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FOREWORD

This is the first yea:'s final report in partial fulfillment of contract
F33615-69-C-1623. Tnis work is being carried out under project 7351 of the
Processing and NDT Branch, Metals and Ceramics Division of the Air Force
Materials Lab. Mr., William Shelton, MAMN, is the AFML Project Engineer.

This report summarizes the progress to date and presents plans and
recommendations for the remainder of the program.

Thir work is being conducted within the Aeromechanics and Materials
Laboratory of the Research and Engineering Department of the Re-entry and
Environmental Systems Division, General Electric Company. The principal
investigator and author of this report is Arthur E. Oaks of the Materials
Performance Laboratory of the Materials Laboratory Operation. Other contri-
butors to this work z2re R. Stinebring, P. Bolinger and E. Balbirnie. Companies
cooperating in procuring special materials for this work are Union Carbide-
Parma and POCO Graphite, inc.

This technical report has been reviewed and is approved.

Thomas D. Cooper
Chief Processessing and NDT Branch
Metals and Ceramics Division
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AESTRACT

This report summarizes the first year's effort to develop more
sensitive techniques for detecting and evaluating flaws in graphite.
On the basis of preliminary studies, it was concluded that the po-
tential areas of improvement in the state-of-the-art lay both in the
interrogative and interpretative aspects of NDT - that is in the
techniques of introducing the test energy and generating the test sig-
nal on one hand,and extracting it from other non-information bearing
or noise signals on the other, In regard to improved interrogative
techniques particular emphasis was placed upon developing a better
understanding and control of ultrasonic focused pulse echo inspection
techniques to provide maximum response to small defects and the demon-
stration of the feasibility of delta scan ultrasonic inspection for
ATJ-S and AXF-9Q grades of graphite. Other areas of interest for this
work were an investigation of laminographic X-ray techniques and a
basic definition of eddy current parameters leauing to a possible
application of pulsed eddy current techniques to graphite inspection.
In the area of interpretation, primary emphasis was on improved tech-
niques for the deliniation of small defects on x-ray images and the - spli-
cation of signal processing, especially spectrum analvsis, technique.
for analyzing the ultrasonic responses received from various types of
defects in graphite. Results of the first year's work have defined the
limitations of "conventional" pulse echo testing and demonstrated the
basic feasibil.ty of delta inspection for graphite inspection. A
listing of advanced techniques for x-ray film enhancement is also in-
c luded.

Next year's work will explore more fully the area of utility of
the delta system and spectrum analysis for ultrasonic inspection.
Efforts will also be made to evaluate myre fully the capabilities of a
modified laminographic for advanced applications such as graphite
bonded to pyrolytic graphite for nose tips and rocket nozzles.
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SUMMARY OF EXPERIMENTAL STUDIES

The intert of thits prongram is to evaluate a number of advanced.NB¥ approaches.
These covered a variety of i-terrogative techniques in the general areas of
ultrasonic, radiographic and eddy current inspection. In addition, seveval
potentially fruitful approaches to improved interpretation of the signals
produced by these methods were evaluated. The main section of this report
covers this effort in detail. This section is intended to present a short
summary describing the individual techniques considered and an appraisal to
date of its potential for graphite inspection.

NONDESTRUCTIVE TEST METHODS
ULTRASONICS

Focal Planc Inspection

Advantages

Adaptable to all present ultrasonic test systems used for graphite inspection.
Provides maximum sensitivity obtainable in shapes as well as flat specimens.

Disadvantages

Requires C scan capability for permanent records. Subject to degradation
by inherent noise level in graphite so applicability is best in fine
grain materials. Focal plane of transducer: necessary extends only

one to two inches deep so value of application tn large billets is
questionable. Shallow depth of field of focal plane (~ 1/4") will
necessitate multiple inspection for best results.

Resolution & Sensitivity Factors

In ATJ-S,flat bottomed holes 0.030" dia. can be detected. In AXF-9Q
sensitivity to flat bottomed holes is™~ 0.015" dia. Analysis of sonic
reflection phenomena indicates individual spnerical pores need to be
somewhat larger for equivalent response.

Ease of Interpretation

In AXF-9Q,response from artifical defects is guite strong with a minimum
of spurious signals. 1In ATJ-S also get strong responses but internal
noise degrades total quality of inspection.

