated at a nonstandard location

By the time BDB 257 failed, most of the radial and axial holes contained Circograph
indications. As mentioned in Section III, the radial holes were vapor blasted after disk failure

in an effort to remov any oxidation effects. The procedure worked well, aince the only
remaining CUccgraph indication after vapor blast was verified by fractography as a fatigue
crack. The 00504a. crack was easily detected using the Circograph and would have taken
approximately 700 additional cycles to cause disk failure

It is fpparent that an FI00 Isteittage turbine disk tested at the e4,siditions of S/N BDB
257 (1050IF, 2 cpm, R = 0.02. at 1.0%) will contain an iWpectable defeeO using the inspection
methodology developed during this program (complemeota AE, F? smd EC evaluations)
and strategically spaced inspectior. By a similar philosophy, a Ist-staoe e•rbine disk could
be periodically removed from an FIOO engine and inspected until a pq sibke defect neces-
sitates "Retiremensior-Causa" This would require stringent, Wbcatoscottrolled inspection
procedures not currently available sit Air Force overhaul depots
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Both of the previous Phase IV disk tests support the residual life prediction philosophy
in that actual residual ferris wheel fatigue lives correlated closely with predicted crack propa-
gation lives from an a, below the inspectability limit when a "no flaw" situation was dinc-
cated. by NDE at the final inspection. Disk test results are summarized in Table 12.

TABLE 12
DEMONSTRATION OF' RESIDUAL
LIFE PREDICTION PROCEDURE

Disk SIN BAA 43 OZ 7463 BDB 257

FiCO0 Engine FX217 P036 FX221

Engine LCF Cycles 1311 1001 9317

Baseline Inspection

F/M Minimum Life 303 Cycles 1750 Cycles 959 Cycles
(a, =0 010 in)

First Flaw Indication 100 Cycles 1550 Cycles 11.000 cycles
From Acoustic Emiasion

Residual Lie 550 Cycles 3400 Cycles 14.062
55

Cycles

Residual Lie 450 Cycles 1850 Cycles 3,062 Cycles
P romn First Indication**

*No indications from AE~, FPI. or Eddy Current.

.:Failure at nanstandard location
*OCompare witlh "F/M Minimum Life(s, 0 010 in)
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•< SECTION V

!• CONCLUSIONS -- F100 lit STAGE TURBINE DISKS

SDevelopment and evaluation of AE technology throughout this program has resulted in

the following observatmns:

• a• inspection is sens•twe to unoxpecPd defects m the entire component,
as well as those m primary fracture critical locations

• AE inspection m not limited to surface or nea•eurface defects,

• Apphcation of AE techniques to real time component inspection of oper-atlng gas turbine engines is a possibility. • •.I |
Wh]le AE inspection would not be successful as a periodic inspection to indicate mitre-

t•on stages m an IN100 turbine disk (due to lengthy peneds of low AE actlwty), it has been
successful as an indicater of fatigue crack propagation damage and would suffice as a pen-
odic mspectmn m that realm (Figure 59). There ze no available NDE techmque which will
perform astisfactorily as a periodic iaspection to assess fatigue initation damage.Fractur• i! [+ L• +ir +,,+
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/"" Microcrack H!!

Initiation
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Figure 59 AE Response Dunng Total Fat•w•e L•fe of Wrought GATOR. •
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! The results of Phase IV NDE and fracture mechanics studies indicate that, based on a I [] I I •,

Si fracture mechaP..ies minimum residual hfe prediction, an FIO0 Ist-stage HPT disk could be i i i i •,
perio(hcal]y inspected at realistic intervals, reinstalled in an engine, and retired only when a i fll i ,•

i series of complementary inspections produces a flaw indication. The complementary inspec-
I1!

tons include specialized applications of AE, EC, and FP techniques. The resulting Retire- [] ! ! ! ! •
S• ment-for•ause philosophy may be expanded to include many "fracture-bruited" engine corn- ms_=_= _=
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* Phase III disk inspection and fractography results demonstrate the necessity of comple-
mentary and redundant inspections to diminish both Type I and Type II errors. For any par-
ticular inspection requirement the relative economics of inspection costs vs the impa,t of
increasing Type I and Type II errors will have to be weighed to produce the optimum inspec-
tion method.

