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Preface

Our ability to inspect aircraft components and assemblies during manufacture and during in-service maintenance has
important implications with respect to procurement and maintenance costs, as well as aircraft reliability and fleet readiness.
This was recognized by the Structures and Materials Panel in the carly 1970s and a Specialists’ Meeting on NDI Relationships
to Aircraft Design and Materials was organized and held in Voss, Norway in September 1977.

Since 1977, several NATO nations have acquired new aircraft embodying advanced design concepts, new material systems, and
novel manufacturing methods. This has led to a greater appreciation by the operators of the consequence of this advanced
technology on in-service inspection and maintenance. It may be expected that both positive and negative experiences have
occurred. For example, while composite materials are strong, stiff, corrosion resistant and resistant to fatigue under tension,
aircraft operators are now required to inspect large surface areas of composite wing and fuselage structure for internal
delaminations or bisbonds at metal/composite joints. Such inspections can be time consuming, difficult and expensive,
particularly when access is available only through one surface or through layers of adjacent structure. Also while crack-like
discontinuities in metals are invariably surface connected, flaws in composit °s can grow to critical dimensions while remaining
hidden.

During the past ten years many aircraft companic+ nd particularly the smaller companies have embarked upon technology
enhancement-programmes involving the developr ~nt of new design, material or manufacturing concepts. Opportunities to
exploit new concepts may be substantially influence d by the ability to inspect at a sufficient level of sensitivity and reliability to
allow the requirements of the airworthiness authorities to be established.

Through the activities of the R&D community during the sa.... .va year period, a greater understanding has developed of the
capabilities and limitations of many of the newly emergii o NDI . .hniques, and several new techniques have appeared that may
be of practical value to the design, manufacturing and operator ¢« mmunities.

AGARD-remains one of the few organizations able to effect a merging of the practical interests of the design, manufacturing
and operator communities with the more fundamental interests of the R&D community. It is perhaps the foremost organization
able to address this interplay on behalf of the aerospace community, and particularly with respect to military equipment.

The present meeting has been designed to review developments in non-destructive inspection applicable to the major
components and assemblies used in airframes, engines and their subsystems. An attempt has been made to provide a forum
through which representatives of the design, manufacturing, airworthiness and maintenance communities will be encouraged to
exchange opinions and information with the research and development community. Problems associated with new design
concepts, materials systems, and manufacturing methods will be highlighted and the ability of existing or emerging NDI
methods to respond to these problems will be examined.

The AGARD-SMP Subcommiittee responsible for this Specialists’ Meeting set out with five objectives:

1.  To review recent developments in the science and practice of non-destructive inspection, and to identify
opportunities whereby new techniques can be vsed to address problems of practical importance.

2. To review practical experience gained during the design, manufacture and operation of advanced aircraft structures
where non-destructive inspection technology created either an obstacle to progress or an opportunity for
advancement,

3. Toidentify outstanding needs for, or opportunities for the development of rew inspection methods.

4. Toidentify deficiencies with respect to available inspection equipment and the need for standardization with respect
to inspection equipment and devices.

5. To review both positive and negative experiences with efforts to transition new technology to applications, and to
examine efforts to expedite the implementation process.

We will leave readers to judge whether we have been successful in meeting these objectives, but certainly we have been very
successful in recognizing a vigorous field of activity. The Specialists’ Meeting was arranged in five sessions, and to include
twenty five papers from seven nations. The papers were selected from more than fifty that were offered, and selected to provide
both a reasonable national representation of the countries that wished to participate, and a reasonable cross-section of the
technical matters that are being addressed by these nations. There is no doubt that many other outstanding papers were not
included, and we send our apologies to the authors of those papers. We hope that they will, nevertheless, derive some value from
the Conference Proceedings. More than two hundred people registered to attend the 69th Meeting of the AGARD-SMP in
Brussels, when this Specialists’ Meeting was held, and the majority of these people have attended at least some part of the
Specialists’ Meeting. The meeting has obviously dealt with a very popular topic.

As the Chairman of this AGARD-SMP activity I would like to thank the Session Chairmen (Mr P.Ward — UK, Prof. C.Roy —
CA, Col. Dr-Ing J.M.Pintado — SP, Prof. L.J.Jacobs — US and Dr W.Schiitz — GE) for keeping their sessions on schedule and
on topic. I would like to thank all the authors for their time and effort in preparing and presenting the papers. I would like to
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offer a special word of thanks to the invited Rapporteurs, Dr L.Bond of University College, London, and Mr T.Cooper of
WRDC-WPAFB, Ohio, for accepting the very difficult task of summarizing the main findings of this meeting, and putting them
into perspective in light of other topics and technologies not reported here. Their observations, which are published as part of
the CP, will provide a basis for much further discussion within-the SMP. and indeed within NATO and among its member
nations.

W.Wallace, Chairman, AGARD-SMP
Subcommittee 43 on
Non-destructive Inspection
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Praéface

Nos compétences dans le domaine du contrdle des composants et des ensembles tant en cours de fabrication que lors des
opérations de maintenance courantes effectuées sur des avions en ordre d’exploitation ont des conséquences importantes pour
les colits d’approvisionnement et d'entretien, ainsi que pour la fiabilité et la disponibilité de la flotte. Le Panel AGARD des
Structures et Matériaux a compris 'importance de ce sujet au début des années 1970 et une réunion de spéciahistes sur les essais
non-destructifs a été organisée au mois de septembre 1977 a Voss, en Norvége.

Depuis 1977, plusieurs gouvernements des pays membres de 'OTAN ont acquis de nouveaux avions qui intégrent des principes
de conccption avancés, des nouvelles compositions des materiaux et des methodes de fabrication novatrices. L'une des
conséquences de cette démarche a été la sunsibilisation des opérateurs aux conséquences de ces technologies avancées pour la
maintenance et le contrdle en cours de fabrication. L'expérience s'est révélée tantot positive, tantot négative. A titre d’exemple,
si les matériaux composites sont robustes, rigides, résistants a la corrosion et a la fatigue sous traction, il est demandé au
personne! de maintenance de contrdler d'importantes surfaces de voilure et de fuselage réalisées en matériaux composites, afin
de détecter d'éventuels délaminages ou désassemblages au niveau des joints métal,‘composite. De tels controles sont longs,
difficiles et coliteux a réaliser, en particulier lorsque 'accés ne peut se faire que par une seule surface ou bien a la jonction entre
les différentes couches d'une structure avoisinante. En outre, a la différence des discontinuitCs de type fissures qui se produisent
dans les métaux, et qui vont jusqu'a apparaitre en surface de la picce, les failles dans les matériaux composites peuvent atteindre
des dimensions critiques tout en restant cachées.

Au cours des dix derniéres années, un certain nombre de constructeurs, et en particulier les plus petits, ont lancé des
programmes de changement de technologie qui comprennent le développement de nouveaux concepts de construction, de
matériaux et de fabrication, La possibilité d’exploiter ces nouveaux concepts pourra dépendre, dans une large mesure, de notre
capacité a effecteur des controles qui seraient suffisamment sensibles et fiables pour permettre I'établissement des
spécifications des services officiels.

"Les activités de la communauté de la recherche et du développement pendant cette décennie ont permis d'établir une meilleure
compréhension du potential et des limitationss de bon nombre des nouvelles techniques d'inspection non destructive dont
certaines séraient d'une grande utilité pour les concepteurs, fabricants et exploitants d'aéronefs.

AGARD reste Pune des rares organisations capable d'effectuer la synthése de I'intérét pratique des concepteurs, fabricants et

-exploitants avec celui de la communauté R&D, qui est de caractére plus fondamental. Elle est peut-étre aussi la premiere
organisation capable d'orchestrer ces effets réciproques au profit de la communauté aérospatiale, en particulier ¢n ce qui
-concerne le matériel militaire.

