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13. ABSTRACT (continued)

Data were acquired on the University of Dayton eddy current system, a RFC eddy current system at Veridian,
Inc. in Dayton, OH, and on a RFC system at Oklahoma City ALC. In the final configuration, no statistical
difference in the POD curves could be discerned when using the new wire-type calibration blocks as compared
to the conventional EDM notch calibration blocks.

Besides lessening the effect on POD of the gain calibration the new calibration blocks have the potential
of giving other benefits when implemented into ALC inspection systems. These other benefits include:
substantially reduced calibration times, calibration block cost reductions on the order of 50 percent, and
significant reduction in the property control and utilization logistics associated with conventional EDM notch
calibration blocks.
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Executive Summary

Examination of the reliability test data from the eddy current retirement for cause (RFC) systems
installed at the San Antonio and Oklahoma City ALCs has revealed occasional systematic shifts in the
probability of detection (POD) curves created from inspecting specimens containing fatigue cracks.
Analysis showed that the shift was not related to the fatigue cracks. The most likely cause was thought
to be the gain calibration process that occurs before each probe is used to inspect an engine
component. The gain calibration process uses electro-discharge machined (EDM) notches as the
artifact that causes the eddy current response, and it was thought that some of the shift in the POD
curves was due to variability in the notches. EDM notches have been used in eddy current systems
because of their similarity to fatigue cracks. However, the RFC eddy current systems were designed
such that the calibration process did not require crack-like artifacts in order to successfully perform gain
calibration. Consequently, the University of Dayton proposed a research program to identify and
develop a new type of calibration artifact that could be produced in a more repeatable fashion than
EDM notches.

The research identified two candidate technologies for the new calibration artifacts. A
photolithography technique was investigated to produce both conductive lines and masked-off areas
that caused reproducible eddy current responses. Precisely placed wire segments were also
investigated as a technique to produce uniform and repeatable eddy current responses. Both types of
calibration artifacts were fabricated and extensively tested for repeatability, uniformity, and ease of
manufacture. Ultimately, the wire-type artifact was selected for more extensive testing due to the ease
in which they were produced.

Many wire-type artifacts were constructed having the same size, shape, and fit as the
conventional EDM notch calibration blocks used on the RFC systems. Data were acquired on the
University of Dayton eddy current system, a RFC eddy current system at Veridian, Inc. in Dayton, OH,
and on a RFC system at Oklahoma City ALC. In the final configuration, no statistical difference in the
POD curves could be discemed when using the new wire-type calibration blocks as compared to the
conventional EDM notch calibration blocks.

Besides lessening the effect on POD of the gain calibration the new calibration blocks have the
potential of giving other benefits when implemented into ALC inspection systems. These other benefits
include: substantially reduced calibration times, calibration block cost reductions on the order of 50
percent, and significant reduction in the property control and utilization logistics associated with
convention EDM notch calibration blocks.

ix



1.0 INTRODUCTION

This report describes the research and development performed by the University of Dayton
Research Inditute that resulted in acompletely new cdibration artifact and methodol ogy for the Retirement
of Cause (RFC) eddy current ingpection sysemsin use a U.S. Air Forceinspection fecilities. By theend
of the program severa prototype calibration blocks had been fabricated and tested on RFC ingpection
sysems at the University of Dayton, Veridian (a supplier of the RFC eddy current systems), and the
ingoection fadilities at Oklahoma City Air Logistics Command. Andysis of data obtained from rdiability
gpecimens containing fatigue cracks showed that there was no atigtically sgnificant difference between
ingpections calibrated using conventionad cdibration blocksand thenew cdibration blocks. Implementation
of the blocksinto the ALC environment will likely require aproduction feasibility program to demondrate
that the blocks can be created in sufficient quantities to support the ALC needs.

This report is organized to lead the reader through the research and development steps that
occurred during the program. All of the major research tasks are described but the tasks leading to the
most successful cdibration block method receive the most emphasis. While the report assumesthe reader
is somewhat familiar with the RFC systems it does not assume familiarity with the cdibration process or
detalls of the cdlibrations blocks. Thus, Appendix A is included to acquaint the reader with the RFC
cdibration process and severa sections in the Appendix describe the problems with conventiona eddy
current cdibration blocks, the solution proposed by the University of Dayton Research Inditute and the
technica gpproach taken to develop the solution.

Findly, during the quarterly status reviews of this program and associated RFC PRDA programs,
the Air Force requested that this find report contain a recommendation of the placement and use of the
new calibration blocks on the RFC systems.  Section 8.3 contains a recommendation that UDRI feds
optimizes the use of the new cdlibration blocks on the RFC system.



20 STATEMENT OF THE PROBLEM

Examination of rdiability test data from the RFC systems during the past ten years reveded
occas onal systemetic shiftsin theamplitude of eddy current responsesfrom fatigue cracks. Themost likely
cause was thought to be the gain cdibration process that occurs whenever a probe is selected for an
ingoection. Examination of the gain cdlibration process reveded that much of the problem was due to the
use of dectro-discharge machined (EDM) notchesfor cdibration. Specificaly, five problems associated
with the notches were identified and are describe below.

2.1  Inherent variability in EDM notches

Usng EDM notches for the purpose of conveying system sendtivity settings were causing
occasional shifts in the amplitude of the RFC system eddy current responses. Placing EDM notches in
engine component dloysisasmuch an at asascience. Each EDM machinigt often has hisown valuesfor
the machining parameters (voltage, feed rate, ectrode underszing, oil conditions, etc.). Additiondly,
variations in the microstructure of the engine part dloys causes deviations in the machining process. The
find result isthat each EDM notch is different. The differences can be dimensiond and/or changesin the
conductivity of the surrounding metal due to the heat affected zone.

In the RFC eddy current systems, variations from notch-to-notch are partialy compensated for
through look-up tables that correlate the sgnal from each notch to the sgnal from a"master notch". Each
eddy current station contains look-up tablesfor each notch resident on the station. During gain cdlibration
the system sengitivity is compensated according to the amplitude scaling information found in the look-up
tables. In theory, thisapproach should work well in reducing the effects of notch varigbility. However, the
creetion of the look-up table valuesis a source of variahility itsdf.

2.2  Small size of EDM notches

Small EDM notches are used in conventiona eddy current calibration blocks for two reasons: 1)
asaholdover from the days of manua ingpections using ana og eddy current insgruments, and 2) long EDM
notches are inherently variable in the response they give to eddy current ingpections. Traditiondly it is
desrable to use a cdlibration artifact that closely resembles the defect of interest. However, the RFC
systems only require gain cdibration on an artifact thet can convey theinformation from the origind system
setup inthelaboratory to the system settings necessary for the current ingpection (see Appendix A). Long
EDM notches would seem to work except for the inherent variability in the eddy current response dong
the length of the notch.

Smdl EDM notches create serious problemsin the calibration of automated systems. Typica RFC
eddy current probe coil diameters are 0.080 to 0.120 inches. To get the maximum response from the
EDM notchthe coil must pass over the notch at alocation that most disrupts the eddy currents created by
the coil. Thelocation of the maximum response must be found to within+ 0.001 inches. The RFC system
attemptsto find this location by indexing the probe across the reference sandards. A prdiminary search
takes place with 0.010 inch steps and then a finer ingpection takes place using 0.005 inch index steps.
Experiments have determined that the eddy current sgnd from the notch can vary asmuch as 6 dB (50%)



between scans that are aslittle as 0.010 inches apart. Further, evidence shows that the finer indexing of
0.005 inches can cause deviationsin the eddy current sgna amplitude of 1-2 dB (12% - 25%). Better
reproducibility could be achieved by indexing in finer increments. However, the current indexing process
produces gain cdibration times that last eight minutes or more. Finer indexing would increase an dready
undesirable cdlibration time per probe.

23 Cost

To understand the cogts involved in creeting the EDM notches for cdibration, let's examine the
reference standards needed for one eddy current system for the inspection of GE F101 and F110
components. The F110/F101 engine inspections require the creation of three surface cdibration blocks
(Rene-95, INCO-718, and Ti-17) and approximately, 20 bolt holecdibrationinserts. Thebolt holeinserts
each contain two notches (one on the corner, one in the bore) and the surface calibration blocks each
contain fifteen notches. For one et of calibration blocks 85 EDM notches must be created. Each notch
must be machined, replicated, and compared to a"master notch”. Itistypica for the machining cost done
to be on the order of severa hundred dollars, per notch, for these size notches. Replication and
comparison to "mader notches' are time consuming and must be done by highly skilled (and thus

expensive) personnel.

In addition to the costs of creeting and documenting each EDM notch, the cost of the reference
block itself must be taken into account. Due to the linear scanning technique used during cdibration, the
surface blocks must each be six inches or longer. This dlows the scanning machinery to acceerate to a
constant speed before acquiring the EDM notch data. To accommodate various probe angles, five faces
of the reference block are machined and ground to a 32 microinch finish. Over 10 cubic inches of engine
component aloy are needed for each surface block. Some aloys are available only from the engine
company. The summation of the requirements for the reference blocks is that the blocks themselves are
very expendve to acquire; some are only available from one source - the engine manufacturers.

24  Property control and utilization logistics

As gated above, each engine requires the creation and utilization of 20-30 reference blocks
containing 80 or more EDM notches, for each eddy current inspection station. In addition, a"master
st of reference blocks and one spare set are required. The U.S. Air Force currently has approximately
forty RFC systemsin operation. Including only the ingpections for the F100, F101, and F110 engines, a
rough estimate of the cdibration blocks required results in 1050 blocks containing over 3300 EDM
notches! This number will only get larger consdering that the AL Cs are expected to begin inspections of
new enginesin theforeseeablefuture. Keeping track of, and protecting over 1000 reference blocks cannot
be adesrabletask. Further, keeping the notch cadibration factor |ook-up tables for over 3300 notchesis
an invitation for incorrectly calibrated inspections. In fact, at one of the RFC PRDA reviews it was
mentioned that incorrect |ook-up tables had been used iningpections on at least one occasioninthe ALCs.

25  Station-to-dation variability in the Probability of Detection results
Some of the problems that have been discussed in the preceding paragraphs have resulted in
undesirable degradation in the reliability of ingpections on the RFC systems. On occasion UDRI has



andyzed POD curvesfor the same rdiability ingpections acquired using two different RFC eddy current
systems and observed that the set of POD curvesfor oneof the Sationsis shifted dong the crack Szeaxis
compared to the resultsfor the other system. Idedlly the POD curves should be nearly identica for thetwo
systems. UDRI feds that the most logical explanation for the station-to-sation POD varighility are the
errors associated with usng EDM notches for gain cdibration.

Summarizing, UDRI fdt that the use of EDM notchesfor cdibrating the gain of the RFC systems
was creating severd problems adversdly affecting the rdiability and throughput of the ALC ingpections.

Consequently, UDRI proposed the solution of creating an eddy current cdibration process that did not
require EDM notches.



3.0 PROPOSED SOLUTION

Examining the problems listed above leads to the following conclusons:

1) A cdibration "artifact” is needed that can be exactly duplicated in a manner which provides
repeatable eddy current responses, and eliminates the need for notch amplitude scaling factor ook
up tables,

2) A new cdibration artifact and calibration process are needed thet eliminate or reduce the need for
searching for the maximum response, and

3) The artifact must be smply and cheaply produced, easily replicated, identical to other cdibration
artifacts (thus removing the requirement for lookup tables), and can be used for the gain cdlibration
of both surface and bolt hole probes.

The solution UDRI proposed was possible due to insight into how the RFC cdibration process worked.
Specificdly, in the RFC cdibration process, no requirement exists for usng EDM notches for gain
cdibration. Any artifact that producessimilar eddy current responsesfor different probe/instrument/station
combinations can beused. Thisopened up therange of calibration artifactsto include many productsand
processes dready established in other technicd fidds. Thus, when the program started the solution to the
EDM notch problem was to conduct research and development of areproducible gain calibration artifact

by:

1) Edablishing that "metdlic artifacts’ or eectromagnetic fidd generators are suitable
subgtitutes for EDM notches, and

2) Deveoping the most reproducible and appropriate artifact for RFC system cdibration.