Potential for Application of Signal Processing

Excellent. Transducer signal can be easily picked up for outside analvsis
of phase and spectral characteristics. Degree of improvement may be

quite substantial since material noise signals appear to have different
characteristics than true defects. The use of better quality
instrumeitation will also eliminate nonlinearity and other forms

of test unit induced signal degradation.



f. &

Implementation Problems

Basic approach can be readily implemented at low cost on all immersion
test systems. For more refined analyses at least one high frequency

( 7715 MHz) oscilloscope is needed to isolate defect signals. Good
standards are always a problem,

DELTA SCAN

Advantages

Appears to eliminate front and back echoes and much of baseline noise
so that the only signals received come from artificial defects. Delta
angle does not appeer to be critical (within limits). Can be adapted
to immersion systems in use today at very low cost. Mode conversion
aspects may eliminate problems from material noise in output.

Disadvantages

Requires C scan capability for permanent records. Awkward test
setup slows analysis. Variable velocity characteristics may
create problems in defining location of defects.

Resolution and Sensitivity Factors

Not yet determined. Tests still in progress. Analysis underway
to determine effects of defect shape on results obtained.

Ease Of Interpretaticn

Elimination of many background signals improves ease of interpretation
in AXF-9Q. Degrea of improvement in ATJ-S not yet determined.

Potential for Application of Signal Processing

Would appear to be quite good. Mode conversion aspect of test may provide
unique defect signature as opposed to material noise, Analyticel
capabilities applied to focal piane studies are applicable here. Exact
potential now being evaluated.

Implementation Problems

Need special delta scanner. May require auxilliary capabilities for
definitive analysis. Good standards will be a problem.

ACOUSTIC HOLOGRAPHY

Advantages

Permits visuaiization of ultrasonic beam and information in it.

Disadvantages

Currentiy unable to work with highly attenuating/scattering materials
Needs further improvement fcr graphite




RADIOGRAPHY

LAMINOGRAPHY

Advantages

Can be used to isolate small volumes of material for more definitive
detectability,display and analysis. Should improve detectability
of smaller flaws in structure.

Disadrantages

Requires special setup and equipment for implementation. Adaptability
to shapes and very thick sections uncertain. Slower than conventional
x-ray methods and will require several exposures for complete evaluation
of material.

Advanced 1ITRI system is capable of resolving 0.7 mi! cracks in printed
circuits and has 4 mil vertical resolution. Ffor thicker sections (*1 to 3")
degradation caused by scatter may be limiting factor.

Ease of Interpretation

Superior to conventional radiography since ratio of defect thickness to
section thickness is improved and confusion of superimposed defects is
removed.

Potential Application of Signal Processing

Films can be treated by contrast enhancement methods (see next page).
Non- film techniques using instrumentated detectors could be adapted for
remote readouts.

Implementation Problems

Requires precision assembly for optimum performance.

FILM ENHANCEMENT

Advantages
Can easily double percent sensitivity obtainable. Many degrees of
sophistication available. Greatly improve ease of inspection. Dces

not damage or alter original film.

Disadvantages

Cost cf some units is high. X-ray techniques must be carefully
performed to permit maximum freedom from scatter, fog and other sources
of image degradation on film. Has all basic deficiencies of radio-
graphy for crack detection.




Resolutior and Sensitivity Factors

Depends on quality of original film. With good film,output limited
only by sensitivity of eye to image changes and ability of detector to
sense input changes. Film unsharpness is limiting factor for higher
voltage applications.

Ease of Interpretation

May require some special training to relate enhanced images to original.

Potential for Applicationof Signal Processing

Many techniques now used on more sophisticated approaches. Edge enhance-
ment, color conversion and digital analysis have all been used in these
studies. Holographic interferometry appears to have only limited
potential.

Implementation problems

Basically none except that some methods are limited to film densities
below 3.0.

EDDY CURRENT

Advartages

Best method for near surface defects. Fairly easy to apply. Adaptable
to curved surfaces. Many advanced techniques available.

Disadvantages

Interpretation affected by non-discrepant material variations. Cos*t of
equipment fairly high. Development of special techniques often requires
personnel with advanced training. Graphite structure complex and conduct-
ivity low which appears to reduce response as compared to metals.

Resolution and Sensitivity Factors

Depth of penetration function of frequency. Advanced system now being
built. Evaluation not yet started.

Ease of Interpretation

'

Will need good standards and understanding of response to evaluate changes
occurring.

Potential for Application of Signal Processing

Excellent. Many advanced techniques available. Multifrequency and
pulsed techniques look very promising.

Implementation Problem

Instrumentation still in state of development. Cost is relatively high
and may require specific design for graphite inspection. 1



IGNAL ESS TECHNIQUES

FREQUENCY DOMAIN ANALYSIS

Characterization of Information

Breaks down composite AC signal from transducer or receiver into
individual frequency components. Spectra from different internal
conditions tend to be different, allowing better discrimination between
real and spurious signals.