-Cette réunion a pour objet de faire le point des développements récents dans le domaine de l'inspection non destructive
-susceptibles d’étre appliqués aux principaux composants et ensembles entrant dans la construction des celiules, des moteurs et
de leurs sous-systémes. La réunion sert de forum, ol les représentants des communautés de la conception, la fabrication, la
navigabilité et la maintenance peuvent ¢changer des idées et des inform.uions avec la communauté R&D. Les problemes
afférents aux nouveaux concepts de construction, aux nouvelles compositions des matériaux et aux procédés de fabrication
seront examinés, ainsi que la valeur des méthodes d'inspection non destructive nouvelles ou existantes pour répondre a ces
difficultés.

Le sous-comité AGARD/SMP chargé de l'organisation de cette réunion s’est donné les cinq taches suivantes:
1. Faire le point des derniéres réalisations en ce qui concerne la théorie et Ia pratique de l'inspection non destructive et

signaler des possibilités de mise en application pratique pour les nouvelles techniques.

2. Passer en revue des cas concrets d'expérience acquise lors de la conception, la fabrication et I'exploitation de structures
d'aéronef avancées, ol la technologie de I'inspection non destructive a soit créé un obstacle, soit permis de progresser.

Définir les besoins en et ou, les possibilités pour le développement des nouvelles méthodes d'inspection.

4. Constater les imperfections éventuelles du matériel d'inspection disponible a Pheure actuclle et les besoins de
normalisation cn cc qui concernc les divers instruments ct équipements d'inspection.

5. Examiner I'expérience acquise, qui est tantot positive, tantot négative, en ce qui concerne la transition entre nouvelles
technologies et applications, et étudier les etforts qui sont faits pour accélérer la misc en ocuvre de ces technologies.

Nous laisserons au lecteur le soin de juger si nous nous sommes bien acquittés de ces taches, une chose est certaine, cest que
nous avons bien identifié un domaine d'activité en plein essor. Cettc réunion de spécialistes a ¢t¢ organisée en cing seances ct
comptait vingt cing présentations données par les représentants de sept pays différents. Celles-ci avaient €te sélectionnées
parmi la cinquantaine offertes, sur la base d'une juste répartition entre les pays qui voulaient y participer et d'un ecchantillonage
représentatif des sujets techniques ¢tudiés dans ces pays. Nous regrettons vivement de n'avoir pas pu y inclure d'autres
présentations que nous avons regues, d'une ualité remarquable. Nous présentons nos excuses aux auteurs en question. Nous




-espérons que les lecteurs tireront profit du compte-rendu de la conférence. Plus de deux cent personnes se sont inscrites pour la-

69eme réunion du Panel AGARD des Structures et-Matériaux a Bruxelles, dont:le programme incluait cette réunion de

spécialistes. La majorité des participants a assisté 4 au'moins une partie de la réunion et il est certain que le sujet a suscité
beaucoup d'intérét,

En tant que Président du sous-comiié 43, je tiens & remercier les Présidents de séance (M.P.Ward, UK, Prof. C.y, CA, Col.
Dr.Ing. J.M.Pintado, SP, Prof. L.J.Jacobs, US, et Dr W.Schiitz, GE) pour avoir su faire respecter le programme tant ur le plan
temporel que sur le plan de 'adaptation et 1a qualité des sujets traités. Je tiens également & remercier tous les auteurs pour avoir
bien voulu consacrer le temps nécessaire pour la préparation et la présentation des communications, Mes plus vifs
remerciements vont aux Rapporteurs, le Dr Leonard Bond de University College Londres, et M. Tom Cooper.de WRDC-
WPAFB Ohio, pour avoir accepté la tiche difficile de faire un résumé des principales conclusions de cette réunion et de les
situer dans le contexte d'autres sujets et d'autres technologies cont il n'est pas fait mention ici. Leurs remarques, qui sont
incluses dans le compte-rendu de conférence, serviront de base i de plus amples discussions au sein du SMP, voire au sein de
IOTAN et ses pays membres,

vi
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THE ROLE OF NDI IN THE CERTIFICATION OF TURBINE ENGINE COMPONENTS

R G Taylor
Chief of NDT Technology
Rolls-Royce plc
PO Box 31, Derby, England DE2 8BJ

Sharon I Vukelich
Propulsion Systems Program Office
Aeronautical Systems Division
Wright-Patterson Air Force Base, Ohio, USA

Thomas D Cooper
Materials Laboratory
Wright Research & Development Centre
Wright-Patterson Air Force Base, Ohio, USA

ABSTRACT

buring the past few years, the UK and USA have developed different approacines in the use
of NDI in the certification and 1lifing of aircraft gas turbine engine components,

While both countries have utilized a fracture mechanics philosophy on critical rotating
components, the use of NDI has been significantly different., The USA has developed NDI
technology to be utilized in a quantitative role where the size of defect that must be
detected to meet the lifing objectives can demonstrably be achieved to an agreed level
of confidence, This approach has been defined in the USA in a Mil Standard under the
acronym ENSIP (Engine Structural Integrity Program), and is now a mandatory requirement
for all future USAF power plants.

In the UK, the approach has been to utilize NDI in a process monitoring role having
first established, by intense NDI application together with process defect hazard
reviews during the process development, that the process is under control. The paper
will highlight the historical reasons for the different approaches, the current status
of these activities and finally address the future developments which may have the
effect of minimizing the differences which exist.

Introduction

The evolution of high performance gas turbine engines has introduced many new consider-
ations in dealing with guestions of reliability and maintainability. Foremost among
these is non~destructive testing. The procedures required to insure that both initial
quality and adequate depot inspection capability are satisfied, have been evolving in
response to pressures from both military and commercial customers. The directions taken
in the United States and Great Britain to meet these requirements have been somewhat
different, but have many elements of similarity.

Crucial to insuring that the inspection operations are adequate are the procedures used
to certify the equipment, the personnel and the methods involved in conducting the
inspections, particularly on components that are considered to be critical for the safe
operation of the engine, It is the purpose of this paper to discuss the methods that
are currently being used in both the US and the UK and contrast them, while emphasizing
the similarities that exist.

US Procedures

In the United States, the procedure that has had the most influence on the NDI community
and the one that will be discussed in this paper, is that initiated and incorporated by
the US Rir Force (USAF). It is a result of the Engine Structural Integrity Program
(ENSIP) as defined in MIL-STD-1783 (USAF) (Ref 1). This program was initiated to
establisl structural performance, design, development and verification requirements to
assure structural integrity for USAF engine systems. It evolved as a result of a number
of structural problems that have occurred in Air Force gas turbine engines over the last
fifteen to twenty years. Many of these were safety problems causing loss of aircraft as
well as significant increases in maintenance ind modification costs, all of which have
adversely affected fleet readiness. The ENSIP concept was developed based on specific
lessons learned during that period and was intended to substantially reduce these
problems, ENSIP was recommended by the Air Force Scientific Advisory Board. It is
based on prior experience with the Aircraft Structural Integrity Program (ASIP), which
has been very successfully applied to the design and production of much more reliable
airframe structures. That program is described in MIL~STD-1530 (Ref 2). The ENSIP
approach is described in more detail elsewhere (Ref 3). This discussion will be limited
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to those aspects which relat. to the application of NDI technoleogy to insure that
reliable component performance is achieved.