40 RESEARCH AND DEVELOPMENT APPROACH

To begin the program UDRI searched for three “types’ of potentid caibration artifacts. metdlic
objects, photolithography “notches’, and eectromagnetic devices. Each typeof artifact would haveto be
tested to seeif it could produce suitable eddy current responses, be reproduced, be used in aform that
eliminated the “searching” routines required for EDM notches, and produced at a reasonable cost.

There are many types of metdlic objects that are very accurately reproduced in large quantities.
Eventudly, the list was narrowed down to a very common object that is produced, literdly, in quantities
of many thousands of miles per day: wire. Wireisdrawn to accurate diameters from stock that is very
reproducible. Wire can be purchased in awide range of diametersand cut to any length. However, if was
not known if passing an eddy current probe over aconductor (the wire), as opposed to passing the probe
from a conductor to a“void” (the EDM notch), would produce usable eddy current responses. Thus, the
fird god for this approach was to determine if wire could be used to produce suitable eddy current
responses using RFC probes and equipment.

The second type of artifact consdered was to create a “notch” using photolithography
techniques. In essence, the metd cdibration block would be replaced by a metdlic film on a
nonconducting substrate, and a notch-shaped area of no film would represent the EDM notch.
Photolithography processes are extendvely used in the eectronics industry to produce very uniform,
reproducible traces on integrated circuit boards. It was fet that photolithography had potentia for
producing very uniform and reproducible artifacts useful for eddy current gain calibration.

A third concept was to use an dectromagnetic field to cdlibrate the eddy current probes. UDRI
proposed to examine devices currently in usein thedectronicsindustry such asthe magnetic heads used
on PC floppy disk drives. The magnetic read/write heads are made by the millions and presumably meet
very tight magnetic field specifications. The gpproach was to examine the specifications of the heads and,
if deemed suitable for cdibrating eddy current probes, some would be purchased and used in feasbility
experiments.

Asexplained in Appendix A, phase cdibration dso is an important part of the RFC calibration
process. Since new gain cdibration artifactswouldn't necessarily require the metdlic, engine-aloy blocks
necessary for phase calibration, UDRI proposed to creste preliminary designsfor phase calibration blocks
that would alow phase calibration to be accomplished in the same manner aswas currently done on RFC
systems.

The overdl research and development approach was broken into three phases as listed below.
At the end of each phase a program review would take place and a decision whether or not to continue
would be made. The phases were:

Phasel - Esablishing the vdidity of the new gain cdibration concept and determining the necessary
modifications of the phase cdibration method,



Phasell - Desgning the new phase and gain cdibration methodologies for operation in the RFC
systems, and verification that the methodol ogies produce equivalent or better POD results,

Phaselll - Demondtration of the new phase and gain cdibration methodologies on RFC systems a
one of the ALCs.

Once the research and devel opment approach was created, alist of goals or objectiveswas dso created
to help determine if the solutions were worthwhile. The objectives and brief explanaions are included in

Appendix B.



5.0 RESEARCH AND DEVELOPMENT RESULTS

5.1  Eddy Current Data Acquisition System

It was decided before the contract started that UDRI would need an eddy current system that
could scan RFC-type probes across cdibration blocks and produce responses that were similar to the
RFC systems. While the specifications were being devel oped to procure an eddy current data acquisition
system UDRI learned that the Air Force was considering sdlecting the UniWest 450R eddy current
indrument as the successor for the Staveley/Nortec NDT-25L ingtrument in use at that time. UDRI’s
specifications were modified to include the UniWest ingrument. The complete specifications that UDRI
developed before procuring an eddy current data acquisition system are included in Appendix C.

A few of theimportant requirements of the dataacquisition system should be mentioned. Of highest
importance was the requirement that the sengitivity and signal-to-noiseratio should be asequd to the RFC
eddy current inspection systems as possible. Second, the speed of the motorized axes, especidly theaxis
that moved during data acquisition, had to be at least 1-2 inches per second. Thiswould alow the data
acquisition process to use the same filter settings as the RFC systems. Third, the system had to use the
same probes as RFC systems. Findly, the system had to have good stability in the probe lift-off direction
to minimize lift-off noise.

The eddy current system procured from Structural Diagnostics Incorporated had motorized X,Y,
and Z axes and amotorized turntable (see Figure 1). It dso integrated a Robin bolt hole scanner that was
modified to accept RFC style probes, including both surface and RECHII probes. The frame containing
the motorized axes was modified so that it could be *leveled” to make the X-Y plane pardld to the base
plane supporting the frame and turntable. The base plane was created from a 900 x 600 mm (~ 36 x 24
inches) optics table that was flat to within 0.100 mm (0.004 inches) over itsentirearea. The dignment of
the two planes help reduce probe lift-off when acquiring data

X-Y scanning plane parallel with turntable surface

Turntable mounted on
precision alignment
supports

Precision alignment
supports

Flat table top (0.1 mm)

Figure 1 - Mechanica frame, motorized axes, and adignment fixtures of the eddy current data
acquisition system used to develop the new cdipration blocks.



Custom software was written to process the data acquired to detect amplitude peaksin data sets
containing many passes over cdibration artifacts. Also, a Zip drive was added to the system to archive
al of the data acquired.

To establish asengtivity basdline acdibration block containing EDM notches was machined from
apiece of Waspaoy obtained from ascrap engine disk. The block was machined usng RFC cadibration
block drawingsand specifications. Three EDM notcheswere machined intotheblock: 1x 0.5,0.5x 0.25,
and 0.25 x 0.13 mm (0.04 x 0.02, 0.02 x 0.01, and 0.01 x 0.005 inches). All of the notches were
goproximately 0.15 mm (0.006 inches) wide. A comparison was made between the eddy current
responses from the notches in the UDRI Waspaoy block and a RFC Master Waspa oy block. Figure 2
shows the eddy current responses. It is seen that the amplitude of the eddy current response from the
UDRI 0.25 x 0.13 mm (0.01 x 0.005 inches) notch wasvery closeto the amplitude from the 0.25x 0.12
mm notch in the RFC Master Waspaloy block.
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Figure 2 - Comparison of the eddy current responses from EDM notchesin
the UDRI Waspaoy calibration block and the RFC Master Waspal oy
cdibration block.

52  MACOR®Machinable Ceramic Substrate Material

Many of the artifact approaches considered early in the program required a nonconducting
substrate to support the artifacts. Beside being dectricaly nonconductive, the materid had to be
reasonably machinable, chemicaly and environmentdly stable, and rugged enough to survive depot
environment handling. A search of suitable ceramic materids resulted in the identification of amachingble
glass ceramic from Corning called MACOR®. MACOR® is a white, odorless, porcdain-like (in



appearance) materia composed of approximately 55% fluorophl ogopite micaand 45% borosilicate glass'.
MACOR® turned out to be avery ussful substrate materia for al of the caibration artifacts used in the
program and afull description of it is contained in Appendix D. Samples of some of the MACOR® rod
and bar stock used during the program are shown in Figure 3.

e

Figure 3 - MACOR® stock used for substrate
materid for surface calibration blocks and
RECHII inserts.

5.3  Electronic Artifact

One of the calibration artifact gpproaches was to eva uate the read/write heads used in persond
computer hard drives. UDRI personnel consulted with manufacturers of severd hard drives to obtain
electricd, magnetic, physical, and performance specificationsfor typica coilsused in the read/write heads.
The plan was to see if the magnetic fields generated by the coils could be used as a signa source for
cdibrating eddy current probes. If the magnetic fields were repestable and uniform then the coilsin the

eddy current probes could be passed through the magnetic field and the resulting response used for
cdibration.

The information UDRI gathered indicated that the magnetic fields generated by the type of coils
used in read/write headsin hard driveswere very noisy and not uniform nor very repestable. Infact, it was
learned that the Sgnds generated by the coils require signal processing hardware and software to
compensate for the variations. Upon learning about the characteristics of the magnetic fields produced by
the read/write heads, UDRI decided to hdt the investigation into eectronic artifacts pending the initia
resultsof other gpproaches. Because other approacheswere successful, UDRI did not conduct any further
research on thistype of artifact during the program.

1 “MACOR® Machinable Glass Ceramic”, Corning Techica Bulletin MACOR-B-94, Corning
Incorporate Advanced materials, Corning, NY 14831, 607-974-7618
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54  Photalithography Artifact

Theinitid ideaof using photolithography techniques was prompted by examination of the metalic
tracesfound on printed circuit boards. Under microscopic examination these traceswerefound to be very
uniform in width. UDRI proposed using the photolithography technology to ether depost “metdlic
notches’ on nonconducting subgtrates, or create a metalic conducting plane with “notches’ of missing
metd.

Photolithography works by plating a suitable substrate with a thin metalic film (typicaly afew
microns thick) and then removing the film in selected areas. Removd is accomplished by coating the
metdlic film with a photoresist layer that “cures’ when exposed to light. The curing is accomplished by
projecting light through a photographic postive of the find metd film pattern onto the photoresst layer.
After curing the photoresst layer the “uncured” regions are chemicaly removed exposing the underlying
metdlic layer. Then, the metdlic layer is dso removed leaving a metdlic pattern equivaent to the pattern
in the photographic pogtive. Through photographic enlargement and reduction techniques, very precise
patterns can be created in the photographic positive and the find metdlic patterns on the substrate. Line
width accuracies and uniformity of less than one micron are possible.

UDRI firg tested the photolithography approach of using thin traces of metalic conductors to
create eddy current Sgnas. Metdlic traces smilar in width to those found on printed circuit boards were
scanned using the eddy current data acquisition system. It was found that the traces produced very small
responsesin RFC probesat gainssmilar to those used during RFC ingpections. Thisapproach washdted
and the evaluation of the second photolithography concept was begun.

Photolithography notch EDM notch

e ———————
Figure 4 - Comparison of the edges of a photolithography “notch” (left photograph) and an
EDM notch (right photograph).

To test the idea of making cdibration artifacts by creeting “notches’ in a metdlic layer, severd
photolithograhy specimens were designed having 1-2 micron thick chrome or gold coatings on glass
subgtrates. The “notches’ were created on a photographic postive that was afactor of 100 times larger
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than the actud notches. The magnification provided dimensond accuracy and resolution on the order of
one micron in the actud notches (see Figure 4 for an illugtrative comparison of the dimensiond resolution
achieved with photolithography versus eectro-discharge machining.)

The first specimens had a variety of notch lengths (0.3 to 12 mm, (0.012 to 0.48 inches)) and
widths (0.01 to 0.2 mm, (0.0004 to 0.008 inches)) for studying the interaction of the eddy currents with
the notches. Initidly achrome coating was deposited on a glass substrate with the “ notches” actualy being
alack of coating. Theinitia results showed that photolithography filmswith notches produced large eddy
current responses, on the order of ten times the response of a Smilar szed EDM notch. This success
prompted additional work on creating photolithography specimens using MACOR® as the substrate.

Severa technica problems had to be overcome to successfully create photolithography notches
inmetalicfilmsonaMACOR® substrate including adherence of the film to the MACOR®, film thickness
uniformity, and depositing the film on a large surface area (the area of a RFC cdibration block.) After
consderable searching and consultation with severd vendorsin the film sputtering field, acompany cdled
“Speciaty Thinfilm Services, Inc.” wassdected?. Specidty Thinfilm Sarvicesrecommended the deposition
of a0.3 - 0.6 um thick base layer of Nichrome (80% Ni and 20% Cr) followed by atop layer of gold, 1
pm thick. The notches were sdlected to be 5 x 0.2 mm (0.2 x 0.008 inches).

UDRI supplied MACOR® blocks machined to the shape and dimension of a standard RFC
cdibration block (drawing in Appendix F) to Specidty Thinfilm Services (STS) for gold film depogtion.
STS had considerabledifficulty getting the Nichrome and gold filmsto stick tothe MACOR® but eventudly
was able to determine the proper surface trestments needed to get the meta filmsto adherewell. Figure
5 shows photographs of gold/Nichrome coated glass and MACOR® substrates; coverage of the entire

Figure5 - Gold coated MACOR® subgtrate (left) and glass
plate (right). Variaionsin the gold film thickness are evident on
the glass plate.