The basis for Phase Il studies was a comparative analysis of state-of-tle-art NDE tech-
niques as applied to simulated turbine disk fracture critical locations Rather than producing
a "most sensitive" technique, a set of relative advantages and disadvantages was determined
for each procedure, leading to intelligent application of each toward a complementary inspec-
tion methodology for the F100 1st-stage HPT disk

ACOUSTIC EMISSION

Advantages

1. Inspection is sensitive to unexpected defects in the entire component, as
%ell as those in primary fracture critical locations.

2. Inspection is not limited to surface or near-surface defects, e.g, AE was
sensitive to internal defect in bolthole specimen

3 Application of AE techniques to real time component inspection of oper-
ating gas turbine engines is a possibility.

Disadvantages

1. The specimen or component must be stressed to perform AE inspection
2 Inspection sensitivity is dependent upon material characteristics.

For example, cast INi00 specimens stressed at elevated temperature produced AE rates two
orders of magnitude higher than %rought IN100 specimens stressed at similar conditions
upon initiation of fatigue cracking

EDDY CURRENT

Advantages

1 A small flaw (crack length of approximately 20-mils or less) is more eas-
ily detected in a properly prepared surface using this technique.

2 Required inspection fixturing is relatively simple since no stressing of
the specimen or component is required.

Disadvantages

1. Inspection is so sensitive to extraneous materials, such as oxidation lay-
era, that only a rigorous and highly controlled preinspection surface
preparation may prevent an intolerable number of rejections due to Type 4
II errors. Of the inspection methods evaluated, EC produced the highest
incidence of erroneous flaw indications.
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2. The technique is viable only for inspection of consistent specimen or
component geometries. Major setup changes are required to inspect var-
ied surface configurations.

3. Inspection is limited to surf-ce or near-surface (within 30-mils depth)
imperfections.

WINK FLUORESCENT PENETRANT

Advantages

1. More sensitive to surface fatigue cracks than the standard static FPI or
room temperature AE inspection of wrought IN100.

2. Laboratory FP inspection has a relatively low incidence of Type II errors
when compared to EC or AE inspect~on.

Disadvantages

I The specimen or component must be stressed to perform wink FPI.

2 Inspection procedures must be performed while the specimen or compo-
nent is being stressed, making accessibility to the F100 1st-stage HPT
disk (Phase III inspection objective) fracture critical locations difficult.

3. Preinspection surface preparation is required.

4. Inspection is limited to surface defects

STATIC FLUORESCENT PENETRANT

Advantages

1. A relatively low cost, uncomplicated inspection technique.
2. Relatively low incidence of Type II errors •Laboratory FP)

Disadvantages

1. Inspection sensitivity is much lower than the sensitivity of any other
technique evluated, causing a higher incidence of Type I errors.

2. Pretnspection surface preparation is required.

3. Inspection is limited to surface defects.
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REPLICATION - (TRANSFER OF INSPECTION SURFACE DETAILS TO ACETATE FILM;
MICROSCOPIC EXAMINATION OF ACETATE REPLICA)

Advanages

1. Replicas taken while a specimen or component is being stressed may be
as sensitive to small surface cracks as wink FPI.

2. A replica acts as a permanent pictonal record of each inspection.

Disadvantages

1. The inspection surface must be properly stressed to allow a high degree
of sensitivity to small, normally closed fatigue cracks.

2. Tedious preinspection surface preparation is called for to prevent diffi-
culty in visual interpretation of results

3 Performance of replication inspection and data interpretation is relatively
time-consuming.

4. Inspection is limited to surface defects.
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APPENDIX
ACOUSTIC EMISSION ANALYSIS

NATURE OF AN ACOUSTIC EMISSION EVENT

Acoustic emissions (AE) are low intensity waves that can occur when a material is
stressed. The mechanisms for AE range from basic dislocation motion to macroscopic crack
growth (References 17 through 20.)