One of the most important aspects of the ENSIP approach is the concept of damage toler-
ance in the design of those comporents that are considered to be fracture critical. A
fracture critical part is defined as one whose failure will result in the probable loss
of the aircraft. For example, failure of a high energy rotating component, such as a
disk, which will not be contained by the engine case, would probably result in the loss
of the aircraft. It is, therefore, considered to be a fracture critical part. The same
is true for the failure of a component that will result in a loss of power of a single
engine aircraft. The ENSIP design insures that such failures will not occur by requir-~
ing that all fracture critical parts can withstand the preser.ce of subcritical-size
flaws, and that subcritical-size flaws will not grow to critical size either in the
projected lifetime of the part, or at least in some predetermined safe inspection interval.
The problem at hand, then, is determining what size flaw is liable to be in a new part
at the time it is manufactured so that the designer, based on the known crack growth
behaviour of the material under the conditions that it will be operating, can size the
part accordingly. Although manufacturers insist that new parts do not contain flaws or
defects that can endanger the integrity of th: part, past experience has .learly shown
otherwise. A similar flaw size detection capability must be established for maintenance
inspection.

Significant effort in the United States has been directed toward the development of
inspection equipment and procedures that will reliably detect small flaws in critical
parts, and whose performance is adequately characterized so that the statistical relia-
bility of the inspection can be clearly defined. The two methods which have been
extensively developed and evaluated for such applications are eddy current techniques
for detecting very small surface connected flaws and ultrasonic techniques for detecting
subsurface flaws. Specialized and automated systems have been developed, evaluated and
applied to the inspection of critical components in maintenance depots as well as during
manufacture. An extremely important part of that development has been the astablishment
of flaw-containing standards and statistical evaluation methods to provide a clear
definition of the reliability of the inspection system.

The system that has served as the catalyst for much of the development effort to define 1
the statist’cal reliability of the inspection process for engine components is the

Retirement .or Cause (RFC) system, which was developed on a USAF contract by Systems

Research Laboratories (SRL) and which will be described in detail in a subsequent paper |
in this symposium. It was considered mandatory at the outset of that program that

methodology be developed along with the system to clearly and unequivocally demonstrate
its reliability to find very small flaws. Consequently, a significant effort was
mounted to do just that. A committee of representatives of the major engine manufact-
urers in the US, along with technical representatives of the USAF, SRL and the other
subcontractors on the program, was formed to define not only the flawed specimens that
would be required, but reach agreement on the statistical analyses that would be used to
determine the performance capability of the system. The basic agreement at the outset
of the program was to establish the flaw size which could be found at the 90% probab-
ility of detection/95% confidence level. This level of reliability of inspection was
established early in the development of the structural integrity programs and is called
out in both of the Military Standards. The statistical methods finally agreed upon are
those described by Berens (Ref 4). The target surface-connected flaw size for which

the system was designed was a 0.005 inch deep by 0.010 inch long or greater fatigue
crack. For internal flaws, the target size was a 0.015 inch diameter inclusion.

The RFC system was installed at the San Antonio Air Logistics Centre at Kelly Air Force
Base, San Antonio, Texas, and has been in operation since October 1986, inspecting
critical rotating components for the F-100 engine, Prior to its acceptance, it was
extensively evaluated to validate its performance capabilities. The results of the
evaluation have been very encouraging. The system was designed to take full advantage
of the latest developments in computer and automation technolagy to allow it to be
essentially independent of operator impact, since that has been traditionally recognized
as one of the major sources of error and inaccura.y in most inspection operations. To
insure that the system was reliable, an extensive set of fatigue-cracked specimens,
where the size, location and orientation of the cracks were very carefully controlled,
was prepared and used along with real engine hardware, to test the system. Variables
that were evaluated included repeatability, probe changes, load changes, orientation
changes and operator changes. 1In the case of surface connected cracks, the eddy current
system has been consistently able to detect flaws in the 0.005 inch deep range. The
ultrasonic portion of the system is able to reliably find 0.030 inch diameter maloriented
penny~-shaped flaws throughout the thickness of the bore region of a disk.

There are a number of other special systems that have been developed for use in both
manufacturing and maintenance inspection, including the Eddy Current I. system and the
Integrated Blade Inspection System (IBIS). These systems have all had to be evaluated
to determine tneir capabilit- 1d their reliability. Although broad guidelines have
been available tc generally ¢ e the evaluations, each program has essentially been
tailored for the specific syst. . The same is true for each major new engine program
for the USAF that has been required to be designed and manufactured according to the
ENSIP Military Standard. Each required demonstration program to quantify the inspection
procedures being used on that system has been tailored for the system. I% has been
recognized that a uniform evaluation srocedure is greatly needed to not only make all
demonstrations the same, but to reduce the costs en.ailed in creating a new approach
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for each system. With the establishment of the very effective industry/government team
that developed and managed the successful full-scale demonstration and qualification of
the RFC system at the San Antonio ALC, an excellent opportunity was presented to gener-
ate a much-needed Military Standard on System Reliability Assessment. Under %he direct
support of the Propulsion Systems Program Office of the Aeronautical Systen. Division at
Wright-Patterson Air Force Base, the same team of experts has been preparing such a
Military Standard that should be available by the end of 1989,

This Military Standard for the determination of NLI reliability will address eddy current,
ultrasonic, fluorescent penetrant and magnetic particle testing. Although initially
intended for those facilities and processes that inspect gas turbine engine components,
the methodology incorporated in the standard will be equally applicable to any other
class of hardware such as airframe, marine or power generation. The standard will be
used to determine the reliability of an existing system, process or facility as well as
identify sources of departure from a desired reliability level. Provisions within the
standard make it applicable to either manual, semi-automated or fully automated NDI
processes. With the standard, it will be possible to make a quantitative comparison of
the capabilities of two similar processes or to determine if a facility is able to per-
form at some target level of reliability.

The standard is based on the statistical analysis obtained from the inspection of a well
characterized set of specimens, some of which are not flawed. Requirements are given
that describe those features of the production hardware that have to be represented in
the specimens for each method. Also specified are the number of flaws and the distri-
bution of flaw sizes as a function of the reliability required and the flaw size for
which that reliability is to be demonstrated. Other significant requirements represented
ir the standard are the statistical analysis methods to be used, data to be collected,
and the protocol for the actual conduction of the demonstration. In addition to this,
the standard defines the necessary requirements for the handling and cleaning of the
specimens as well as how the data results of the demonstration are to be presented.

The need for a uniform evaluation procedure was not simply driven by the fact that the
analytical udels and conduction of the demonstrations were different among contractors.
In fact, a wajor difference was in the fabrication of the specimen sets themselves.

This is extremely important since the response to tight cracks versus open cracks,

3 to 1 versus 15 to 1 aspect ratios, or starter notch versus natural fatigue cracked
specimens can give very different results depending on the inspection system. Thus the
section on fabrication of specimens is very important to this standard. Since this is
the case, when funding becomes available the plan is to have two complete sets of speci-
mens made using all the various geometry and materials which are used in present engines.
One set would be kept as a "standards" type set with which the other set would be
periodically checked. This "standards" set would never be used for demonstrations. This
approach was proposed so that contractor production reliability demonstrations could be
quantitatively compared.

ENSIP requires production facility reliability demonstrations to be performed for all
new engines. Although the Military Standard has not been approved, its concepts have
been used for the new improved performance engines. The specimen sets being used are
the RFC sets which are supplemented by the contractors for any new materials and geo-
metry.

To date, the demonstrations have gone well. Automated eddy current inspection flaw
sizes that have been demonstrated are .005 - 0.010 inch depth. Automated fluorescent
penetrant inspection flaw sizes are .020 - .030 inch depth (approximately 0.060 inch
length). Ultrasonic (UT) inspection flaw sizes are .016 - 0.032 inch., Manual penetrant
systems and magnetic particle (MPI) systems are scheduled to be evaluated this year.