Interface Problems

Requires additional instrumentation to develop and display spectra.
Impedance matching very important.

Readout Problems

None, if system properly matched.

Applicability of Machine vs. Human Interpretation

If signals of interest can be characterized, computer interpretation is
possible. This also would allow scanning. Human interpretation is
slow but necessary in beginning. Off line processing is possible

with taped or photographed displays.

Degree of Improvement Possjble

Potential is good for enhancing interpretation and understanding of
ultrasonic and possibly eddy current data.

SIGNAL INTEGRATION

Characterization of Information

Depends on random nature of electronic noise to integrate to zero
while true signals are additive.

Interface Problems ‘

Requires special instrumentaticn. Also needs speciil scanning techniques
to eliminate background noise in material.

Readout Problems

Work reported by Boeing indicates results are fairly straightforward if
properly implemented.



Applicability of Machine vs. Huyman Interpretation

Output can be fed into printer for C scan map or visual interpretation
of scope output.

Degree of Improvement Offered

In cases where background noise reduces signal level to uninterpretable

levels, considerable improvement may be possible especially for ultra-
sonic inspection.

RADIOGRAPHIC SPATIAL FILTRATION

Characterization of Information

Acts to eliminate respective background information from radiographs of
complex materials thus increasing sensitivity to material differences.

Interface Problems

Completely off-line. Must be able to characterize signals of interest
and those to be elimina’.ed. Not felt to be applicable to graphite but
might be useful for composite evaluation.
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INTRODUCTION

As a result of studies leading to the development of advanced materials
for high temperature applications, it became quite evident that the potential
of graphite for such use was not being realized. In spite of much work to develop
improved species of graphite and the use of advanced NDT techniques to predict
materials properties, fabricated sections were still failing at thermal and
mechanical stress levels well below those expected. Detailed examination of the
failed parts showed clearly that in many cases, failure initiated at the site of
a pre-existing small defect such as a crack or void in the graphite structure.
Although considerable effort has been expended to improve the capabilities of
the state-of-the-art techniques now used for flaw detection in graphite these
have still proved to be inadequate for the needs at hand. Consequently, it
was agreed that new approaches to flaw detection in graphite should be investigated
The purpose of this program is to perform such an investigation. This report is
a summary of the studies performed and progress to date.



BASIC TEST APPROACH

The GE program for developing new and refined NDT techniques for graphite
is based on several premises.

The first of these is that any NDT method usually can be divided into
two separate and often quite distinct phases - interrogation and interpretation -
and that such a separation can lead to a variety of advantages,

Interrogation deals with the different techniques for introducing the
various forms of energy used as the basis for most NDT methods into the material
being tested and the generation of the particular energy-material interaction
which creates the test signal desired for subsequent analysis and part disposition.
Interpretation on the other hand deals with the treatment of the generated test
signal to enhance and/or extract the desired information that is, in fact, the
"test”. In many cases interpretation is merely the looking at and mental analvsis
of some form of displayed signal.

This separation of an NDT method into these two areas opens up many
possibilities for improved inspection procedures. In "interpretation", for
example, it becomes possible to employ a wide variety of electronic and optical
techniques for enhancing "signal/noise ratios,'" suppressing unwanted signals
("'noise") or converting one desired signal into another which is more readily
interpretable. In interrogation we can select basic approaches which are likely
to create a maximized response from the condition being sought.

The second premise upon which this work is based is that although the
enhanced methods developed will tend to improve the detectability of defects
at the billet stage; their best area of applicatior will be with the relatively
thin sections of partiaily or finished machined pa>ts when the condition sought
represents a larger percentage of the gross volume inspected. While this
represents a departure from the conventional NDT approach of moving inspection
forward in the process, it also maximizes the chances of detecting those conditions
which, to date, have been compromising graphite's utility for critical high

temperature applications.

Because this program involves the evaluation of a wide variety of techniques,
certain restrictions were necessary to keep it within manageable limits.
Consequently, it was decided to place initial maximum emphasis on the ultrasonic
aspects of interrogation and on those interpretative methods most suited to act
as adjuncts to it. At the same time certain basic studies in radiography and
eddy current techniques were to be undertaken so as to phase the positive aspects
of the studies into the program downstream of the ultrasonic studies. The
general timing of these efforts is shown in the attached flow charts which
present the program plan for the two year duration of this contract. The
rationale for the selection of the individual mcthoas selected was described in
great detail in the first quarterly report. This £final report describes the
progress recorded in evaluating the potential of the several approaches

discussed at that time.