Figure 60 illustrates a simple AE event, Assume a material imperfection such as a crack
in a deformable solid. When the material is stressed, it is possible that the crack advances a
small amount. The energy input to create new crack surfaces is balanced in part by elastic
energy dissipated in the form of a complex spherical wave. It is important to understand that
this is a transient event. If this wave continued to propagate in an infinite body, it would lose
energy at a rate proportional to R

2
, where R is the distance from the source.

Surface 0 Transducer

l"N-Source

A. Crack Extension
7 x

Q ' llWave Packet

B. Spherical Wave Packet
Rayleigh Wave

C Rayleigh Wave Packet

Electrical
Wave Packet

D. Conversion to Electrial Signal
FD0175114

Figure 60 A Simple Picture of an Acoustic Emission Event
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In a real engineering structure, however, this complex wave packet soon confronts a
boundary. When monitoring AE, a piezoelectric transducer is iounted on this boundary
Depending on the thickness of the structure, Rayleigh or Lamb surface waves are created
These surface waves are stronger than internal waves in that they decay as R-1. In reality,
these surface waves are generally composed of both longitudinal and shear components, and
the transducer response to these components is a function of its design The ideal transducer
has good, fiat response over a relatively bread frequency range.

ANALYSIS OF AE SIGNALS: TIME DOMAIN

An underlying motivation in AE research is to correlate the elect - m ,real output of the
transducer to the integrity of the component being monitored. The char-to-r zation of the AE
signals therefore requires a thorough understqnding of AE signal analysis techniques, stress
wave transmission properties of the material an component, the transducer response, and of
course the deformation and fracture processes in the material.

Cumulative Counts and Count Rate

The most common and simplest measure of AE is the threshold-crossing counts tech-
nique. Here, as the transducer resonates due to some input energy, the number of events that
exceed a set threshold voltage value are counted, as shown i Figure 61. Total counts or
count rates are usually obtained as a function of some secondary test parameter(s), e g, load
or time. This method is best suited for burst-type AE and is, of course, sensitive to amphtude.
The "count" is only indirectly related to the damage event as experienced at the transducer

Rlngdown Counts Per Event

The number of nngdown counts per event (71) is related to the amplitude and pulse width
of the signal. For burst-type emission, it has been assumed (Reference 14) that the signal is a
damped sine wave of the form-

V 1 Vo e, sin 2v ft (20)

where,

"V, = AE signal at the transducer
Vo = peak voltage
f = transducer resonant frequency
"r = damping factor
t = time

If the nngdown time is large compared to the period of oscillation, then:

S"fr ln V- (21)

"frIn 9

where,

"ringdown counts per event
G "total gain
C = proportionality constant
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The values of f and r depend upon the geometry and acoustic transmission properties of

S the structure, the loading system, the resonant properties, and mounting of the transducer.

There are serious drawbacks to using counting techniques alone. Among these are sensi-
tivity to the threshold voltage and unsuitability for monitoring continuous type emission

RMS Voltage

For the case of continuous emission, it can be assumed that if the signal is of constant
amplitude V. and frequency f, the signal can be represented by:

Vt = V0 sin 27r ft (22)

The rms voltage, V_, is measured as a mean value over some averaging time It is
comparabt

e to the count rate measurement and is ideally suited for measuring continuous
emission. A problem arises if the background noise is more than half the intensity of the real
signal. The true signal can then be corrected by the approximate expression (Reference 22).

Vo(corrected) = [V2.(measured) - V_,(noise) ]'• (23)

The energy rate, or power, of the AE signals can be approximated by the square of V_
(Reference 21)

Ua 'oVt2dt o=o4
1 smi 21r ftdtoVoVS Pj,, (24)

0 0

The integration of V,_ is compatable to the total count measurement.