In the US NDI is used not only because of ENSIP requirements, but also for process
control and Retirement For Cause (RFC). Depending on whether the concern is production
(contractor dependent) or depot, the philosophy varies. In production, etches are used
and billets are inspected with FPI. Sonic shapes are inspected using ultrasonics. At
present, the UT requirements are different depending on the contractor. In general, the
standard is a No. ] or No. 2 flat bottom hole. This small size is necessary to meet
ENSIP requirements. 1Initial flaw sizes for embedded flaws are based upon intrinsic
materials defect distribution and/or the NDI methods incorporated into the manufacturing
process. At present, there are some contractors who have not embraced the concept of
inspecting for a No. 1 and/or No. 2 flat bottom hole to satisfy the intent of the ENSIP
requirement.

Unique problems at Air Force depots, due to upgrading engine configurations have forced
the development of etches for finished parts that will enhance inspection capability
without materials property degradation. It also became necessary to UT inspect finished
parts and be able to find a mal-oriented defect. The RFC system handles this operation
well. 1In addition to this, a low temperature spinning technique called cryo-spin is now
used on some titanium fan disks. If a flaw exists which would cause failure of the disk
before the next inspection, the disk will burst during the cryogenic spin test.

In addition to the above problems at the Depot, the Air Force has instituted a Retire-
ment For Cause (RFC) philosophy on some engine models. This concept is based on fracture
control philosophy. A component will operate until a crack equal to or greater than the
initially assumed flaw is detected. It is clear in applying RFC that the non-destructive
inspection becomes a critical factor. The detection of the crack is limited by the
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resolution and reliability of the inspection system being used. Thus a uniform, quant-
itative evaluation procedure is necessary for the determination of NDI reliability.

In the future for production, consideration is being given to using statistical audit

of engines with NDI for non-critical areas. If the process changes, then for a specified
number of engines, a 100% inspection will be used and then return to the audit plan if

no defects are found.

Many of the procedures which have been discussed are only used for military engines.
For commercia' engines, NDI is more process control oriented and flaw sizes for sub-
surface defe 35 .rce larger.

UK Procedures

The significant differences between the USA approach and that used in the UK is where
the emphasis for high quality NDI has been concentrated.

It has been shown that the USA approach is to utilize high quality NDI with a demon-
stratable level of reliability, particularly for surface inspections in both manufactur-
ing facilities and at overhaul depots, and that this (ENSIP) approach has been strongly
influenced by the problems encountered by the USAF over the last fifteen to twenty years.
Under these circumstances the costs and resources involved in establishing, testing and
proving the viability of ENSIP, together with the requirement to enforce the ENSIP rules
for future USAF engines, appear to have been justified.

In the UK, however, the historical approach has been to concentrate the NDT activity
into proving that the manufacturing process on fracture critical parts is viable and
under control and in addition, to conduct expert hazard reviews of the process to recog-
nize and eliminate potential problem sources before the process is standardized and
released for production use.

Once the process has been satisfactorily established, the UK philosophy has then been to
use high quality NDI to monitor that the process remains within acceptable parameters.

It is also recognized that a much greater emphasis has been placed in the UK on the NDT
of critical parts for subsurface defects than that used in the USA, while the USA pro-
cedure requires a higher level of NDI reliability for surface defects.

Recent UK/USA engine manufacturer exchanges has shown that major differences exist
between the UK and USA practices in the ultrasonic inspection of both compressor and
turbine discs, for detecting subsurface defects. These differences (Ref 5) show that
the UK approach generally requires a higher standard of subsurface inspection to detect
much smaller defects than that required in the USA., It is also an established practice
in the UK to use ultrasonic data for trend analysis of the process utilizing ultrasound
characteristics, such as attenuation, Grass (structural noise) and defect trends, all of
which assist the metallurgist to monitor the process.

The methods used in the UK for establishing that components are free from harmful sur-
face defects, particularly cracks, again rely on a combination of process hazard review
and intense surface inspections at the earliest possible stage of the manufacturing
process. These surface inspections include the use of acid etchants, both in the initial
forging and as a preparation for the inspection of the finally machined surface, which
is a practice that has not normally been used in the past in the USA, For some years,
these inspections were supplemented by a combination of eddy current and disc spinning
to enhance the detection of cracks which may be subjected to compressive stress, but
since no surface cracks have been detected in manufacturing, and since the process
hazard reviews have proved a total absence of cracking, for many years, the disc spinn-
ing has been discontinued.

To date, the service experience on UK engines has not shown the need to develop special
depot NDI technologies nor to take a significantly different approach in the manufactur-
ing inspection philosophies.

However, with the advent of the European Fighter Aircraft (EFA), and the involvement of
a number of European engine manufacturers in the development and production of the
engine, consideration is currently being given to the use of a part ENSIP or Damage
Tolerance approach on some of the critical turbine components. At this stage, it is
envisaged that a lifing philosophy of a combined fracture mechanics and process approach
may be used where the highly stressed areas of a disc would be lifed by fracture mech-
anics, supported by proven reliability NDI and the low stressed areas traditicnally

inspected and assessed on a process control basis.

Work as now commenced on a NDI Reliability Program coupled to the EFA Development
Program, to establish a data base to support this approach.

No final decision has been taken yet on whether this approach is desirable, but even if
a part ENSIP strategy is adopted, it is unlikely that a formal in~service inspection
philosophy will be required.

In the UK, the emphasis on high profile process control, coupled with high quality NDI
in the early stages of the process, will take on more significance as the desire to use
increased stresses and the requirement to detect smaller defects progresses. We are
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rapidly approaching (or may possibly have reached) the limits of NDI capabilities, and
we are therefore being driven into tbe need to develop scientific and quantifiable
process control parameters. In the UK, a considerable effort is being made to achieve
this objective particularly in the area of process modeling, and intense character-
ization of the process by both destructive and non-destructive examination.

SUMMARY

At present, there are differences between the US and UK philosophies benind the use of
NDI. The UK philosophy is mainly one of process control while the US philosophy is
based more on damage tolerance criteria. From the previous discussions, it cdan be seen
that even though at present the US has a more rigid and formal approach, it appears that
the two approaches are merging to some degree. The UK philosophy is becoming more
structured and the US is introducing more process control, particularly for non-fracture
critical components. However, it is unlikely that there will be any significant re-
duction in the current US emphasis on damage tolerance, which carries with it the
requirement for full inspection of those areas that are designated as fracture critical.
Therefore, there will be continued strong emphasis in the US on the development of
automation and the quantitative demonstration of inspection methods. The development of
the proposed Military Standard for USAF NDE System Reliability Assessment should
greatly assist in the uniform application of this technology fcr engine programs in the
US. The extent to which it may be useful to the UK and the European Community remains
to be seen, but the authors strongly recommend a common AGARD approach, particularly
for the analytical methodology.
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Abstract

Helicopiers and fixed wing aircraft entering service with the German AirForce, and the use of composites
in these aircraft is reviewed. Past experience with composites and with existing NDI technigues are used
to identify some of the anticipated NDI requirements for the next generation aircraft.

It is expected that if the level of effort devoted to inspection is to be kept within reasonable bounds,
increased effort will be needed to develop improved NDI techniques and to provide training to Airforce
craftsmen to make them aware of the characteristics of composite materials and the types of flaws and
defects that they are likely to contain. The use of artifical intelligence in NDI is also expected to
increase, and a review of some of the German work in the area will be provided.

Introduction

During the next decade, several new aircraft, including both fixed-wing and helicopter systems, will be
introduced into all three Services of the Federal Armed Forces. They will all come under German Air Force
Single Materiel Management Responsibility.

These aircraft types represent an advanced generation of military air craft and are characterized by the
fact that their airframes are manufactured from composite materials to a considerable extent. In particu-
lar, carbon fiber, aramide fiber and glass fiber composites are used.