2 Address; 9B Lincoln Street, Medway, MA 020253, (508) 533-3350.
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surface area of the substrates is evident.
However, the photograph of the coated
glass subdtrate gives a hint of one of the
problems that proved fatd to usng the
photolithography technique. Vaidions in
the thickness of the coating can be seen as
differing shades of gold in the photograph.

Continued evaluation of the eddy
current response from the photolithography
notches in gold showed that the responses
taken dong a given notch were very
unform.  Figure 6 shows typicad eddy
current responses at different postions
aong two different notches. Inthisfigureit
should be noted thet adifferent eddy current
probe was used for each notch. The
vaiation seen from location to location
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dong a given notch is very small, less than Figure 6 - The eddy current response dong a
photolithographic “notch” was very uniform.

5% scater from an average vaue.
However, comparison of ggnds from
different notches produced much greater
variations, as can be seenin Figure 6.

Figure 7 contains results from
scanning an eddy current probe across
multiple locations on five photolithography
notches on one MACOR® block. One
notch from each face of the five-sded
MACOR® block was scanned. The sharp
riseand fal of the eddy current response at
each dde of the graph shows where the
probe wasjust sarting or ending being over
the notches. The variation between
responses is primarily due to differencesin
the thickness of thefilmsoneach face. This
block was coated with Nichrome/gold films
with the god of producing auniformly thick
coating. However, very dight differencesin
the film thickness produced much different
eddy current responses. Also, on & least

Eddy Current Responses from Photolithography "Notches'
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Figure 7 - Eddy current responses from five different
photolithography notches on aMACOR® subdtrate.
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two of the faces the eddy current responses changed as the probe was scanned across different locations

on asingle notch.

Discussons with the film coating vendor reveded that the film thickness variaions causng the
different eddy current responseswerelikely onthe order of 0.005 um and would be difficult to control over

the large surface areaof thecdibration
block. This problem, aong with
severa others to be mentioned,
eventudly resulted in the decison to
stop pursuing photolithography as a
cdibration artifact technique.

UDRI dso developed a
photolithography approach for
RECHII cdibration inserts. RECHI|
inserts were congtructed by machining
a block of MACOR® to create a
cylinder with a sdected ingde
diameter. The cylindrica piece was
cut in haf and part of the face of one
cut surface was coated with
Nichrome/gold (see Figure 8.) Then
the two halves were placed back
together and mechanicaly secured.
The eddy current responses from a
12.7 mm (0.500 inch) diameter insert
were encouraging. The RECHII eddy
current data were acquired using a
12.45 mm (0.49 inches) diameter,
differentidl RECHII probe spinning at
120 r.p.m. The maximum peak-to-
peak sgnd amplitudeper revolution of
the probe was recorded as the probe
wasindexed down the axis of the hole.
Figure 9 shows the eddy current
response for the insart. The variation
of the eddy current responsedongthe
plated artifact (from location #5 to
#15) was approximately + 10% from
the average, but was greater than
desired.

Figure 8 - The photolithography process was evauated for
creating RECHII cdibration artifacts.

Eddy Current Response from RECHII Photolithography Artifag
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Figure9 - The eddy current response dong the axis of a
photolithography artifact, RECHII cdibration insert.
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A brief review of two other problems encountered in the development of the photolithography
atifact is worthwhile. During data acquidition on the photolithography specimens it quickly became
apparent that some type of protective coating would be needed to keep the gold film from being scraped
off the substrate as the eddy current probe was scanned acrossit. A promising solution was a coating
cdled “diamond-like carbon”. From technica literature provided by Diamonex®, the producer of DLC,
diamond-like carbon (DL C) is an amorphous form of carbon with properties closely resembling diamond
(“arandom covalent network of graphitic-type structures interconnected by sp° linkages)® It is created
by an ion-assisted chemical vapor deposition process and adheresto awide range of materids. Some of
the properties of the DLC are:

1) It has a hardness of 9+ (Mohs) which is comparableto TiC,

2) Its coefficient of friction is between 0.1 and 0.2 (approximately equa to Teflon),
3) It adhereswdll to chromium, nickel, glasses, ceramics, and some polymers,

4) Coating thickness can be made between 0.1 and 10 microns.

5) It isoptically trangparent and chemicdly inert (oxidizes at >350EC)

6) Electricaly insulaing (resigtivity from 10° to 102 ohm-cm)

Diamonex® successfully applied DL C to chrome-coated MACOR® and gold-coated MACOR® blocks.
Quick assessments of the DL C coatings seemed to show that they adhered well and prevented the metd
films from being scratched by routine handling. However, the decison to not pursue the photolithography
technique was made before the effectiveness of the DLC as a protective coating could be completely
examined.

One find note about the Nichrome/gold photalithography artifacts is worth mentioning.  After
severd of the artifacts were created, UDRI was informed that the presence of “gold-coated” objectswas
generdly not dlowed in the Air Force ALCs. A quick caculation showed thet the totd vaue of the gold
on an RFC-type cdibration block would be less than $5.00 (especidly at the then current gold price of ~
$290 per ounce), however, there was some concern expressed by ALC representatives at the review
mesetings that the glittering gold look would be undesirable.

Although the photolithography approach had many advantagesit was decided at the end of Phase
[ that it was not the best choice asthe artifact techniqueto be fully developed in Phase 111, Consequently,
by late Fal 1997, UDRI decided to focusits efforts on the other technique being examined, the wire-type
artifacts.

3 Diamonex®, A Unit of Monsanto, 7150 Windsor Drive, Allentown, PA 18106, (610) 366-
2106
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55  WiretypeArtifacts

The wire-type artifact concept was very smple: embed a meta wire flush with the surface of an
electricaly nonconductive substrate and, hopefully, areproduci ble eddy current responsewould be crested
wherever a probe was scanned across the wire. The initid steps in demondrating this concept were to
select awire diameter sufficient to cause an eddy current response, evauate the effect of different wire
compositions, select a substrate material, choose some type of binder to hold the wire, and create a
process for repestably and uniformly positioning the wire flush with the surface of the binder. Some of the
details of the technical research and devel opment that provided solutions to requirements are described in
this section.

Initidly, one inch square acrylic bar stock was sdlected as the substrate. It was chosen because
it was readily available, inexpensive, easly machined, and had sufficient structurd integrity to support the
wire setting process. More than 50 acrylic calibration blocks were congtructed in the first half of the
program. Later in the program MACOR® was used instead of the acrylic.

A white, brushable ceramic adhesive (model #11770) made by Devcorf was selected asthe binder
to hold the wire in place on the subgtrate. 1t was chosen for itsfast curing time, chemica resstance, high
didlectric strength, low toxicity, good adherence to many materias, and low viscosity. Typica brush coat
thicknessis reported by Devcon to be 0.5 mm (0.02 inches). Working timeis approximately 20 minutes
after mixing the resn and
hardener. This adhesve
proved to be a very good

choice and was used for dl of _ Weight =

the wire artifacts throughout L s

the program. _ . Granite Surface
| Acrylic Block

The concept for the Substrate
process to embed the wire in U
the adhesve was draight-
forward: use the substrate to
press the wire agang a very
fla surface. The flat surface
was selected to be a granite
surface block. The details of
the process, such ashow hard
to press the wire, how to
accommodate the excess
adhesive, how to holdthewire Figure 10 - Theinitid process for creating wire-type caibration
so that it didn't bend, and artifacts.

* Devcon, An lllinois Tool Works Company, 30 Endicott Street, Danvers, MA 01923, (508)
777-1100
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others were determined through many experiments during dl three phases of the program. However, in
its Smplest implementation, the wire artifact processis summarized in Figure 10.

Severd different wire compositions were consdered. Important characteristics were availability,
tensle strength, dectrica conductivity, and that the wire not be ferromagnetic.

Figure 11 shows the eddy current responses from severa wires of the same diameter but different
compostions. Thefigure clearly shows that the copper wires produced much stronger signals than either

Eddy Current Response from Wire Artifacts of Different Composition

10000 [

1000 |-

Eddy Current Response (mVolts)

100

o o o] o o] o
= c = = = =

z z z
Q 9 9
Wire Compositio

DIN
DIN

z
Q
n

nQ pare(d-IN

no pere(d-IN
no pere|d-IN
nD pere(d-IN

Figure 11 - Different compositions of wire greetly affect the eddy
current response.

the Nichrome (NiCr) or the nickel-plated copper wires. Eventudly, 80-20 Nichrome wire (80% nickd,
20% chromium) was sdlected as the wire to use because it produced eddy current sgna amplitudes that
were comparable to the signal amplitudes the RFC systems produced from EDM notches’.

Different gage wireswere used to make artifact blocksto test the dependence of the eddy current response
on wire diameter. Figure 12 shows eddy current responses obtained from artifacts constructed from 32,
34, and 36 gage (0.008, 0.0063, and 0.005 inch diameter) Nichrome wire. Nichrome wire with 32 gage
(~ 0.2 mm or 0.008 inches) diameter was sdlected for use in subsequent wire artifact blocks because it
produced eddy current response amplitudes comparabl e to the amplitudes produced by EDM notcheson

5 |t should be noted that the composition of Nichrome wire is not always the same. For
example, Nichrome wire purchased during this program had compositions of: @) 59.2% Ni, 16,0% Cr,
23.5% Fe, and 1.3% Si, b) 61% Ni, 15% Cr, and 24% Fe., c) 80%Ni, 20%Cr. Also, it should be
noted that the compaositions were occasionally listed incorrectly: the 59.2% Ni, 16,0% Cr, 23.5% Fe,
and 1.3% S composition was listed as 60% Ni, 26% Cr, and 14% Fe in one catalogue.
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Variation of Eddy Current Response from Wires of Different Diameters
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Figure 12 - The difference in gage of the wires clearly affects the eddy current

response.

the RFC systems. The 32 gage wires dso were stronger than the other gages which wasimportant when
the wires were tightly stretched across the substrates.

Correct placement of thewire
during the artifact assembly process
required several design iterations.
Initidly, when usng the aorylic
substrates, a sted support frame was
used to gretch the wire tight and hold
it in place while the binder cured (see
Figure 13). The stedl support frame
was designed and machined so that the
wires were held precisdy pardld to
the bottom of the frame and thus flat
with respect to the granite block. The
frame also held the wire and substrate
so that they were perpendicular to
each other. The sted frame worked
very wdl for ensuring correct
placement of thewireonthesubstrates
even when the five-sided MACOR®
substrate was used.

Figure 13 - A precison machined, sted fixture was used to
produce correct wire dignment on the subsirates.
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Exposed wire
Change in wire depth /
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Substrate

Figure 14 - This schematic shows the placement of the
wire relative to the substrate and surface of the binder.
The depth of the wire was eesily verified by
observation of the width of exposed wire.

For every wire artifact that was made, the amount of wire exposed above the binder was examined
usng optical microscopy. Judging the correct amount of exposed wire was quickly learned: wires
positioned correctly were seen as a bright, reflective, narrow band running the length of thewire, whereas
wires positioned incorrectly were either not seen or werevisble asvery widebands. Figure 14 illustrates
the geometry of the wire placement within the binder and shows how the amount of exposed wire varies
gtrongly with the thickness of the binder layer. The proper amount of exposed wire was not quantitetively
measured, but easily could be for tighter quaity control in a production process.

More than 200 acrylic substrate wire artifacts were made during Phases | and 1l of the project.
The data acquired using these blocks verified the feasibility of using wire artifacts for RFC eddy current
system cdibration. During the latter months of Phase Il and throughout Phase 111 efforts were made to
design the blocks o that they would be useful in the ALC environment; specifically, the ruggedness,
environmentd tolerance, and adaptability to incorporating phase cdibration were studied.