Energy

The energy in an AE signal is proportional to the square of the voltage Figure 62 pre-
sents a schematic of the logic in the D/E Energy Processor. One advantage to this type of

A signal conditioning is the ability to differentiate an event. Using the damped sine AE signal
model, Reference 21 develops a relationship between the energy for the event and counts*

u ~ k e2v4, (25)

where,

V, = counter threshold
G0, G0 = processor and counter gains, respectively
7 = counts per event

There are several ways to evaluate fr for use in the above models If 71 for a given event
is known at two different gain settings, then fr can be calculated From equation 21:

,- = f In v( ' )-Iln ( )] fln( L' (26)

However, it is not possible to determine a single value of fr for all techniques used. Therefore,
the general use of relationships such as equation 25 have limited value at this time
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Amplitude Distribution Analysis

The amplitude distribution analysis is an important mode of AE signal processing. The

Dunegan/Endevco 920/921 Distribution Analyzer characterizes the transduced signal accord-
ing to the peak amplitude of the signal. The linear AE signal is converted to a logarithmic
signal, thereby creating a wide dynamic range. The log amplification characteristics of the
system are given in Figure 63. The log amp output is peak-detected to derive a dc voltage
proportional to the log of the peak amplitude of the signal. An analog to digital converter
then outputs to the 920 Distribution Analyzer a series of 0 to 100 pulses that represents the
peak amplitude in dB, with 1 dB resolution

The peak amplitude distribution function E(Vo) is the number of events with amplitudes
exceeding a given voltage value V.. It is of the form.

E(V.) = kVob (27)

The terms k and b are constants for a given increment of loading on a structure A decrease
in b indicates higher amplitude events and therefore, impending failure The term b might
also be independent of the distance between source and transducer (Reference 23).

The logic of the Dunegan/Endevco 921 Amphtude Detector is that each pulse (count)
represents the ratio of the input signal, in dB, referenced to 100 MV. The input signal and
output count are related by:

count 2log __-IV (28)

The ccnvereion time in this system is I msec plus 20 psec per dB.

Pulse Width

The pulse-width distribution analyzer counts the time that the envelope processor is
energized, i e, pulse width per event. The pulse width on the D/E 920 is defined as

PWA = (Slot Number) X Multiplier X 10 psec (29)

An event is defined as follows: the proceaeor is energized at the first pulse of a burst. It
remains energized during the burst and stays energized for the envelope time period selected
after the last pulse of the burst above threshold. The end of the envelope time is defined as
the end of an event The total time that the processor is energized is the burst pulse width
(see Figure 64). Four envelope times are available: 50 Msec, 100 psec, I mesc, and 10 msec.
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INSTRUMENTATION AND SIGNAL PROCESSING

The instrumentation used to monitor AE in Phase I of this contract is schematically
illustrated in Fgure 65 - 8

Acoustic Emission Sensor and Preamplifier

The primary transducer being used at the Materials Engineenng and Technology
Laboratory is the Dunegan/Endevco Model D750, with a 750 kHz peak resonant frequency
This transducer has been found to provide optimum sensitivity to fracture events in IN100.

The D750 converts mechanical stress waves to electrical signals through a piezoelectric
crystal. Frequency response is shown in Figure 66. Dunegan/Endevco's patented differential
design, incorporated into the D750, helps isolate the sensor signal from electrical noise.

The sensor and a Dunegan/Endeveo Model 801-P Preamplifier are connected with a
short length (2 ft) of shielded cable. When used with a differential transducer, the 801-P pro-
vides 40 dB rejection of common-mode noise while supplying 40 dB gain to the processed sig-

* nal. Internal noise is less than 6 pvolte.

Totallizer

An AE signal is further processed in the Totalizer (Dunegan/Endevco Model 301)
through amplifications up to 60 dB and bandpass filtering.

The Totalizer digitally displays the amount of processed AE in a cumulative or rate
form (when the signal is gated) A dc output is also provided to drive an x-y-y' recorder.