These advanced technologies will replace conventional metal materials both in secondary (doors, covers,
radomes) and primary structure.

Tab;e 1 provides a general survey of advanced European aircraft and the amount of composite materials
used.

The frist three of them are the above mentioned new German military aircraft.

Alrcraft Composite Proportion
of Weight
Attack Helicopter 2 30 %
NATO Helicopter 90 30 %
JF 90/European Fighter Aircraft 40 %
Airbus A 320 17 %
ATR {French Transport A/C) 20 %
JAS Gripen 30 %
Rafale 25 %

Table 1: Advanced Furopean Aircraft and their Proportion of Composites




Preparation of a Inspection Concept

When the European Fighter Aircraft (EFA) is introduced into service, the technical readiness required by
the GAF has to be established. Therefore as early as in the development phase GAF will prepare a mainte-
nance concept ensuring technical readiness.

A specifi- testing and inspection concept for the airframe will be part ot this maintenance concept. This
testing and inspection concept will inevitably result in a compromise involving several different and
sometimes contradictory requirements as shown in table 2:

- Tactical/operational requirements {e.g. availability
- Flight safety requirements {e.g. inspection intervals)

- Cost-effectiveness (e.g. NDI-Technique)

Table 2: Requirements for an Inspection Concept

Likewise, a distinction has to be made between the test requirements at the different maintenance levels:
- German Air Force Maintenance Levels 1 and 2: Operational/intermediate level
- German Air Force Maintenance Levels 3 and 4: Depot level

Clear distinctions have to be established between cost and effectiveness. In this connection, it has also
to be taken into account that depot level maintenance clearly provides a greater technical capability.
During the EFA development phase, the Afr Force Materiel Office in particular has to provide support to
the development of the Inspection concept and consequently of the airframe portion of the maintenance
concept based on LSA application f.a.w. MilStd 1338.

In the case of EFA, the individual maintenance tasks are identified by a Reliability Centered Maintenance
(RCM) analysis process (tailored MilStd 1843).

Moreover, feedback to the design is envisaged within the scope of continuous program progress monitoring:
If the appropriate findings are obtained, the EFA design should be influenced within the "maintainabili-
ty" activities. Where unacceptable logistic consequences are identified, the GAF will try to exert their
influence together with the other partner rations.

In this area, the Air Force Materiel Office provides the necessary engineering assessments (Ref. 1).

Hew Materials Require New Methods

As far as the aforementioned new aircraft generation is concerned, the German Air Force is faced with
large-scale application of carbon fiber composites in the airframe structure.
In all weapon system, these materials are used both fully laminated and in sandwich designs.

Previous experience and initial findings obtained from the EFA program already revealed, that the fiber
components have their own specific properties. Consequently, they will show their own specific types of
damage and faults when put under stress.

Inspection of such damge will also require an inspection technique that is specifically tailored to the
component, type of damage, occurrence, and propagation of the fault.

While carbon fibre composites are superior to metal materials as far as fatigue properties are concerned,
the crack propagation rates on which are normally the basis for defining inspection intervalls, have not
been completely described mathematically up to now, a fact which is true even for laboratory models. The
model consideration of differing laminate structures, fiber contents, fiber strengths, fiber orientation
and types of resin {s still in the far future (Ref. 2).
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Potential Types of Damage to Composites

?t the)present time, the German Air Force anticipates the following potential damages shown in table 3
Ref. 3):

Damage Reason

Delamination - impact

- local overstressing

Corrosion - failure of protective
coatings due to dynamic load
Moisture absorption - air humidity
- moisture condensation
Ageing - ultraviolet radiation
Integral tank leakage - failure of protective coatings

due to dynamic load

Table 3: Anticipated Damages to Composite Structures

Potential Test Methods for Composites

At the present time, the following methods shown in table 4 appear to offer themselves for nondestructive
testing of composite materials (Ref. 3 and 4):

- Visual inspection

Tap Test

- Ultrasonic inspection
~ Eddy-current test

- X-ray radiography

- Neutron radiography

- Holography

- Laser Interferometry
- Thermography

- Acoustic-Emission

Table 4: NDI-Methods for Composites
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Up to now, no individual method has proved to be outstanding and universally applicable. Each method has
its advantages and disadvantages in approximately equal shares and, basically, offers itself for only
specific applications.

This means that the selection of a test method must first of all be oriented on the faults to be detected
and, secondly, has to take into account the specific features of the component (primary or secondary
structure}. 3esides, the inspection interval has to be specified and, finally, accessibility of the area
to be inspected shall be considered (e.g. couplant required? Insertion of X-ray film possible? etc.).

For composite materials, there are no materfal laws available yet from which inspection measures and
intervals can be derived similar to those applicable to metal materfals. B8ecause of the inhomogeneity of
the material (stacking sequence and orientation) they cannot be specified in general terms.

Of course, the definition of an inspection concept is more complicated this way.

Due to such considerations, an airframe design philosophy for composite structures differs from previous
philosophies for metal structures. Under the fatigue aspect, the safe-life philosophy is used which
greatly reduces inspections in this resoect.

Yet there is still the hazard of damage by enviromental impacts or accidents.

In this context, the vulnerable areas have to be designed to provide tolerance of barely visible impact
damage (BVID) throughout the service life (Ref. 5).

However, the GAF must have inspection capabilities to at least assess the technical readiness of the
aircraft on the Air Force base.

This applies in particular to the vulnerability of the airframe to environmental impact (runway stones,
bird strike, etc.) and accidents on the ground (such as damage occurred during taxiing) (Ref. 6).

Engineering personnel must be provided with appropriate clearly defined procedures and criteria which will
enable them to make technically well-founded statements.

Likewise, more extensive, possibly stationary test facilities have to be provided for at the repair depots
to permit determination of damage degrees and, consequently, the remaining usable life. In this process,
it is easily possible that computer-based evaluations will be done to do that and, in addition to compute
the degree of damage, then to define servicing intervals and, in some cases, flight performance restric-
tions based on strength calculations for the individual airframe.

In this context, a combination of serveral of the aforementioned NDI-methods may be useful.

An initial and correct step in this direction was taken by the US Air Logistics Center, Sacramento. In
particular the full automation of inspection, filing and evaluation processes may result in considerable
cost benefits in the tong run (Ref. 7).

Requirements for Advanced NDI-Methods

In addition to the aforementioned problems in selecting inspection methods there are other requirements
resulting from the tactical-operational demands made on inspection methods for application at levels 1 and
2 as Listed in table 5:

Inspection of large areas of the aircraft in “"one look"
- Identification of hidden/unvisible damages

- Identification of delamination and honeycomb sevaration

In situ testing of aircraft components wherever possible

Test results independent of

. Fuel condition of integral tanks
. Surface protection
. Lightning protection

No special preparations of the item/aircraft before testing.

Table 5: Technical Requirements due to Tactical-Operational Demands |
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Futhermore, the are additional operational requirements as listed in table 6:
- Airmen being able to handle the test equipment after 2 day training.

- Usage of the system must not require any particular safety
precautions.

- Handling of the system by 2 airmen max.

- Test duration less than 1 hour for a selective diagnosis {approx 2 mxm)
and no more than 8 hours in the case of larger surfaces.

- Airmen wearing NBC-Clothing during testing.
- Unsusceptibility of the system to environmental conditions as

. Noise

Temperatur

. Humidity

. Fog

Dust

Wet surfaces under test

Different surface temperatures under test.
Poor brightness

o o o 0

Table 6: Operational Requirements

The test results shall be ~ reproducible

- recordable

- interpretable without any doubt!
Fault criticality must be readily identifiable.