The firgt sep in making the blocks ALC-ready was to use the five-sided MACOR® substrate.
Comparedtotheacrylic substrate, MACOR® substrate held tolerances better during machining, wasmore
resstant to environmenta factors such as heat and humidity, and was more resgtant to oil, solvents, and
other chemicals. Details of the MACOR® subgtrate can be found in an earlier section in thisreport. At
first the wires were placed on only one face of the MACOR® block at atime. Since the curing time of
the binder was approximately 24 hours it took at least five days to complete one block. The process of
producing one face at atime a o created problems due to the spread of the binder to the unfinished faces.
Although tedious and time consuming severd five-sided , wire artifact, MACOR® blockswere produced
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(seeFigure 15). Dataacquired from thefive-sded, wire artifact, blocks showed that the processwasvery
repeatable and produced consistent eddy current sgnals dong a given wire and from wire-to-wire. The
data are presented and discussed in alater section of this report.

1 L R R B R Lt 3
Figure 15 - The process of creating five-sided wire-type artifactsis shown in the photograph
on theleft. The resultant calibration block is shown in the right photograph.

The success of thefive-sided, wireartifact, MACOR® blocks prompted the research to makethe
manufacturing process faster and less tedious. A design for a five-sided mold was made and the
components machined out of sted (Figure 16). Theinitid trids used weights and/or springs to compress
the subgtrate into afixed mold, but problemswith nonuniform pressure on each sde and alowancefor the
excess binder turned the design towards a mold with five movesble Sdes. Findly, amold with each sde
actuated by pneumatic pressure was designed and built. The pneumatic mold produced blocks quickly (a
few hours) and the eddy current data from the wires on each sde were uniform. The pneumatic mold is
discussed in alater section in this report.

Figure 16 - A mold was cregted to dlow smultaneous congtruction of dl five sides of the wire-
artifact blocks.
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The project statement of work required the development of both surface and RECHII cdlibration
blocks. Theresearch work on deve oping photolithography RECHII “inserts’ was described earlier inthis
report and smilar research was doneto develop wire artifact RECHI|I inserts. A key design decisonwas
made during the program that allowed the RECHII calibration inserts to use the same artifact concepts as
was done for the surface calibration blocks. RECHII cdibration inserts provide severd functions for the
RFC eddy current systems. dimens oning loceation, bolt hole centering calibration, phase cdibration for bolt
hale ingpections, centering of the probe before gain cdibration, and gain cdibration. All of thefudias
except gain calibration require a surface of meta to be present for the eddy current probe. An important
milestone was reached when it was decided to incorporate the necessary features of both the current
RECHII inserts and the new artifact inserts.  Specificaly, the top portion of the current RECHII inserts
were mated to the MACOR® cylinder containing the new cdibration artifect (seeFigure17). T hi s
“hybrid” RECHII insert provided for dimens oninglocation, bolt holecentering calibration, phasecaibration
for bolt holeingpections, and centering of the probe before gain cdibration using the engine dloy top
portion, and improved gain cdibration using the wire artifact in the MACOR® subdgtrate in the lower
portion.

Wire artifact visible
on MACOR substrate

Figure 17 - The hybrid, wire-type RECHII cdibrati on inserts are shown.

The primary technical task that needed a sol ution was how to position thewireartifact ontheinside
of the MACOR® cylinder so that it was pardld and equidistant (dlong the wire' slength) to the axis of the
cylinder. Any deviation of any portion of the wire from the desired radid postion would cause a
measureable change in the eddy current response. A related concern was how to make sure the
MACOR® cylinder was concentric with holein the engine dloy because the eddy current bolt hole probe
centered over the RECHII insert using the hole in the engine dloy.

The solution to the wire | ocation problem was aunique assembly fixture design illugtrated in Figure
18. A metd cylinder was substantialy but not completely divided into two haves by adot milled through
the cylinder wall. A second dot was cut dong the length of the metd cylinder so that the cylinder could
be expanded to adightly larger diameter. Two tapered pins were made to fit part way into each end of
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Slot divides cylinder into halves

Figure 18 - The gage assembly used to create the RECHII inserts is shown.

the cylinder. Fabrication of the RECHII insert was accomplished by placing theenginedloy ring over one
end of the cylinder and the MACOR® subgtrate ring over the other end (see Figure 19). The MACOR®
ringwasjug dightly larger than the aignment cylinder and contained the wire artifact inserted into uncured
binder. The engine dloy ring and MACOR® ring were pushed together and cemented using a standard
high strength adhesive. The tapered pins were inserted into each end of the metal cylinder so that the
cylinder indgdethe MACOR® ring expanded, pressing the wire artifact against the MACOR® . After the

Enginealloy ring

S

Macor ring and engine alloy rings are aligned and concentric

Figure 19 - In this figure the RECHII dignment gage is shown with a RECHII insert being
assembled.

adhesive and binder cured, the tapered pins and metd cylinder were removed from the RECHII insert.

All of the design consderations necessary for demondgtrating the feasibility of the new cdibration
concept were created and tested during Phases | and |1 of the project. Data acquired on the UDRI test
sysem, Veridian's RFC systems, and RFC systems at Oklahoma City ALC during Phases Il and I11
demongtrated that the new caibration concept worked and could be easily implemented into the RFC eddy
current systems. The next section of thisreport presentsthe dataacquired during Phases|1 and 111 for both
the surface block and RECHII wireartifacts. Thelast section of thisreport containsinformation about how
the new cdibration artifacts were optimized so that insertion into RFC eddy current systems would have
minima impact on the system hardware, scan plans, and logistics of support a an ALC.
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6.0 DATA: EDDY CURRENT RESPONSE TO WIRE ARTIFACTS

The absolute amplitude of the eddy current response to the wire artifact was selected to be close
to that produced by EDM notches by choosing 32 gage (0.2 mm diameter) Nichrome wire. However,
unless the Sgnd-to-noise ratio of the artifact
response compared to other noise acquired
during calibration processwasequal to or less
thanthat of EDM notches, the artifact concept
might not produce better overdl results.
Fortunately, the approach of usng an
electrica conductor (the wire) bound in a
nonconducting medium (binder and substrate) | i 1 ! ! | I
produced very good signal-to-noiseratios. In | <
essence, the epoxy binder and MACOR® | Eqdy current response from RECHII EDM notch
substrate produced no eddy current reponse; ; ; : . . ,
this is unlike EDM notch blocks where |[umi- s
considerable “material noise” isproduced. An N
excdlent example of the superior signal-to- | *f/ A J VAVAVAVEALVARVA VAN,
noise ratio of the wire artifacts is shown in
Figure 20. Also, in the case of suface || | : : , , i
caibration blocks, because the surface of the | " > = - - - -

Eddy current response from RECHII wire artifact

W .

L=

epoxy binder was produced through contact
with a granite surface block, amost no probe
vibration occurred while the probe was

Figure 20 - The greetly superior Sgnd-to-noise ratio
of the wire-artifact calibration block compared to an
EDM notch in titanium isillustrated.

scanned across the block.

Thefirg god in producing the artifactswasto
have uniform eddy current response dong the artifact
itsdf. Thiswasrequired to diminate the searching for
a maximum response necessary with EDM notches.
Uniformity dong an artifact was the primary “qudity”
factor used to judge artifactsin Phases | and Il of the
project. Early on in the project, success was
established in obtaining eddy current response
uniformity dong agiven artifact. The pie chart shown
in Figure 21 breaks down the percent variation in the
eddy current sgna obtained from different locations
across a given wire. More than 90 different wire
atifacts were induded in this summay. The
percentage variaion was defined as the difference
between the largest and smdllest sgnd obtained from awire divided by the smalest sgnd. For example
the scans across a given wire produced signas with the largest amplitude being 550 mV and the smdlest

Distribution of Same Wire Scatter

71.5% 15 204

15.7% :\‘
17.6%U@ 47.1%
Figure 21 - The uniformity of eddy current
response dong any given wireis shown by a

pie chart of the variations from an average
response.

m<=1%
@ 1% to 4%
O 4% to 6%
0 6% to 10%
H>10%
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500 mV. The percentage difference for this wire would be 10% (550 - 500/ 500). AsseeninFigure21
over 90% of the wires produced eddy current signas having lessthan 10% variation. Thisislessthanthe
vaiability (12% - 25%) that is obtained from scanning over EDM notches with 0.005 inches between
scans.

The next objectivewasto compare the eddy current response from different wire artifacts. Thirty-
nine NiCr wire artifacts on acrylic substrates were scanned with a2 MHz RFC differentid eddy current
probe. The peak-to-peak amplitude of the eddy current response from the wire was recorded as the
probe was scanned over the samelocation threetimes. Thethree peak-to-peak responseswere averaged
to produce an average response for that location. Then the probe was moved 5 mm to adifferent location
onthe wire and three more peak-to-peak responses were averaged. The probe was again moved 5 mm
to athird location and the averaged response obtained. A “population” averagewas obtained by averaging
dl of the location averages (1.695 Volts with a sandard deviation of 0.098 volts). The percentage
difference of the location average, compared with the population average, isshownin Figure 22 for each
location. So, the Percentage Error of -6% for “WO1A 1" meansthat the average of thethree peak-to-peak

Variation of Eddy Current Response Along Individual Wir

at Various L ocations
15.0

10.0 |7

50 —-

Percentage Error
o
(@)

-10.0

-15.0

Figure 22 - The variation in eddy current response from wire-to-wire is shown
for 33 different NiCr wires on acrylic subgtrates.
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responses obtained on Wire Block 1, Wire A, Location 1 was 6% lower than the population average. All
of the blocks used to acquire the data shown in Figure 22 were made using acrylic substrates and
Nichrome wire. Except for two wires, the percentage variation was less than £ 7% from wire to wire
compared to the population (of 39 artifacts) average. This again demonstrated the feashility of the wire

artifact concept showing that the eddy current response was repeatable from wire-to-wire aswell asaong
agiven wire.

After establishing the uniformity of eddy current responsedong agivenwireand fromwire-to-wire
on acrylic subgtrates, similar tests were conducted on five sided, MACOR® substrate blocks. The
MACOR® substrate blocks contained two wires on each of the Sdes. Tests measuring the variation in
the eddy current response from wire-to-wirewere conducted using the UDRI eddy current system. Figure
23 shows the variaion in eddy current response dong each of the ten wires in Block 08, aMACOR®
subgtrate, five-sided, RFC-styleblock. If an* averageresponse” of 0.35 voltsisassumed, a1 dB variation
resultsin bounds of 0.31 to 0.39 volts. Figure 23 shows that Block 08 was very close to being useful as

B08, WIRE A, PROBE 3 B08, WIRE B, PROBE 3
0.5 0.5
0.45 0.45
. 04 0.4 ~ —
g o3 / WZ\S% S= [Fsoed]| £ ** g =2 /\i/\xx = =
s \/ 79* ! S o0s —_—\ SIDE 1
: - / \ — SIDE 2 < - \Y4 \ — SIDE 2
T 025 7 \ SIDE3||| § 025 7 \ SIDE 3
2 o2 SIDE4|| £ o2 SIDE 4
3 / —sSIDES||| £ /. \ —SIDE 5
< 015 < 0.15 / \
0.1 0.1 1+
0.05 0.05
o+—r——T7r'rT 7T 7T 7T T 7T T T T T T T T 1T 0 +-r—r—r—rrrrrrr—T-r—-TTTrr
— ™ Te] ~ o — 2 &") : 2 — ™ [Te] ~ o :q' 2 ﬂ D 2
Location along wire Location along wire

Figure 23 - The uniformity of the eddy current response dong any given wire and from wire-to-wire
is shown for afive-sded, MACOR® substrate, RFC-style calibration block.

an RFC-gtyle cdibration block if the wire artifacts at the “B” end of the block were used.

In March 1998 UDRI began evauation of wire artifacts on five-sded, MACOR® subtrates at
Sysems Research Laboratories using RFC inspection systems. UDRI had produced five MACOR®
blocks by this time and sdlected three blocks that appeared to produce the most uniform eddy current
responses acrossal wires. Figure 24 showsaphotograph of thefiveblocks. Blocks09, 11, and 12 were
chosenfor testing on the RFC system. Datawere gathered using a2 MHz surface probe and the standard
RFC gain cdibration agorithm. The standard gain calibration agorithm raster scans the probe dong the
cdibration block indexing typicaly 0.1 - 0.2 mm (0.004 - 0.008 inches) between scans. The agorithm
retains the maximum eddy current response acquired during the raster scanning process. Approximately
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Figure 24 - Five wire-artifact, five-sided, RFC-style, MACOR® substrate
cdibrations blocks are shown.