96

~5 --- . 5- 3



//•Below 

Above

SSensor 2Specimen Sensor Specimen

Preamplifier
Preamplifier 2 Ahdio

STotalizer 

Toaie

Counts/Event 

Amplitude

Osot 

alosop 

Osc2lOSCOpe

' 

~ Power Supphies 
1, 2 and 3 and Interconnect 

Cables Not Shown 

"I

Fiur 6.BcusticEmiaiodCofigraiontoerio 

tri oto

sTests P hase 
I. A coustic 

E m ission 
C h aracterizaon 

n of F a tig ue

I:. 

97

. .-

A'D



VIV

-IS

w 0~

0.

'0 2

C)ý

t~ OZ

0

Ino 0

S. *- ?

jvqn/A GJ -

-. 98



Distribution Analyzer Operation and Output

The FMDL has three Dunegan/Endevco Model 920 Distribution Analyzers, each capable
of sorting AE events according to the number of ringdown counts, time duration, or peak
amplitude of the event The analyzers are also able to perform one-dimensional source loca.
tion between two sensors by sorting the difference of arrival times of conditioned AE events

Analyzer output is divided into 101 slots, with each of the slots 1 to 99 representing 1%
of the full scale output and slot absolute values being additive from left to right as shown in
Figure 67. Slots 0 and 100 are "catch-all" slots for event values which are less than 1% of full
scale and greater than or eqial to full scale, respectively. Slot values 0 to 100 are always
presented along the x-axis of an output.

The number of events at each slot location are registered along the y-axis of the ana-
lyzer output, with a linear and logarithmic output capability. In addition, summation of
events from right to left is also possible in the output.

Analyzer operation is optimized through use of a multiplier and variable signal envelope
The multiplier is capable of expanding the full X-range by three orders of magnitude. Signal
envelope is the time duration after nngdown of a processed AE event before the system resets
to receive another signal. Envelope times from 50 Msec to 10 msec may be selected

figure 67 illustrates a typical registry for ringdown counts (top), pulse width (middle),
and peak amplitude (bottom). Two events are registered in the ringdown counts number 0 slot
(multiplier if 10). Therefore, the ringdown counts in each of these events were less than 10.

Pulse-wldth registry output incorporates emission pulse width plus envelope time to yield
the total buret pulse width shown in 1igure 64. Two events are registered in the burst pulse
width 1.1 msec slot (multiplier is 10) in Figure 67. The envelope time was selected as one
msec so the AE pulse width-to-nngdown below a predetermined amplitude threshold is
between 0.1 and 0.2 msec

Amplitude registry covers the range 0 to 100 dB peak amplitude (multiplier not applica-
ble) Amplitude levels in Figure 67 span 22 to 43 dB. An amplitude threshold of 22 dB was
chosen for this test.

The Model 920 Distribution Analyzer is also capable of spatial filtering within the slot
locations 0 to 100. This function is especially important when a particular amplitude range,
pulse width, etc., is characteristic of a phenomenon which the test engineer wants to obeerve

The analyzer output may be displayed on an oscilloscope, as in Figure 67, or on an x-y
plotter. The output may also be input to a computer for further processing.

99

/ ! I I I I I !



xA

CC

1= 0

0.-
m0

x x C
E

0 :E

0 c0

0 0.

C .CC

4b C 2

00 E in

00 w

vi 0o 0o

C) 
0-

CC 0,0

100~

M-- 

D 

ae.



'! REFERENCE - F100 let STAGE TURBINE DISK

1. Hill, R. J., "Report with Recommendations on Turbine Engine Component Fatigue Life
* A Prediction," Air Force Materials Laboratory, Wright-Patterson AFB, December 1974.

2. Buckley, M. J., "The Future Economic Role of NDE," IEEE Transactions on Sonics and
Ultrasonics, Vol. SU-23, No. 6, September 1976.