Of course, it will not be possible to equally meet all the criteria mentioned above when the final
procedure is laid down.

However, an optimum compromise should be aimed at.

Research projects in this direction are being supported and pursued by the German Air Force.

Conclusion

The optimum inspection system selected on the basis of the aforementioned constraints and requirements
would then rapresent only one half of the overall concept.

The Air Force engineeres and craftsmen at all maintenance level represent the second half of the concept.

Even most advanced aircraft design cannot enter service without experienced technicfans and engineers who
have full command of their materials and techniques. This is also true for composite materials. The Air
Force metal workers currently employed at levals 1, 2 and 3 wil! be trained by the GAF to be composite
specialists, with special skills in handling composite materials as well 3s inspection and repair techni-
ques. ’

Experienced technical Air Force personnel who know their aircraft and materials inside and outside will
also - and particularly - be required in the future; otherwise, there will be no confidential relationship
between pilots and Air Force craftsmen. Experience gathered during employment of previous weapon systems
has shown that the human element can't be neglected in a man-machine-system (Ref. 7).
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Consequently, the composite specialist will represent the second aim, which the German Air Force efforts
are related to.

His comprehensive training and experience cannot be replaced by automatic computer-based test system. The
effort invested in the training of composite materials specialistes will pay off when it comes to damage
assessment and repair in daily flying operations. The specialist's observations, his experience and ideas
will also serve to refine and extend the inspection concept as well.

Besides. it will also be the specialist who initiates and controls an appropriate feedback in continuous
coordinatfon between Afr Force Material Office and aircraft industry as shown in figure 1. Thus the
knowledge gathered in his special field of activity (i.e. maintenance of composite materials) will be
incoroorated in present aircraft programmes and finally influence design of future aircraft (Ref. 8).

Outlook to Artifical Intelligence

The range of demands made on advanced Inspection and test methods described above and the man-maschine-
system outlined subsequently give rise to considerations how these two aspects could be brought close
together and how they could support each other.

The key word in this context is "expert system-artificial intelligence". The idea suygests itself to link
an automated test system with the konwledge and experience of technical personnel and thus gradually
refine it and make It available for large-scale utilization.

From the authors point of view, the Air Force should take the chance to integrate many other mission
relevant and engineering tasks into this expert system which is shown in figure 2,

Thus this system could be designed for a personal computer, and it could be provided with a learning
capability; this way it would also be used for assisting the maintenance and repair of composites.

This system could incorporate all component-specific features as well as NDI-Technique, inspection inter-
vals. c:itlcal crack lengths and many more. in addition, it could include previous experience gathered in
the repair field.

Moreover, the system should be part of the computerbased equipment history records of the entire aircraft.
Likewise, an interface with the EFA on-board structure monitoring system should be available to ensure
that these data can also be resorted to if necessary.

Thus a computerized maintenance manual would be available, for example in PC or even laptop format.

In addition, different levels within the expert system will be possible to adapt it to the requirements of

the different maintenance levels or to have a simplified form available for Aircraft Battle Damage Repair
(ABDR) Requirements.

E?me 2f tggie tasks will also be integrated in the Ground Support System {GSS), which is under considera-~
on for EFA,

Research in this derection will ' initiated by MOD-GE.

Apparently, we have to get usc} to the fact that our engeneering personnel will no longer carry their
hardcopy Technical Orders but will be equipped with laptop personal computers in the future.

HoY:ver, this will certainly have no adverse effect on the attractiveness of the Alr Force engeneering
units.

When keeping up with advanced technologies and subsequently training our Air Force personnel {n such
Bechn?log{es. we will certainly attract sufficient qualified personnel to the Air Force Engeneering
rganisations.
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SUMMARY

The application of modern materials and structural analysis methods and the use of fatigue and fracture analysis in life
prediction and life cycle modeling has focused attention on the need for quantitative nondestructive inspection (NDI) methods
to quantify materials integrity and life limited component integrity. Advances in both life prediction methods and in quantitative
NDI technology have enabled implementatior: of “retirement for cause™/life cycle management methods. The combined
application of life prediction methods ard the application of advanced NDI methods have resuited in improvements in
cngineering system reliability predictions and in anz~+fication of both systems operating levels and systems life cycle operating

margins.

This paper discusses the principles of quantitative NDI process characterization, the development of analytical tools for
NDI process characterization, and some typical results achieved by quantitative NDI process analysis and characterization.

INTRODUCTION

The need to quantify and validate nondestructive evaluation (NDE), nondestructive inspection (NDI) performance
capabilities has become increasingly necessary with the application of fatigue and fracture mechanics as a basis for design of
modern engineering systems. The demand for quantitative characterization of NDI performance has led to the development
and application of several analytical tools. NDI process characterization has, in turn, resulted in many NDI process
improvements and a great increase in understanding of NDI processes and NDI process capabilities. Early requirements for
quantification of NDI process performance arose in the United States on the B-1 bomber program, the NASA Space Shuttle,
and in the nuclear power industries. Quantitative NDI capabilities and reliability have become itegral factors in the design,
production and life cycle management of most modern engineering materials, structures, components and systems.

The result of application of an NDI process is usually a binary, go or no-go decision, thus the methods and tools used in the
analysis of NDI processes may be applied to many measurement processes and to automated digital systems decisions based on
analysis of analog data. Use of the methods in automated process analysis has, in turn, aided the automation of NDI processes
with a resultant overall improvement in both end item system and NDI process reliabilities.

QUANTITATIVE NDI FOR THE B-1 BOMBER PROGRAM

Fracture control technology was applied in the B-1 aircraft program and requirements for quantification of NDI processes
were rigorously applied to those structural components whose failure could cause the toss of the aircraft. A flaw length of 0.250
inches and a flaw depth of 0.125 inches, for surface flaws, corner cracks of 0.050 inch radius, and imbedded cracks of 0.250
inch diameter were imposed as initial design constraints. These flaw sizes were selected because it was felt that they could be
readily detected by state of the art production inspection processes. If a crack size smaller than that .mposed by the design
requirements was pronosed, a secondary requirement to demonstrate reliable detection at the smaller crack size was imposed.

In conformance to these requircments, a set of test specimens was produced that contained fatigue cracks at each flaw size
and material combination. The specimens were passed through the production system inspection lines to assess the capabilities
for screcning the roguired flaw sizes. Statistical sampling methods wore applivd and demonstration to a 25% confidence level
was required by repetitive inspections. In the event that the production ine methuds could not screen at the lower flaw size,
redesign of the component and/or improvement of the NDI process, personnel were required. Final design, g.oductivn
requirements were thus satisfied by iterative processes of design, inspection and process improvement.

The difficulty with using a discrete flaw size of range in qualifying a process 15 that no information is provided on true
process capabilitics and therefore no information is provided to aid in process improvement when the process fails to mect the

* This paper has been cleared for public refease (ASD CASL #89-1595, 22 Sun. 1989). Public dumaim information has been previously
tleared by the authors as referenced. Public release of this paper cumphies with ITAR regulations for technology transfer.
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requirements and no information is provided to aid in assessing process margin when the process meets the requirements. The
discrete flaw size method is costly to implement in both the required number of inspection cycles and the need to iterate and
improve those processes that do not screen to the required levels (Ref.1).