20 indexes are performed resulting in the probe gathering eddy current responses across 2 - 4 mm (0.08 -
0.16 inches) of the block. When this agorithm was used with the wire-artifact MACOR® blocks, it
sometimes resulted in the maximum eddy current response occurring away from the middle of the wire,
towards the corner of the side of the block. This happened because on some of the sides the wires
protruded from the epoxy binder near the corner. (Note: This problem was resolved on later blocks by

dicing achannd through corners of the blocks so that the wires could conform more closely to the surface
of the blocks - see Appendix E).
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Variation Along Individual Wires,
SRL System, 0.001 Inch Steps, 2 MHz Probe
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Normalized Amplitude

Figure 25 - The uniformity of eddy current response dong any given wire on the five-
sided, RFC-style, MACOR® substrate blocks is clearly validated.

Wire-to-Wire Variation,
SRL System, Modified Calibration Routine
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Figure 26 - The wire-to-wire variability for three RFC-style cdibration blocks (15 wires) is
shown to be lessthan 1 dB for al but one of the wires (2 MHz probe).
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Veridian chose to use amodified gain cdibration that limited the number of indexes thus keeping
the probe near the center of thewireartifacts. Figure 25 showsthe uniformity of the eddy current response
aong agiven wire, for ten different wires, dong a 0.25 mm (0.01 inches) region near the center of each
wire.

Normalized Amplitude, 6 MHz SRL
Note: The nomenclature used for Probe
data sets obtained using the five- UDRI System, 0.001 Inch Steps (10)
sidedblockswas: “ BBWS' where
BB = block # , W = wire label o 1.24
(either “A” or “B”), and S = g L —
block side # (1,2,3,4, or 5). The = 1.12
location of each sideis shown in E o® ®
above in Figure 24.  For T 1.00 1w T
example, data set “9B3" was N e & ® o ®
acquired from Block #9, Wire at £ 0.88 -—
end “ B”, and Sde #3 (the top of S
z
theblock). 0.76 T T T 1 |N| |v| |‘_|| Iml |m
Block ID
Udng the modified gan

cdibration, five wire arifacts on
three different blocks were tested.
The resulting sgnd amplitudes are
shown in Figure 26 having been
normalized to an average response
from d| fifteen artifacts. Fourteen of the fifteenartifacts produced asignal response within 1 dB (12%) of
the average. Thewire artifact labeled “9B5" produced an eddy currentresponsel.3 dB (16%) larger than
the average response. A probable reason was that more of the wire was on the surface due to some
experimentd polishing done on this block. Table 1 lists comments made for each wire during examination
under an optical microscope.  Similar eddy current responses were obtained using a 6 MHz probe on
UDRI’ s eddy current system as shown in Figure 27. Using a6 MHz probe and congtraining the indexing
to ten steps 0.001 inches apart at the center of each side of the block, 13 of the 15 wires produced eddy
current responses within 1 dB of the group average response. Again wire “9B5" produced a larger
response, approximately 1.4 dB (18%) larger than the average response. Wire “11A2" produced a
amilarly larger response. Severa more tests were run on both the UDRI and Veridian sysems to verify
the repeatability of the data and determine the rel ationshi p between the average wire artifact response and

the average response from the EDM notch in the Waspaoy Master cdlibration block. The repegtability
of the eddy current responses from the wire artifacts was very good as had been the case during testing
of other wireartifactson UDRI’ seddy current system. The average eddy current response from the EDM

notch was approximately 25% larger than the average wire response.

Figure 27 - The wire-to-wire variability for three RFC-style
cdibration blocks (15 wires) is shown to be lessthan 1 dB for all
but two of the wires (6 MHz probe).
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UDRI congtructed three 0.5 inch diameter RECHII cdibration blocks usng wire artifacts and
titanium top sections. Limited access to RFC eddy current inspection systems prevented a thorough
investigation of the eddy current responses on RFC systems. However, prdiminary data, such as those
shownin Figure 28, was encouraging and suggested that the wire artifact gpproach for RECHII calibration
insertscould beassuccessful asthe surface cdibration blocks. Additiond optimization of themanufacturing

process needsto be done on thewire artifact RECHI | insertsto assure uniformity of responseadong agiven
wire and for different wires
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Tablel - Opticd Evauation of Wire Artifact and Block Surface
Conditon.

Optical Inspection of Wire Artifact Depth and Surface Condition

B9 - WireB

Side#1. Uniform only in the area of measurement (1/4” down)
#2. Uniform only in center
#3. Uniform but exposed wire surfaceis alittle wide (from polishing)
#4. Uniform but exposed wire surface is alittle wide (from polishing)
#5. Uniform but exposed wire surfaceis VERY wide (from polishing)

B1ll-WireA
Side #1. Uniform only in the area of measurement (1/4” down)
#2. Fair Uniformity in center
#3. Uniform
#4. Uniform only in center
#5. Uniform

B12- WireA
Side#1. Uniform but wireisalittle deep
#2. Uniform but wire istoo deep
#3. Uniform
#4. Uniform but exposed wireisalittle wide on surface
#5. Uniform

Eddy Current Responses from
0.50 inch Bolt Hole Wire Artifacts

0.7
0.6
< os 0 9/0\
E \/’\O/\H/ Y
3‘3 A~ A
: ) M '\./AV \
g 03
& /
=02
>
@)
% 01
ie]
LLl
0.0 1 1 1 1 1 1 1
0.000 0.050 0.100 0.150 0.200

L ocation Along Hole Axis (inches)

Figure 28 - The variation in the eddy current response along
the wire artifact in two RECHI|I insertsis shown.
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7.0 RESULTS: RELIABILITY TESTING AND ANALYSIS

The uniformity and repeetability of eddy current responses from the cdibration blocks on both
UDRI and Veridian inspection systems cleared the way for the
find testing phase of the program. Tedts usng flat plate
reliability specimens (see Figure 29) containing fatigue cracks,
were designed to detect differences in the detection results
when usng the new cdibration blocks versus a master EDM
notch block. The tests were conducted at Systems Research
L aboratories using an RFC eddy current inspectionsystemand |
RFC probes. Four D20 differentia eddy current probeswere |
used, two operating at 2 MHz (Probe 872, SN 15077 and |
15078) and two at 6 MHz (Probe 4005, SN 13653 and
13652). Sixteen Waspaloy flat plate specimens (PWA-1016)
were sdected for testing. Veridian's flat plate rdiability test
scan plan “IN100-FP-20T” was used to acquire data. UDRI
selected for testing four of thefive-sded, MACOR® subdtrate, .
RFC-Style, wireartifact calibration blocks. Theblock andwire F|gure 29 - Flat p|a[e \Nas)a] oy
identification numbers were B0O9, B11, B12, and B16. Block reliability specimens were used to
B16 was made usng a pneumatic mold that is described in a - . .
later section in this report. A Waspaoy calibration block gﬁ?:ﬁ)mgcags \r;vg;:oznoalv
containing an EDM notch was used for comparison purposes. S y
Veridian chose the master Waspaoy surface block, SN Master EDM calibration blocks.
QMMO022 for these tests.

Thetestswere designed to detect the effects of the cdlibration blocks, the different probes, and any
cdibrationblock - 31probeinteraction. For each test the selected eddy current probe was calibrated on
one of thefive cdibration blocks and then eight of the test specimens wereinspected (st “A). The same
gan and phase settings determined during calibration were then used to ingpect a second set of eight
specimens (set “B”). When using the 2 MHz probe the EDM notch produced an eddy current response
that wastypically 5 dB smdler than the response produced by the wire artifact blocks. The EDM notch
responses when using the 6 MHz probe were gpproximately 3 dB smaler than the wire artifact responses.
The phase angle was determined by the cdibration using the EDM notch and was 197/199 degreesfor the
2 MHz probes and 253/255 degrees for the 6 MHz probes.

A summary of the eddy current responses from the Waspdoy flat plate specimens is shown in
Table 1. Theamplitude of the response from each crack for each ingpection is contained in Appendix F.
Figures 31 - 36 graphically compare the eddy current signal amplitudes from the cracks for inspections
cdibrated with the UDRI cdibration blocks and those calibrated using the master Waspa oy EDM notch.
It is eadily seen in the figures that there are no satidticaly sgnificant differences between using the new
UDRI cdlibration blocks and the master Waspadoy EDM cdibration block to cdibrate the rdiability
ingpections. In fact, Figures 35 and 36 show the variation that can occur when two probes (of the same
frequency) are calibrated using just the master Waspa oy cadibration block. The only differences between
the two ingpections that produced the data shown in each figure was the switching from one probeto the
other. No changeswere madeto the scan plan and the calibration and ingpection agorithmswere dlowed
to proceed without interruption.
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Dr. Al Berens, UDRI, who routingly assesses reliability ingpection results for RFC tests, summarized therdligbility test dataat the July 21,
1998 RFC PRDA review meeting as follows:

Summary of Reliability Tests

1) The effects due to using the UDRI wire artifact calibration
blocks for calibration, as part of the reliability test data
acquisition for the Waspaloy flat plate specimens, are not
statistically significant in either the 2 MHz or 6 MHz probe
data sets.

2) The probe-to-probe variation is significant in the 2 MHz data.

3) The differences in the data due to using any of the
calibration blocks is less important than differences due to
repeated probe calibrations.

Figure 30 - Using the five-sided, RFC-style, wire-artifact, cdibration blocks to cdibrate an RFC eddy current system
produced reiability results that were indistinguishable from those obtained using the master Waspaloy EDM notch cdibration
block.
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Tablell - Summary of Eddy Current Responses from Flat Plate Reliability Specimens

Eddy Current Response - All 5 Cdlibration Blocks (Digitizer Counts)

Probe SN: 15077 (2ViHz)| Probe SN: - 15078 (AVIHZ)] Probe SN: - 13653 (BVIHZ)| Proloe SIN: | 13652 (GVIHZ
Crack SN Surface | Depth | Average | Sd. Dev. Arerage | Sd. Dev. Aerage Sd. Dev. Arerage | Sd. Dev.

1 Top 6.7 339 27 330 40 A3 28 336 15
3 Top 9.3 630 14 815 65 636 51 53 b
5 Botom | 139 1129 18 1208 12 923 37 1069 24
7 Top 211 3196 37 A3 b 2851 20 2842 76
9 Botom | 10 631 16 82 68 582 59 573 17
10 Top 6 20 2 22 31 263 31 233 13
11 Botom | 152 1111 14 1417 67 1058 51 1078 33
13 Top 8.7 30 8 461 1n 31 A 30 15
14 Bottom 6 231 11 20 18 232 13 22 1
15 Top 17.8 1834 36 2360 74 1823 158 1951 9
17 Botom | 10.6 815 23 8% 88 667 20 14 PA]
18 Botom | 73 | NoDaa | NoDaa | NoDaa | NoDaa 33 18 339 12
2 Top 132 1212 2 1617 63 1266 b 1273 73
21 Botom | 54 333 2 422 28 333 12 35 8

2 Top 23 4136 76 4739 151 3731 236 3747 207
23 Top 119 A0 2 1224 59 912 13 01 62
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Cal Block Comparison: Reliability Data 6 MHz
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Figure 31 - Comparison of 6 MHz rdiability results using probe 13652.

Cal Block Comparison: Reliability Data 6 MHz
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Figure 32 - Comparison of 6 MHz rdiability results usng probe 13653.
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Cal Block Comparison: Reliability Data 2 MHz
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Figure 33 - Comparison of 2 MHz reliability results using probe 15077.