1 SCOPE OF STUDIES

As described above, this program is to consider both the interrogative
and interpretative aspect: of NDT as applied to graphite. In the former aspect
the objective is to look at methods which lend themselves to the inspection of
relatively small, discrete areas or volumes of material in a larger specimen,
In the iatter we are wnrking with techniques for extracting desired information
from a complex signal. The objective of these studies is to improve the ability
to detect flaws or discrepancies in graphite. Estimation of the significance of
the conditions found in terms of performance capability reduction is not included
in this work.

In regard to the interrogative studies the bulk of the efforts to date have
been confined to ultrasonic studies. In this area three basic concepts were
selected for evaluation:

"Hislop" Iocal plare inspecticn (1)
Delta inspection (2)
Acoustic holography (3)

0O oP

As adjuncts to these studies three interpretative methods were also selected
for prime consideration:

a. Frequency domain analysis (4)
b. Signal integration (5)
¢. Schlieren studies (6)

Other interrogative/interpretative techniques selected for investigation were:

a. Laminography (7)
b. Contrast enhancement (8)
c. Pulsed eddy current techniques (9)

Each of these methods has been described in the literature Lut with one or
two exceptions they had not been applied to the prcblems of graphite. It was
felt that each of them offered some advantage in interrogating the material and/or
interpreting the results. Short discussions and illustrations of the principics
behind each of these methods are contained in the discussion section of this report.

In the performance of these studies certain modifications were made to
existing equipment to increase their utility for this program. Along this line a
precision scanner and small biliet holder were assembled and alterations were
also started on our ultrasonic generating equipment. The latter has as its objective
the improvement of our abil‘ty to canture unprocessed and semi-processed signals
for external analysis. These modifications are described in the text.




II MATERIAL

Althcugh this work is intended to be applicable to all grades of graphite of
aercspace interest it was obvious that from the practical peint of view only a
few types would be specifically considered. Consequently, it was decided to
limit the study to one fine grain isostatic grade graphite and fine-to-medium grain
compression molded grade of graphite. POCO AXF-9Q and Union Carbide ATJ-S
respectively were designated as being representative of the grades of most interest
for aerospace applications. Fiom the NDT point of view, the structural differences
in these materials created their own special problems, particularly in ultrasonic
inspection. ATJ-S is accoustically quite noisy which, in practive limits the
hig est frequency used foi testing to about 2 % MHz. (Figure 1). For thicker
sections this velue is reduced to about * MHz. AXF-9Q is less dispersive so
that higher frequencies can be used. In this material 2 % MHz can be used for
5" dia. billets and even 5 MHz for thinner sections. All other things being
equal, defect sensitivity increases with frequency so it always is desired to
use the highest one permitting unambiguous interpretations.

While normal commerciui billets of these grades do, on occasion, -exhibit
natural defects, it was decided to maximize the changes of having '"natural"
defect conditions in the material by having special "marginal" billets prepared
for our use. For this purpose two billets of each grade were to be prepared
by sl.ghtly under and over filling the molds to produce close-to-spec. limit
low and high dens ty material. A third '"'standard" billet of each grade was
also procured.

Both the normal and "special' billets were to be processed together so that a
considerable perturbation was introduced into the timing of the studies anticipated.
The AXF-9Q billets took approximately six months for delivery while the ATJ-S
billets were not delivered unti! nine months after the start of the contract.
Therefore, in order to start work it was necessary to progcure material from
other sources. For this we were able to procure several 1" and 3" thick 8"
diameter discs of ATJ-S from commercial billets procured for other programs
in-house at the time. This upset the expected approach somewhat since it had
been planned on the basis of developing basic relationships of the finer grained,
less "noisy" AXF-9Q and then transferring the optimized techniques to the coarser,
noisier ATJ-S,

Preliminary ultrasonic examination of these discs showed them all to have
pronounced zonal velocity characteristics. 1In ali cases a center zone approximately
3-4 inches in diameter having a transverse ultrasonic velocity ~ 7% slower than
the outer zone was found. Furthermore at the interface of the two zones
there was an annular ring 1/8" to 1/4" wide which completely absorbed the sound
energy - it was acoustically Jdead (Fig. 2). These conditions created some
problems in the subsequent studies but once their presence was known it was
possible to work around them for most purposes. (See Below).

10




Run #3

Run #4

FIGURE 1

Reccrdings of Noise from ATJ Graphite
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2 1/4 MHz scan of 1" slab of ATJ-S graphite

Recording gate set for signals originating from 3/4" deep to

back surface echo in material (Plane of flat bottom holes is
374" deep).