NASA SPACE SHUTTLE PROGRAM

Fracture control design processes were imposed on all NASA Space Shuttle hardware. It was recognized that all NDI
processes have a threshold detection limit and that detection is not a step function at a given flaw size, but varies in the same
manner as other measurement processes. A program was initiated to generate a large test sample set containing fatigue cracks
of varying sizes and to use those specimens to characterize the capabilities of various production NDI processes. 328 fatigue
cracks ranging in length fr 3m 0.007 to 0.500 inches were produced in 105 test panels. Thirteen flaw free panels were included in
the test set for a total of 118 parels in the test set. The test set was assessed by production X-radiography, ultrasonics, eddy
current, liquid penetrant and holographic interferometry procedures in the “as-machined”, “after etching”, and “after proof
test” conditions. A large database was generated by this process and a condensed form of data presentation was required. The
characteristic of primary engineering interest was that of crack detection as a function of flaw size. Statistical analysis and
sampling methods were used to present data as a continuous function in the form of a Probability of Detection (POD) a» a
function of flaw size as is shown schematically in Figure 1.

The method of data anlysis selected for this presentation was that of a moving average sampling method. In this analysis,
the cracks were ordered from the largest crack to the smallest crack. Since observations and cracks were independent, a moving
average sampling method can be used to generate the POD function. Crack observations were grouped by counting down
twenty nine cracks (from the largest crack size); the point estimate of detection for that sample group was calculated (number of
successful detections divided by the number of opportunities); calculating the lower confidence limit for the group sampled,
plotting the point estimate of detection and lower confidence limit boundary at the largest flaw size in the sample group; deleting
the largest crack from the group and adding the next largest crack in the total data set to the group; calculating and plotting the
point estimate of detection and lower confidence limit for that sample group; and continuing the process until data were
exhausted (Ref.2). An example of a POD curve, produced by this method, is shown in Figure 2. This plotting method produces
the desired, statistically significant relationship between the process detection capabilities and the flaw size. It also produces
information that may be useful for piocess improvement and information on the operating margn for the NDI process, These
data where then used to establish the design constraints for the NASA Space Shuttle program and design data were plotted as a
function of flaw size and aspect ratio as shown in Figure 3.

The Probability of Detection (POD) method of presenting NDI process information was adopted by both NASA and Air
Force programs and has become the industry standard method for NDI process data presentation. The disadvantage of the
moving average method of data analysis and plotting is the requirement for a large database in order to provide a continuous
function with respect to flaw size. Much work on NDI process assessment and data presentation has been devoted to improved
plotting methods and to analysis of smaller data sets. The POD data presentation method is a very useful design engineering
tool, but is incomplete in fully characterizing an NDI process. Identifying parametric data, that must be included with all POD
data, include the identification of the NDI process operating parameters, such as processing times, calibration methods, and the
threshold signal acceptance level (criteria) used as the basis for the flaw/no-flaw decistons. In like manner, the {alse alarm rate
derived from application of the process operating parameters must be ident 1ed to fully characterize NDI process
discrimination capabilities. Much work has been devoted to the use of all available data to fully chatacterize NDI process
capabilities and to reduce the amount of data required to provide confidence in a derived POD functio: *  iction model.

NDI DISCRIMINATION AS A PROBLEM IN CONDITIONAL PROBABILITY

NDI processes invoive the control and measurement of complex parameters to produce a final output. The output of the
process is, in turn, indirect and a decision must be made on the results of that output. Although many parameters may be varied
to produce variations in the output, for example crack presence or absence, the decision process is not binary (go, no-go) as itis
frequently envisioned. It is actually the product of conditional acceptance (cither by the human operator or by an automated
system) due to the interdependence of the output and decision responses. Four possible outcome result from application of an
NDI procedure for crack (flaw) detection as shown in the following diagram:

INSPECTION STIMULI
POSa NEGn
TRUE POSITIVE FALSE POSITIVE
P/(zs (Crack Detected) (False Alarm)
M(Aa) M(A,n)
INSPECTOR P(Aa) P(A,n)
(SYSTEM) (No error) (TYPEII Error)
RESPONSE FALSE NEGATIVE TRUE NEGATIVE
NSG (Undetected crack) (No crack)
M(N,a) M(N,n)
P(N,a) P(an)
(Type I Error) (No Error)
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To summarize, the outcome of an inspection process are:

1) True Positive (TP) — A crack exists and is detected, where
M(A,a) = the total number of true positive results and
P(A,a) = the probability of true positive results.

2) False Positive (FP) — No crack exits, but one is identified, where
M(A.n) = the total number of faise positive results (false alarms) and
P(An) = the probability of false positive results.

3) False Negative (FN) — A crack exists, but is not detected, where
M(N,a) = the total number of false negative results and
P(N,a) = the probability of false negative resuits.

4)  True Negative (TN) — No crack eaists and none is detected, where
M(N,n) = the total number of true negative results and
P(N,n) = the probability of true negative resuits.

The interdependence of these matrix quantities can be expressed as:

M(Aa)+M(N,a) = Total opportunities for positive calls
(TP) (FN) (Total number of defects)
and
M(An)+M(N.n) = Total opportunities for false alarms
(FP) (TN) (Total number observations of unflawed sites)

Due to the interdependence of these two relationships, only two independent probabilities need be considered to quantify the
output of an NDI process.
The probability of detection (POD) or probability of true positive results (P(A.a)). can be expressed as:
M(Aa) total true positive calls
or
M(A,a) + M(N,a) total number of defects

P(A,a) =

Likewise, the probability of false alarms (POFA) or the probability of faise pusitive results (P(A,n)) can be expressed as.

M(A.n) total false alarms
P(An)= or
M(A,n) + m(N,n) opportunities for false alarms

SIGNAL/NOISE RELATIONSHIPS TO NDI PROCEDURE OUTPUT

The desired results of application of an NDI procedu  are (crack) detection (signal present) or (crack) nondetection
(signal absent). The basis for detection is that of sensing a signat response and determination that the signal response 1s above a
predetermined threshold. Both sensing and interpretation are dependent of the signal {plus notse) and the noise. Since NDI
prucesses produce an indirect signal output response as a function of the characteristic tu be measured, other, nonrelevant
parameters, such as surface roughness vr grain structure, may produce a signal response. Such nonrelevant output is the
application noise response for the process and may interact (and interfere) with the discrimmnation, decision process. This
outputis normally well wbuve, and should not be confused with, the electronic noise that is inherent to NDI measurements with
electronic instruments,

If an NDI procedure is repetitively applied to a single flaw of a given size (in a part with a fixed gecometry, surface condition
utc.), the output responses may be used to plot probability density distributions of both flaw signal and application noise
responses Under ideal conditions, such as the response from a large flaw, the signal and nowse distnibutions will be well
scparated, as shown in Figure 4. Discrimination of flaw responses from application noise respunses ts a simple process and the
probability of detection (POD) will be high and the probability of falsc alarms (POFA) will be low. In practical engineening
applications, the flaw size is not fixed (and is rarely large) and the discrimination process 1s more complex. The discrimination
process s indeed applicd to g conunuous range of flaw sizes and the capability for discnmination 1s dependent on the
sepatation of the signal (plus noise) and noise responses of the process and i an inherent performance charactenstic of the NDI
procedure If the NDI procedure is applied to a single flaw of intermediate size (in a part with the same fixed surface finish,
grometry, cle ) e output iespunises gy be used ( generate probabidity density distributions tor sigital and ioise as showi
Figure . Fut this flaw size, the distributions overlap (in part) and the capability for discnimination is dependent on response
from asingle set of output signals within these distributions. If the single set of output signals are well separated yic. signals at the
outer extremes of the distributions) the output response will be interpreted as aceeptable (no flaw condition) for those cases
where the threshuld response acceptance leveld is located between the signal and nose signals. If the single set of outputs lies at
the inncr extremes of the distributions. the vutput response may be interpreted as acceptable (no flaw or undetected flaw
condition) or may be interpreted as unaceeptable (false alarm condition) for the same threshold respunse aceeptance level. For
this cundition, the POD will be fower and the POFA will be higher than for the caoe of discnimination with pusttive signal, noise
separation margins. If the process is repeated for  small flaw (under the same operating, conditions) the signal aud noise
response distribution will approach comnadeiee as shown in Figure 6, the POD will be fow and e POFA will be high.
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INFLUENCE OF SIGNAL/NOISE ON POD

The interaction of signal/noise response on POD is illustrated in Figure 7. For wide separation of probability density
distributions for signal (Plus noise) and noise responses, the probabil.i; of detection (POD) will be high. A threshold transition
in the POD function is obtained when the signal (plus noise) and noise responses overlap. A low probability of detection is
obtained when the signal and noise distributions are coincident.