Cal Block Comparison: Reliability Data2 MHz
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Figure 34 - Comparison of 2 MHz rdiability results usng probe 15078.
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Master Waspaloy Cal Block: 2 MHz Probes
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Figure 35 - Comparison of 2 MHz reliability results: probe-to-probe variation.
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Figure 36 - Comparison of 6 MHz reliability results: probe-to-probe variation.
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8.0 IMPLEMENTATION CONSIDERATIONS

The preceding sections described the research and devel opment that went into demonstrating the
feasbility of the new eddy current cdibration artifact concept. The rdliability testing of four wire artifact
cdibration blocks showed that they could be used in place of thetraditional EDM notch cdlibration blocks
with regard to the their effect on gain cdibration. However, severd other considerations were examined
inorder tojustify recommendation of the new calibration blocksfor usein ALC RFC eddy current systems.
Implementation considerations that were examined included the effects on exigting scan plans and system
software, revison of the notch scaing factors, the effect on the time required to accomplish cdibration,
block durability, wearing of the surface due to repeated scanning of the eddy current probes, and cost of
the new blocks.  In this section these consderations for implementation of the new calibration artifact into
RFC ingpections are discussed.

8.1  Effectson Existing Scan Plans - Phase Calibration

If necessary, the new cdlibration blocks could be used for gain calibration without modification to
the system software or scan plan. However, phase cdibration is essentidly part of gain cdibration and the
MACOR® substrate blocks cannot be used to calibrate the phase angle of the eddy current instrument.
Accomplishing phase cdibration on the RFC eddy current inspection systems requiires the use of engine
dloy blocks. UDRI has designed and demondtrated a hybrid surface cdibration block incorporating the
MACOR® subgtratewireartifactswith
enginedloys. Figure 37 shows one of
the hybrid blocks made and
successfully tested on an RFC eddy
current system at Systems Research
Laboratories. For the test the block
shown in Fgure 37 was directly
subdiituted for a sandard RFC
cdibration block - no changes were
made to the system software or scan
plan - and the inspection system
successfully completed the gain and |
phase calibration routines. Theengine |+ .
dloy attachment was designed to be |
large enough to allow phase cdibration |
to occur, but small enough such that the |
dloy wasn't within the data acquisition
“window” during gain cdibration. This |}
desgn dlowed a successful gan |0

Bt ¢

calibration without modification to [FR
dther the scan plan or the gain and |
phase cdibration agorithms.

& -

the MACOR® wire-artifact block so that the block can be
used for phase calibration.
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8.2  Effectson Existing Scan Plans - Gain Calibration

While no changes to gain cdibration are required, significant time savings can be achieved by
modifying the number of index steps currently required. Since the eddy current response from the wire
artifacts has been shown to be uniform dong the wires, no indexing is necessary to find the maximum
response. Severa passes of the eddy current probe over the wire could be averaged to reduce el ectrical
noise and random fluctuations of the eddy current sgnd asis current done during gain caibration. Since
therewould be no need to index the probe theinitial placement of the probe should be moved to the center
of the calibration block rather than offset from the center. Thus, the recommended changesto the system
software to optimize gain calibration with the new cdibration blocks are:

S Maketheinitia starting point of gain calibration at the center of the block,
S Eliminate the stepping of the probe in the index direction.

The changes are summarized in Tablelll.
Itisimportant to note that these changes coul d be accomplished without making existing scan plans
obsolete by changing the gain cdlibration to recognize a“flag” in the notch scaling index lookup tables. For

example, if the second field in the notch scaling lookup table was st to a predefined value (say “999") the
gan cdibration dgorithm would choose to execute the new cdibration routine rather than the old.

Tablelll - Effects on Scan Plan of Usng New Calibration Block.

Calibration Comparison of Scan Plan Values
Parameter EDM Notch New Block
Desired Amplitude Same Same
Beginning Gain Same Same
Index Step Size 0.005 inches N/A
# of Indexes 12 - 20 0
Scan Distance Same Same
# Averages 4 per index 4
Filter Settings Same Same
Phase Angle Location Same Same
Gain Cal. Start Location Same Same
Cal. Block Location Same Same
RECHII - Centering Cal. Same Same
RECHII - Phase Cal. Same Same
RECHII - Gain Cal. Same Same
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Gan cdibration uses the vaues in the notch scaing lookup table to compensate for the inherent
differences in each EDM notch.  The data presented in the Results section of this report show that only
one notch scaing value would be necessary for dl wireartifact blocks. Thiswould removethe requirement
to update the lookup tables in the RFC ingpection systems each time a new cadibration block is
incorporated. At this point in the research and development UDRI suggests that a separate notch scaling
vaue be used for surface blocksversusthe RECHII inserts. However, thereissomeindicationthat asingle
vaue could be used for al calibration blocks, both surface and RECHII types.

Usng the new wire-type cdibration blocks in the manner suggested above would let the gain
cdibration of each probe take place in less than 30 seconds. This represents a times savings of
goproximately five minutes per probe calibration compared to the present method usng EDM notch
cdibrationblocks. Theingpection of some engine components requires more than ten probe changes and
cdibrations, thus, atime savings of approximately one hour could be redlized in the ingpection of each of
these components.

8.3  Effectson Existing Scan Plans - Placement of Calibration Blocks

With the development of the hybrid block incorporating engine adloy for phase cdibration the new
cdibration blocks can be a “drop-in” replacement for the old cdibration blocks. No changes in block
placement, system software, or scan plan parametersisrequired. As mentioned in the preceding section,
optimization of the scan plan parameters and system software would result in consderable time savings
during engine component ingpections.

An option exigts for using the new surface cdibration blocks to replace severa old blocks if the
space is needed on the cdibration setup plates. “Phase calibration” blocks could be made and located
separately on the setup plates (see Figure 38). Each phase calibration block could be a cube,
aoproximately 25 mm on aside (~ 1 inch) and used solely for phase cdibration. Gain calibration could
take place on asingle, five-sded, wire artifact cdibration block. This gpproach would require changing
the gtarting location of the probe in both gain and phase cdlibration in the scan plans and may require
changesin the system software. 1t also would require new phase cdibration blocksto be made. However,
the savings in space on the cdibration setup plate could be subgtantial.

The new, hybrid RECHII inserts, incorporating an engine dloy top flange with the MACOR®
cylinder and wire artifact for gain calibration, aso could be “drop-in” replacements for existing RECHII
cdibration inserts. However, thereisno advantage in the time of cdibration when using the new RECHII
insertscompared to the existing inserts. And, becausethe RECHII probesrotate so quickly (1500 r.p.m.)
the index step Sze can be made very smdl so that the repestability of the calibration is better than for the
surface calibration blocks. An advantage that would be gained by using the new RECHII insartsisthat a
sngle notch scaling index factor could be used for dl RECHII inserts. Assessing the limited advantages
of using the new RECHII inserts UDRI recommends that the Air Force congder using the technology for
any new RECHII inserts but not replacing existing inserts.
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Reference Block Plate on RFC System

Engine Component Alloys Single Wire Artifact Calibration Block

for Phase Calibration

w >
Ti-6246

Gain Calibration: 4 Passes over Wire Artifact
m_\m Phase Calibration: Occurs on Engine Alloys
Rene-95

. @0 ®@®
M. ®0®e®e®

RECHII Inserts

Figure 38 - An dterndtive configuration of cdibration blocks for maximizing the number of engine

components that can be inspected on an RFC eddy current system.

8.4  Durability and Wear of Calibration Blocks

To be ussful on RFC eddy current inspection
systems the new calibration blocks must be durable
and withstand the wear that thousands of passes of
the surface probes could create. UDRI’ s experience
withtheM ACOR® substrate suggeststhat theblocks
will hold up well to norma handling. There was a
concern with the substrate fracturing due to repested
atachment tothe setup plates. Excessvetightening of
metal screwsinto the threaded holesin the calibration
blocks fractured a block that UDRI wastesting. To
remove the concern UDRI designed a metdlic base
that the MACOR® block could be attached to once
and then the base would tolerate the stresses from
repeated attachment to the setup plates. The base
and new MACOR® substrateswere designed so that

the sizeand shape of the mated pair werethesameas Figure 39 - The metal base plate improves the

ruggedness of the MACOR® subdtrate
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the origind block (see Figure 39). The MACOR® subdtrate is held tightly in place on the metdlic base
with screws. This design adds asmal cost to each cdibration block but would substantidly increase the
durability of repeated attachments to the inspection systems.

Teding was conducted to determine
how much deformation to the surface of the
new calibration blockswould occur dueto the
repeated passes of the eddy current probes
over the surface. A sarvo-hydraulicaly-
actuated scanning system was used to movean
RFC eddy current probe shoe back and forth
over the top surface of a five-sded,
MACOR® subdtrate, wire artifact block.
The shoe moved aong a 25 mm long peth (~
1 inch) centered about the wire artifact and
completed each forward/backward passaong
the block in 1 second. The probe shoe was
forced down onto the surface of the block with
a force equa to that created by the “high
compliance’ RFC eddy current surface probes
(see Figure 40).

Figure 40 - An eddy current probe shoe was used to
conduct wesar tests on the wire-artifact calibration
blocks.

The surface of theblock wasexamined
periodicaly usngaWyY KO NT-2000vertica
scanninginterferometer (V Sl) manufactured by
Veeco Instruments Incorporated.® The VS
had the capaliility to measure heightsfrom 0.0001 mm to saverd millimeters, with vertica resolution aslow
as 0.0001 mm. Scans of the block’s surface were made before the wear tests started and after 1000,
5000, 10,000, 50,000, 100,000 and 200,000 passes of the probe shoe across the surface.

No change in the surface of the block was measurable until 100,000 passes of the probe had
occurred. After 100,000 the VSl showed awear pattern evidenced by three grooves in the probe shoe
scanning direction. The grooves were measured to be gpproximately 0.002 mm deep. After 200,000
passes of the probe, afourth groove had devel oped in the surface, presumably dueto variationsin the shoe
path. The degpest groove was measured to be 0.004 mm deep. UDRI acquired eddy current amplitude
data from the wire artifact after the wear tests and found no change in the eddy current response. The
grooves aso did not seem to affect the probe shoe diding aong the block.

® Veeco Metrology Group, WY KO Optica Profilers, 2650 East Elvira Road, Tucson, AZ
85706-7123 Phone: (520) 741-1044
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Thefollowing examplewill helpto put into perspectivetherate of wear detected during thesetests.
Let's assume that during RFC ingpections a calibration process takes place every 60 minutes, or 16 times
per day for a 16 hour day. Let’sadso assumethat during each calibration the probe scans acrossthe new
wire-artifact calibration block 10 times. At thisrate of cdibration, the block would see the equivadent of
200,000 passesin approximately 1250 days. Thus, after 1250 days (4+ years) grooves 0.004 mm deep
might be expected in the surface of the blocks. Asindicated above 0.004 mm deep grooves do not seem
to affect the functiondlity of the blocks for eddy current cdibration.

85 Costsof the Wire Artifact Calibration Blocks

The costs of making the five-sded, RFC-style, MACOR® substrate, wire-artifact calibration
blocks using the pneumatic mold were:

S $300 machined MACOR® block (in quantities of 10)
S $10 wire, epoxy, and other expendables

S $250 estimated for |abor to make block

S $250 estimated for labor to checkout block

Totd: $810 per block (in quantities of 10)

These cost estimates assume a yield of “good” blocks (the wire artifacts on al five sdes produce
appropriate eddy current responses) of 75 - 80%. The cost estimates do not include a metal base that
would bedesrablefor useinan ingpection facility. The cost estimatesaso do not includethe cost of engine
dloysfor phase cdibration.

8.6  Manufacturing Process

A five-sded, pneumatically-actuated, mold and press system was designed to make the
congructionof thefive-sided, RFC-style, MACOR® substrate wire artifact blocks afaster process. The
same congtruction concepts that were done by hand one side a a time were incorporated into the
pneumetic press. Several design iterations were required to optimize the press. Problems overcome
included unoptimized pressures, nonuniform distribution of the epoxy binder, holding thewirein place, and
removing the blocks from the mold. Thefind design of the pneumatic press and mold is shown in Figure
41. The cdibration block shown in Figure 42 was made with the press and mold in less than eight hours
and one of the blocks included in the rdliability testing was produced using the same equipment. During
the program five blocks were produced using the pneumatic press and mold.
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Figure 41 - The pneumétic press and mold is shown in this
photograph.