Recording gate set for 1/2 - 374" (just in front defect signals)
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Run 5 Recording gate set 1/4 to 1/2"deep
Run 6 Recording gate set from just after top surface echo to ~ 1/4'"deep

All runs made with same transducer to material distance and control settings.
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Figure 2b

Veiocity Shift in 2TJ-S Graphite Showing Dead Zone
Velocity shift illustrated is approx. 8%

Quter Zone

Dead Zone

inner Zcone
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111 LITERATURE AND INDUSTRY SURVEY

In order to factor the latest advancements from other NDT organizations
into this program, a formal literature and industry review was organized.
The literature search which included surveys from DOD/AMMRC, NASA and AEC
sources was largcly conducted during the first quarter. Over 1,000 pertinent
references were located and approximately 300 were ordered for permanent
retention and are now available in our files. Most cf these are unclassified
and have been cataloged and indexed by subject so that reasonably efficient
retrieval is possible. A small effort along this line can be expected to
continue for the balance of this program.

The literature survey was designed to complement a parallel program of
discussions with or visits to particular personnel conducting studies germane

to the work. These visits are considered desirable since the personnel concerned

are often more candid in person than in writing and written material may be
as much as six months to a year late in being published. During this period
discussions were held with representatives of a number of organizations
concerned with advanced NDT to discuss their work and evaluate its utility to
our interests (Table 1). These visits lead to several demonstrations or
feasibility studies which will be described in more detail in the appropriate
sections below.

TABLE |

Orgasiazation Personnel Purpose of Reeults
Visited Comtractad Visit

J. M. Criscione

pCC-Parm Arrangs for specisl Specisl billete provided.
5. N. Townsend  ,15.5 Billats. Rxplatn
& discuss potentisl
application of program.
o Dr. R, Wehnuanmn 3ema a8 UCC Same as UCC
CE-Syrscuss ¥, Pamn Discuss spplication $13,000 quote for small affort,
D. Dutfy of holographic tsch- Study defarred.
niques to this program
Army Materisl 0. (erricke To arrangs for spectral Studiss tadicata flews creats spectral
& Mechanics analysts studiss differencas in received signals.

Rssearch Conter
(AIKC)

Bolotrom, Imc. R. Mattra To arrange for accoustic First studies inconclusiva. Mors
hologrephy - udlas powsrful unit needed.
Il11s0ts Institute T. Mol'ar Purther discussions Suggestions to improve CE prototype
of Technology on Laminography systes. Action deferred.
Rssearch Institute
(I1TRI)
Naval Ordance D. Polansky Discussion of spetisl ¥ill try to arrange joint study at MOL
Laboratory filtration techniques
Neval Rassarch H. Chaskalis Discussion of ultra- Enhancad avaresness of squipment
Laboratory sonic equipment and degradation probleas
schlieren systea probleas.
Metal and R. Buckley Discussion of schiteren
Theretit systes probless
Mchonnall J. Cook Discussion of genaral Arrange Information sxchangs progras.
Douglas graphite NDT problems
Spatial Data Demonstrations of Method looks very prosising
Systess advanced coler
anhancemant msthod
for rsdiography
NASA-MSIC J. Besl Discuss advanced NDT Arrange {nformation axchange program
ssthods
Panmatrice, lnc. L. Lynnworth Discuss advanced They will kesp us up to date on

Hortac, Inc.

K. M. King

ultresonic ssthods

Desorstratlon of
advanced eddy current
unit

advanced squipsent and techrd ques en
they develop.

Untt procured for advenced studiss
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PRELIMINARY MATERIAL QUALIFICATION

While the special ATJ-S billets have arrived too recently for any extensive
evaluation work to be done with them, &s noted above it was possible to begin
the preliminary ultrasonic studies with other samples of this material. This
velocity shift condition created a probiem in setting up the ultrasonic tests
of these pieces since the position of the back echo and of certain constant
depth reference artifical defects wouid vary along the base line of the A scan
presentation depending upon which zone was being inspected. Since the recording
gage is fixed by a time reference to the front surface echo (and therefore
does net vary from zone to zone for a constant transducer to surface distance)
it was quite possible for a given defect indication to fall either inside or out-
side the gate depending upon which zone it wa:. in. To prevent this situation
from compromising th= results of the tests it was necessary to open the gate
wide enough to cover all contingencies. Since the focal plane technigue
(described below) may depend on precision gating to pick up the desired
signals and exclude noise this condition definitely imposes some extra difficulty
in implementing this technique. The extent to which this condition exists
in the special material produced for this program remains to be seen.

Preliminary inspection of the special POCO material showed no major surprises.
At the start of the program we were able to obtain two AXF-5Q billets originally
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