3. Job.son, D. P., "Cost Risk Optimization of Nondestructive Inspection Level," Electric
ow.ver Research Institute Technical Report 5(217-1) September 1975.

4. Johnson, D. P., "Inspection Uncertainty: The Key Element in Vo."r ZL7:,Llve I... X.

tion," Electric Power Research Institute Technical Report 1 t.iM-1) May L9.5.

5. Annis, C. G., R. M. Wallace, ana D ,, "An L.41.. ulative Model for Elevated
Temperature Fatigue Crack Propagration," AFMI.-rPv76-176 part I, November 19716

6. Aunms, C. G, R. M. Wallace, and D. L. Sims, "An Interpilative Model for Elevated
Temperature Fatigue Crack Propagation," AFML-TR-76-176, )art I1, Novticlxr 1976.

7. Sims, D. L, C G. Annis, and R M. Wallace, "Cumul.tive Dam-qe Frec.ure Mccl, ics
at Elevated Temperatures," AFML-TR-76-176, part 111, November '916

8 "Acoustic Emission Multiparameter Distribution Analyses of the Gab ' ' .i,;e 'A,oy,
IN100," submitted as 1st interim report for AFML Contract F-3761o•76-C5172, for period
1 April 1976 to 30 April 1977.

"9. Wallace, R M., M. C. VanWanderham, "Apphcations of Acoustic Emission During Jet
Engine Development," Pratt & Whitney Aircraft, Florida Research and Development
Center, October 1974

10. McMasters, R C., ed., Nondestructive Testing Handbook, Vols. I and II, Society for
•j (Nondestructive Testing, Roland Press, 1963.

11. "Evaluation of Acoustic Emission, Eddy Current and Fluorescent Penetrant Inspection
of Fatigue Damage in the Gas Turbine Alloy, IN100," submitted as 2nd interim report
for AFML Contract F33615-76-C5172, for period 1 May 1977 through 31 December 1977.

12. Harris, D. 0 and H L. Dunegan, "Continuous Monitoring of Fatigue Crack Growth by
Acoustic Emission Techniques,' Dunegan/Endevco TRDE-73.2, January 1973

13 Radon, J., A. Pollock, "Acoustic Emissions and Energy Transfer During Crack Prepaga-
tion," Engineering Fracture Mechanics, 1972, Vol 4, pp. 295-310

14. Hams, D, R. Bell, "The Measurement and Significance of Energy in Acoustic Emission
Testing," Dunegan/Endevco TRDE-74-3A, September 1974.

15. Pollock, A. A., "Acoustic Emission Amplitudes" pp 264-269, Nondestructive Testing,
October 1973

"16. James L, W. Anderson, "A Simple Experimental Procedure for Stress Intensity Factor
Calibration," Engineering Fracture Mechanics, 1969, Vol. 1, pp. 565-568.

101

- 0610



17. Tetelman, A. S., "Acoustic Emission and Fracture Mechanics Testing of Metals and
Composites," Contract DAH-0448,C4M0, TR No. 7, July 1972.

1.Dunegan/Endevco Corp., TRDE4-73..

19. Ono, K., "Acoustic Emission and Microscopic Deformation and Fracture Processes,"
Contract N00014-69-A.0200.4031, UCLA.ENG-7465, September 1974.

20. Wallace, R., "Acoustic Emission Technology Status Report - 1972," Pratt & Whitney
Aircraft FMDL 17432, 29 January 1973.

21. Harris, i). 0. and R. L Bell, "The Measurement and Significance of Energy in Acoustic
Emission Testing," Dunegan/Endevco Corp., TRMDE-74-3A. September 1974.

22. Copper, G. R. and C. D. McGillen, Methods of Signal and Systems Analysis. pp.131,362,
Holt, New York, 1967.

23. Harris, D. 0., "Analytical Techniques Relating Acoustic Emisson to Fracture," Science
Applications, Inc., SAI/SR.119-PA.

102
*U.S Govenmment Frinting OffICe* 2980- 657-084161

p.v