Figure 42 - This cdibration block was made using the press shown in
Figure 41.
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9.0

RECOMMENDATIONS FOR FUTURE WORK

1

2)

3)

4)

5)

6)

7)

8)

9)

10)

Further development and testing of the RECHII inserts are needed to verify the
repeatability of the eddy current response from RECHI|I artifact to artifact,

The control of the pneumatic press cylinders should be optimized,

A “masgter” wire-artifact surface calibration block should be constructed that producesthe
eddy current response that al other blocks will be compared to,

Find drawings for the surface blocks incorporating an engine dloy insert (for phase
calibration) need to be made,

Fnishing processes should befindized (for example, to determine how much of the excess
epoxy binder should be removed) and the find form of the calibration blocks should be

specified,

A specification should be written describing the acceptabl erange of eddy current response
amplitudes and variations aong each wire,

Severa surface blocks incorporating an engine dloy insert and metdlic base should be
congructed and evauated on RFC systems at an AL C ingpection facility,

Severa RECHII calibration inserts should be constructed and eva uated on RFC systems
a an ALC inspection facility,

Rdiahility testing should be conducted and POD results obtained for wire-artifact RECHI|
inserts of various diameters,

A company that has sufficient knowledge of eddy current probes and ingpections should
be sdlected for commercidizing the new calibration block technology.
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Appendix A
Overview of Calibration in the RFC Systems

Thisappendix containsa brief description of the processused to calibrate each eddy current probe
on the RFC eddy current systems, before an ingpection.

RFC eddy current cdlibration occurs in two steps. The eddy current probe is first brought to a
cdibration block for phase cdibration. A lift-off Sgnd is generated by ether dightly rotating the surface
probes or uncentering the hole probes. A linear least-squares-fit ismadeto theimpedance planesigna and
the resulting line is rotated to be horizontal by adjusting the phase angle parameter in the eddy current
insrument. A check of the accuracy of the phase cdlibration is made by producing another lift-off sgnd,
and if the resulting least-squares fit line is within + 2 degrees of horizonta the procedure is completed.
Otherwise, saverd more iterations can occur before an error condition is declared.

Gain cdibration is performed by passing the eddy current coils over one or more EDM notches
onthe samecalibration block used for phase cdibration. The surface calibration blocksused at Kelly AFB
contain three different size notches but only oneisused for gain cdibration. The surface calibration blocks
at Tinker AFB aso contain three notches, however, two are small and one is very long. Only one of the
small notchesis used for cdibration. Both ALCs perform gain cdibration by:

1) Raster scanning the probe coil across one EDM notch, in 0.01 inch index steps, until a
maximum response to the notch is found (16 index steps occur),

2) Ragter scanning again, but with 0.005 inch index steps, until a maximum response to the
notch isfound (again, 16 index steps are made),

3) Adjudting the gain of the eddy current instrument to produce a predetermined amplitude
response from the notch.

This process takes less than one minute for bolt hole calibration, but can take over eight minutes for the
surface probes. Thislong calibration time occurs because four passes of the probe aong the cdibration
block are made for each index step during surface probe gain cdibration to average out noise from the
eddy current signd. (Note: averaging aso is used during bolt hole gain cdibration; but since the probe
rotates at 1500 r.p.m. averaging at each index position takes only afraction of a second).

Attempts have been made to reduce the time needed for surface probe gain caibration by
incorporating long EDM notches (0.500 inches) in the surface probe reference blocks designed for the GE
F101 and F110 enginesat Tinker AFB. Problemswith variationsof the eddy current sgnal responseaong
the length of the notch (probably due to inconsstencies in the width and depth dimensions and extent of
the hest-affected zone) prevented the long notches from being used during gain cdibration.
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Although the RFC systems use EDM notchesto adjust the gain of the eddy current system before
each engine part geometry isingpected, the notches are not used to determine the sengitivity of the system
to smdl cracks. For each geometry, the system sengtivity is determined, in the laboratory, relying on test
engine components and rdiability specimens. The NDE scientist responsible for the scan plan conducts
experiments to determine system sengtivitiesthat will dlow the system to reliably detect the smallest crack
required for that engine part geometry. Thisisaccomplished using engine partswith EDM notches, engine
parts with actua cracks (ided, but rarely available), and reiability test specimenswith fatigue cracks. An
edimate is made of the system senditivity required, then the system parameters (instrument gain, filter
Settings, scanning speed, etc.) arewritten into the scan plan. Next, the probeis scanned acrossareference
block with an EDM notch to determine the response from the notch.  The amplitude from the notch is
recorded as the "required amplitude” for that geometry scanplan. All subsequent scans of that geometry
require gain cdibration to adjust the response from asimilar EDM notch to the "required amplitude.”

To determinethe actud system sengtivity to fatigue cracks, reliability testsare conducted using test
coupons ( morecommonly known asrdliability specimens). Therdiability specimensare made of thesame
dloys used in the engine components and contain one or more fatigue cracks. Reliability scan plans, with
eddy current system settings approximeting those used in scan plans of engine components, arewritten for
the reliability specimens. The probability of detection (POD) results from the rdigbility tests give some
indght into how the sysem will perform on engine components. However, it isimportant to understand
that the reliability test scan plans are not the same as the scan plans used on engine components. Critical
parameters such as probe scanning speed, signd filters, thresholds, Signd averaging routines, step Sizes,
etc. are different between the reliability scan plans and the actua engine component ingpection scan plans

Reliability specimens require short, linear scans.  Engine components are rotated on a turntable.
Gengdly, it isnot posshle to use identical settings between the reliability scan plans and engine part
ingpections, largely because of the geometry difference of the two test objects. This difference causes
numerous differencesin the scan plans, and thus the crack detection sengtivities. Of importance for this
proposal isthe understanding that cdibration on the calibration blocks is achieved usng the same scanning
moations as is done on the reliability specimens. Thus, gain cdibration acquires the sgnd from the EDM
notch in amanner smilar to the scanning of religbility specimens, but unlike the actud ingpection of engine
components.

Attempts have beenmadeto correlate the sengtivity of the eddy current syssems determined using
relidbility specimens (with actud fatigue cracks) to the engine part scan plans. The andyss is very
complicated and conclusions about the corration are uncertain . The EDM _notches serve only as a
vehide for conveying the system sengtivity determined in the laboratory to the day-to-day set up of each
eddy current system at the ALCs.




Appendix B
Proposed Objectives and Goals

The objectives of the proposed program were:

1) Increasethe rdiability of the gain calibration process,

2) Achieve higher ingpection throughput by decreasing cdibration time,

3) Reducetheproperty control and reference stlandard utilization logistics problems associated with
very large numbers of reference standards and EDM notches,

4) Reduce the costs of acquiring reference standards, and

5) Allowcdibrationto havethe same setup parameters asthe actua engine component inspections.

Increasing gain cdibretion reliability. The station-to-station variation thet occursin gain cdibration can be
reduced through the development and implementation of a highly reproducible gain cdibration artifact.
Additiondly, the variation will decrease if the artifact is large compared with the diameter of the eddy
current coils. The proposed research and development will identify, and implement in an AL C-acceptable
manner, acdibration artifact (not an EDM notch) that can be exactly duplicated.

| ncrease ingpection throughput. By using along artifact the time spent during cdibration will be significantly
reduced. A typicd complex engine component may use as many as eight different surface probes, each
requiring cdibration before use. Using current calibration techniques over one hour of ingpection timeis
gpent on the calibration process for each engine part! UDRI proposes changesin the calibration concept
that concelvably could reduce cdibration times by an order of magnitude.

Reduce property control and reference standard utilization problems. UDRI isproposing the devel opment
of areproducible gain cdibration artifact that can be used for al surface probes, and potentidly al bolt hole
probes. Itisconceivablethat each eddy current station will have only one gain cdlibration artifact. Phase
cdibration will dill requireasmall block of materia having the same conductivity asthe engine component,
but only one smdl block may be required per materid type.

Cost Reduction. The number of reference stlandards potentialy could be reduced from over 1000to less
than 200. This assumes that one gain cdlibration artifact is needed per station and 3-4 phase cdibration
blocks are required per station.

Equivaent cdibration and ingpection setups. Aswill be explained in more detall in the following sections,
UDRI's concept of asingle, reproducible cdibration artifact may lend itsdf to the credtion of a spinning
reference standard. Thiswould alow ingpection settings such ashigh and low passfilters, scanning speeds,
and signa processing parameters (there are severd) to be identica between calibration and inspection.
This should improve the station-to-station repeatability. It aso may create atighter link between the part
ingpection parameters and the riability ingpection parameters because the mechanism (gain cdibration)
that trandfers the system sengtivity information partly derived from the rigbility tests, would be the same
as the actud part inspections.



Appendix C
Specifications for Eddy Current Data Acquisition System

---------- Eddy Current Scan System Block Diagram ---------

To — X-Y-Turntable
Motors —Motion Controller

Eddy Current H A/D Converter fPentium PC
Insrument I/
Bolt Hole Scanner Rotation Data Filtering,
Scanner Controller Processing, Display

andV & H Storage

—1Both RFC surface and bolt hole
probes interchangeable in bolt
hole scanner holder

hwox vl

Eddy Current Instrument:
(1) The EC ingtrument must have sengtivity, Sgna-to-noise ratio and a sdection of filters and gains
smilar to the Staveley or Nortec 251 instrument which is used in RFC eddy current systems.
(2) Variable low pass, high pass or bandpass filters for both the vertica and horizonta impedance
plane sgnds
(3) Adjustable gainsin the range of 0-90 dB.
(4) Minimum frequency range of 100 Hz to 6 MHz.
(5) The probe drive must be cgpable of fully driving RFC probesin both reflection absolute and
reflection differentia mode.
(6) Theinstrument must have both horizonta and vertica outputs to the A/D.
(7) A 4-wire dectricd connection is required from the EC instrument to the bolt hole scanner: 1)
Receive-0 degrees, 2) Drive, 3) Common, and 4) Receive-180 degrees.
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A/D Converter:
(D) A 2 channd A/D digitizer within the PC will interface the eddy current instrument’ s vertica
and horizontal sgnasto the PC.
(2) The A/D resolution must be at least 12-bits with a digitization rate of at least 10,000 sps or
higher.

Bolt Hole Scanner and Holder:
Note: RFC eddy current probe dimensional, mechanica, and dectrical specifications can be obtained
from the following sources:

Systems Research Laboratories UniWest

2800 Indian Ripple Road 1021 N. Kellogg

Dayton, OH 45440 Kennewick, WA 99336
(513) 426-6000 (509) 783-0680

Attn: Mark Gehlen

(1) Both RFC type surface probes and rotating RFC type bolt hole probes must be mechanically
accepted by the probe holder/scanner. Quote any additiond costs (if any) to interface the RFC
style probes to the scanner.

(2) The rotating probe holder must rotate the probe to any position with 0.5 degree resolution and
1.0 degree accuracy. The probe must spin a aminimum of 200 r.p.m. Rotation speeds up to
1500 r.p.m. are highly desired.

(3) A 4-wire dectrica connection is required from the scanner to the EC instrument and from the
scanner to probe 1) Receive-0 degrees, 2) Drive, 3) Common, and 4) Receive-180 degrees.
(4) No Z-axisindexing of the probe by the bolt hole scanner isrequired. However, ameansto
adjust the z-axisto afixed position manualy is required.

Bolt Hole Scanner Controller:
Note: The bolt hole scanner controller “may” be supplied as an integrd part of the eddy current
ingrument.
(1) Must maintain r.p.m. constant at a selected val ue between 200 and 1500 r.p.m.
(2) A spin/rotate switch (or other means of stopping the spin of the probe) must be provided so
that rotation may be turned off while using surface probes. A manually operated switch is
aufficient.
(3) A once per revolution sync pulse must be provided to indicate start/end of arotation for data
acquigtion.



Eddy Current Probes:

RFC Probes are not a part of this request for quotes and will be purchased at alater time. However the
RFC probe must be considered in interfacing it to the scanner and holder.
(1) RFC style probe body and connector.
(2) Operate in reflection aosolute or reflection differentia mode.
(3) A 4-wire eectricd connection is required from the scanner/holder to the RFC probe: 1)
Receive-0 degrees, 2) Drive, 3) Common, and 4) Receive-180 degrees.
(4) Cail diameter = 0.080 +- .005 inches.
X-Y Scanning System:
(1) The Z axismust provide at least 8 inches of travel in height and capable of being adjusted
manually to the desired pogition. The z-axis must be perpendicular to the x-y axes plane.
(2) The x-y-z axes configuration must be capable of supporting and moving at least an 8 pound
load attached to the z-axis.
(3) The X and Y axes must be motorized and with computer control. provide an active raster type
scan area of at least 12 inches by 12 inches with aresolution and repeatability of at least 0.001
inches.
(3) Servo motors are preferred on each axisin order to minimize electrical noise.
(4) The X and Y axis maximum scan peed should be at least 1 inch per second.

Turntable Scanning System:
(1) The turntable must be at least 6 inchesin diameter and capable of operation at any speed from
0.5t0 60 r.p.m. (maximum r.p.m. depends upon diameter: 12 inch diameter a 30 r.p.m.).
(2) The turntable speed may be adjusted under either manua or computer control (either is
acceptable).
(3) A once per revolution posgition pulse must be provided to synchronize the turntable rotation to
the data acquisition system.
(4) The turntable must be capable of supporting aminimum weight of 5 pounds.

Software for Data Acquisition/ Analysis/ Display/ Storage:
(1) Software for control of the eddy current instrument.
(2) Software for control and synchronization of the A/D converter and motorized scanning system
with the EC ingrument. This includes the scanner sync pulse and the once per revolution turntable
pulse.
(3) Impedance plane display software with the ahility to rotate the impedance plane continuoudy
(0-360 degrees) with ether the EC instrument controls or software. The impedance plane signd
shdl be displayed in rectangular coordinates.
(4) Provide full waveform capture capability of both the vertica and horizonta components of the
impedance plane sgnd.
(5) A minimum of 30 seconds of data must be stored to disk from both the horizontal and vertica
channdls.



(6) Software for separate strip chart display (vertical or horizontal impedance plane components
versus time) and data storage of both the vertica and horizontal components of the impedance
planesgnd.

(7) The bolt hole scanner mode will use the SAM E impedance plane display and data storage of
vertica and horizonta outputs as used by the surface probes.

(8) Data storage on the hard disk must conform to an industry “standard” recognized formet to
dlow data analyss and image display by other computer software including databases and image
display software. Asaminimum, data formats should be selectable between 16-bit binary and
ASCII.

(9) C-scan acquisition/display software (Quote as Optional).

Computer System (Optional if supplied by UDRI):
(1) Intel Pentium processor, 120 MHz or faster clock speed with I1SA and PCI backplanes
(desktop or tower case).
(2) 16 Mbyte of RAM
(3) 32/2 inch floppy drive 1.44 Mbyte.
(4) 1 Gigabyte or greater hard disk drive. EIDE or SCS based PCI interface preferred.
(5) 15 or 17 inch SVGA color monitor (PCI interface preferred) and 101 key enhanced
keyboard.
(6) Operating system software: Windows 95 highly preferred. DOS 6.22 or higher and Windows
for Workgroups 3.11 or higher is acceptable only if required by the eddy current software.

Documentation:
(2) Full dectrica and mechanicd drawings for al sysem components.
(2) Operaing and maintenance manuas for al system components.



Appendix D
Properties of MACOR®

Supplied by:

Accuratus Corporation
H.D. 4, Brass Castle Road, Washington, New Jersey 07882
(908) 6890850 Fax (908) 689-8794



MACOR® - (Isotropic Glass - Ceramic)

MACOR® is cast as a fluorine rich glass with a composition approaching that of trisilicic fluorophlogopite
mica (KMg,AlSi;O,4F,). Upon cooling from the melt, the glass spontaneously phase separates into fluorine rich
droplets. Subsequent controlled heating to devitrify the glass causes a series of morphological changes
ultimately resulting in the formation of randomly oriented, sheet-like fluorophlogopite mica crystals in the
alumino-borosilicate glass matrix. The volume percent crystallinity after heat treatment is approximately 55%
with an average grain size of less than 20 microns.

MACOR® possesses a number of interesting material properties, one of which is its machinability using
standard metal working tools. It is a fully dense body requiring no firing after machining so that tolerances of
.0005" are easily maintained. It has a very high dielectric strength and moderate dielectric constant. It exhibits
good thermal shock resistance and fracture toughness when compared to glasses with similar mechanical and
thermal properties.

MACOR® is usable in an air atmosphere to 1000EC. In vacuum systems, where the temperature exceeds
600EC, fluorine is evolved. This is a temperature dependent phenomenon with BF3 forming initially followed by
HF as the fluorine reacts with residual water in the system. MACOR® is attacked by halogen acids at elevated
temperatures but shows a much lower weight loss when exposed to sodium hydroxide. Alkali salts have a
negligible effect. Some applications for MACOR® include high voltage insulators and feedthroughs, thermal
insulators, complex geometry high temperature mechanical supports and biocompatible implants.

The following technical data were obtained by Corning Glass Works.

* Room temperature val ues except as noted
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TEST METHOD/
ATTRIBUTE MEASUREMENT* VALUE
PHYSICAL
Bulk Density g/en?? 252
Hardness Knoop 100g 250
Melting Point Not Applicable
Color White
Crystal Morphology 45% vitreous
55% monoclinic
MECHANICAL
Y oung's Modulus 10° psi 9.3
Compressive Strength 10° psi 50
Flexura Strength 10%psi 136
Poisson's Ratio 0.26
THERMAL
Thermal Conductivity W/nmEK 17
Specific Heat cal/gEC 0.18
Coefficient of Expansion 10¢/EC (25FC-400EC) 9.4
Maximum Use Temperature No Load 1000EC
ELECTRICAL
Dielectric Constant 10KHz 592
8.6GHz 5.68
Dielectric Loss Tangent 10KHz 0.003
8.6GHz 0.007
Dielectric Strength 1/4" thick 450
voltg.001" (A.C.)
Volume Resistivity ohm.cm?/cm(D.C)) >10"
TeVdue Volume Res=10%hm >500EC



Appendix E
M echanical Drawing of Standard RFC Calibration Block
and Modificationsfor Wire Artifact Process
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Waspaloy (PWA-1016) Flat Plate, Scan Plan: IN100-FP-20T, Transverse

Appendix F
Reliability Test Results

2 MHz Probe #3872, Threshold: 100Data Acquired: 10-12 June 1998

Probe S/N 15077

Calibration Block

Set S/IN Surface | Depth |Master-7| B09-7 B11-7 B12-7 B16-7
1 Top 6.7 310 352 356 304 374
3 Top 9.3 642 616 613 635 646
5 Bottom 13.9 1106 1097 1120 1077 1243

A 7 Top 21.1 3137 3176 3216 3142 3309
9 Bottom 10 665 655 690 682 711
10 Top 6 233 268 261 221 267
11 Bottom 15.2 1060 1084 1091 1073 1249
13 Top 8.7 375 394 387 386 407
14 Bottom 6 211 218 236 226 262
15 Top 17.8 1892 1843 1833 1906 1948
17 Bottom 10.6 787 779 813 828 870

B 20 Top 13.2 1199 1205 1176 1246 1232
21 Bottom 5.4 371 350 324 393 403
22 Top 23 4073 4078 4060 4222 4245
23 Top 11.9 911 914 953 949 972

Probe S/N 15078 Calibration Block

Set SIN Surface | Depth [Master-8 B09-8 B11-8 | B12-8 B16-8
1 Top 6.7 337 399 411 336 418
3 Top 9.3 732 781 772 884 906
5 Bottom 13.9 1020 1242 1198 1303 1276

A 7 Top 21.1 3378 3340 3171 3360 3917
9 Bottom 10 716 871 842 798 882
10 Top 6 243 279 298 316 274
11 Bottom 15.2 1293 1414 1365 1446 1565
13 Top 8.7 457 465 440 462 483
14 Bottom 6 283 284 283 248 350
15 Top 17.8 2219 2328 2225 2367 2660
17 Bottom 10.6 832 875 819 1011 945

B 20 Top 13.2 1564 1655 1555 1679 1630
21 Bottom 5.4 401 441 377 425 466
22 Top 23 4541 4845 4596 4515 5199
23 Top 11.9 1100 1191 1166 1243 1419




Waspaloy (PWA-1016) Flat Plate, Scan Plan: IN100-FP-20T, Transver se

6 MHz Probe# 4005, Threshold: 100

Data Acquired: 8 July 1998

Probe S/N 13652

Calibration Block

Set S/N Surface | Depth Master B0O9 B11 B12 B16
1 Top 6.7 351 342 332 312 342

3 Top 9.3 600 591 557 570 648

5 Bottom 13.9 1059 1093 1046 1051 1097

A 7 Top 21.1 2860 2906 2764 2761 2921
9 Bottom 10 576 584 559 551 593

10 Top 6 227 251 236 216 234

11 Bottom 15.2 1100 1107 1029 1045 1107

13 Top 8.7 346 362 328 346 366

14 Bottom 6 228 229 240 217 245

15 Top 17.8 1784 1986 1983 1957 2047

17 Bottom 10.6 771 737 740 745 791

18 Bottom 7.3 389 383 381 382 410

B 20 Top 13.2 1157 1294 1297 1260 1356
21 Bottom 54 367 358 378 362 362

22 Top 23 3428 3778 3777 3745 4007

23 Top 11.9 810 911 901 897 984

Probe S/N 13653 Calibration Block

Set S/IN Surface | Depth Master B09 B11 B12 B16
1 Top 6.7 344 390 322 335 325

3 Top 9.3 600 723 609 642 607

5 Bottom 13.9 965 934 863 924 927

A 7 Top 21.1 3138 2929 2662 2863 2662
9 Bottom 10 525 679 560 558 587

10 Top 6 320 261 248 268 244

11 Bottom 15.2 1111 1085 1000 1086 1006

13 Top 8.7 340 402 393 418 350

14 Bottom 6 234 231 213 230 250

15 Top 17.8 2105 1747 1766 1745 1751

17 Bottom 10.6 685 656 674 683 637

18 Bottom 7.3 378 414 400 369 380

B 20 Top 13.2 1432 1222 1248 1233 1194
21 Bottom 5.4 359 368 352 348 337

22 Top 23 4152 3601 3655 3639 3608

23 Top 11.9 981 890 894 924 872
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Appendix G

Results of the Eddy Current Probe Shoe Wear Testson the Surface of the

MACOR® Substrate, Wire Artifact, Calibration Blocks

NT-2000 Vertical Scanning Interferometry

Light reflected from a reference mirror combines with light reflected from a sample to produce
interference fringes.

In VSI mode, white-light is not filtered, and the degree of fringe modulation, or coherence, is
measured. This differsfrom Phase-Shifting Interferometry where the phase of the interference fringes
ismeasured.

I nspection setup performance specifications

Magnification 25X

Field of view 24mmx 1.8 mm
Spatia sampling interval 3.92 um

Vertical resolution 3 nm

Calibration Artifacts subjected to the “wear test” were inspected at prescribed intervals:
1000, 5,000, 10,000, 50,000, 100,000, and 200,000 cycles.

Inspections included the direction of the scanning probe shoe and transverse to scanning shoe.

Surface Profile after 100,000 cycles
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Notes:

The red profile was taken along the long axis of the block. The peak represents the wire artifact
protruding approximately 0.014 mm (~ 0.0005 inches) above the surface of the block. The blue profile was
taken perpendicular to the probe shoe scanning path. Three groves are evident. The two deepest
grooves are approximately 0.002 mm (~ 0.00008 inches) deep.
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