INFLUENCE OF ACCEPTANCE CRITERIA ON POD

It is clear that the performance capability of a given NDI procedure is dependent on the nature and distribution of the
signal outputs that are generated under the conditions of applicatiun. It is also clear that the threshold acceptance criteria
applied in the discrimination process is an important factor in the successful application of a procedure. Consider the
application of an NDI procedure to a large flaw under conditions that produce a significant separation of probability density
distributions of signal and noise as shown in Figure 8. If the threshold acceptance criteria (represented by the vertical arrow) is
placed at too high a level, some of the flaw will be missed (reduce POD). If the acceptance criterion is placed at a proper level,
clear discrimination will be realized (high POD). If the acceptance criterionis placed too low, all of the flaws wil: be rejected, but
some false alarms will be realized and good parts will be rejected (high POFA). The respective influence of acceptance criteria
on POD for a case of broad signal/noise separation is shown graphically in Figure 9.

The NDI procedure performance characteristics of primary importance are (1) the signal to noise ratio (separation
margin) and (2) the threshold acceptance criteria applied in the discrimination process. Optimam NDI procedure performance
may be obtained by characterizing an NDI procedure and by matching the threshold acceptance criteria to the performance
capabilitivs of the NDI procedure. Such characterization also enables assessment and quantification of risks that result from
changes in acceptance criteria.

VARIATIONS IN DATA ANALYSIS TO PRODUCE POD CURVES

Variations in data analysis and data presentation have been introduced to reduce the amount of data required to generate a
POD curve and to smooth the form of the output. Data from controlled NDI processes produced a POD curve having the
classic form shown in Figure 1. Berens, etal (Ref.3) proposed that this form could best be described by alog odds or log logistics
function as shown in Equation A-1

expla+pl
POD (2) = pla+pin(a)] A)
I+expla+BIn(a)]

This function produces a smooth POD curve from the parameters that are derived from a dataset. Varying methods of
reducing the size of the dataset required have been introduced A useful procedure has been adopted from Berkson (Ref.4) to
obtain the o and P estimates by a maximum likelihood method. This method enables the use of binary data to generate the

smooth POD curve form. Figure 10 is an example of a POD curve produced by the maximum likelihood/log logstics model
method.

Much greater efticiencies in data use can be effected when the NDI procedure output produces discrete quantitative data
as a function of flaw size. For example, the output from an eddy current procedure may be obtained in the form of a millivolt
response as a function of flaw size. Berens and Hovey introduced an a versus 4 analysis method of estimating POD. This method
is based on the probability that 4 (signal amplitude) will exceed the detection threshold (& th). To apply the a versus 4 method of
analysis, the inspection data must be modeled so that:

d=f@a)+c+e

where f(a) represents the mean trend in a as 4 function of a crack (length or depth) parameter; c is the variance component due
to a flaw to flaw variation; and e is the variance component due to inspection variation. A typical plot of signal amplitude as a
function of crack leng*h for an au*omaied eddy current inspection is shown in Figure 11, The resulting POD curve for this datais
shown in Figure 12.

LESSONS LEARNED FROM ANALYSIS OF NDI CAPABILITIES BY THE POD METHOD

The success of a reliable NDE application to an engineering system is dependent on excellence in:

* BASIC ENGINEERING DESIGN EARLY DESIGN ANALYSES !
* NDE ENGINEERING } —~LOW COST CHANGE ‘
* MDE MATERIALS

* NDE EQUIPMENT NLE PROCESS CONTROL

* NDE FROCI SS/?ROCEDURE —HIGH COST CHANGE

* HUMAN FACTORS
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When a process fails to meet expectations, the human operator is often approached as the primary problem. Although the
human operator may be a cause,

IF INSPECTION MATERIALS, INSPECTION PROCESSES, AND
INSPECTION EQUIPMENT ARE ALLOWED TO VARY, THE
HUMAN OPERATOR DQES NOT HAVE A CHANCE IN CORRECT
DISCRIMINATION AND INTERPRETATION AT THE FINAL
STAGE IN THE PROCESS.

All process factors must indeed be considered and addressed in order to significantly improve process capabilitics and
reliability.
THE INFLUENCE OF ETCHING ON PENETRATING INSPECTION CAPABILITIES
The need to etch materials before penetrant inspection is often questioned. The influence of perfurmance capabilities on
consistent penetrant inspection of etched and unetched parts is readily determined by the POD method. Figure 13 shows

penetrant performance on unetched (“as machined”) aluminium panels. Figure 14 shows punetrant performance on the same
panels after etching,

THE INFLUENCE OF DEVELOPER ON PENETRANT INSPECTION CAPABILITIES

The advantage of using a penetrant developer is readily observed by the POD method as shown in Figures 15 and 16. In
this case, the use of developer also reduced the false alarm level while improving penetrant performance.

THE EFFECT OF DEVELOPER FOG TIME ON PENETRANT INSPECTION CAPABILITIES

Process variations in the form of developer fog time in an automated dry powder developer operation are readily observed
by the POD method as shown in Figures 17 and 18.

USE OF THE POD METHOD IN OPTIMIZING AUTOMATED PENETRANT INSPECTION PROCESS PARAMETERS
Figure 19 shows the POD capability for an automated penetrant processing station using nominal penetrapt processing

parameters and an automated read-out. A series of POD assessments were made the progressively optimized penetrant
processing parameters. Figure 20 shows the performance capabiiity after process optimization was completed.

USE OF THE POD METHOD FOR SETTING PROCESS ACCEPTANCE CRITERIA

The POD method may be used to optimize process parar *ers including the acceptance criteria (threshold) used in crack

discrimination. Figure 21 is a POD curve for an eddy cur-— 7n using the established acceptance threshold. Figure 22 is
the same signal data that has been reprocessedatamo: .- -.. 1gacceptance threshold.
USE OF THE POD METHOD FORF . ' \NFACTOUn.. AENTS

The POD method is sensitive to slig.. *jons in overall process performance and may be used to assess variations in

operator performance. Figure 23 is the POD performance vutput by an operator that performed at a fixed inspection staticn on
a full time basis. Figure 24 is the POD perfurmance by an operator that performs at that station on a part time (relief) basis. A
most frequent use of the POD method is that of establishing operator performance proficiency for an establishing NDI
procedure. The POD method may be and is used very successfully to qualify the performance capability of individual
operators.

After a process is established and well characterized by use of a test panel set, a subset of the test panels may be used to
assess or provide continuing confidence in the performance capabilities of an experienced operator or to qualify a new
operator. This is accomplished by means of a Relative Operating Characteristic (ROC) curve. This method balances
perfurinance capabilitics in terms of detection and false alarms un « set of pancls that have been well dharacienzed and reiated
to a specific inspect.un process (sce Figure 25). After a POD performance capability by an experienced and skilled operator
has been established for a given set of test specimens, a subset of panels that contain cracks that lie near the threshold detection
limit may be removed from the test set for use in qualification by similar performance. Performance by the experienced and
shilled operator will result in a level of detection and false alarm rate that are charactenistic of the controlled NDI process, When
these data are plotted on the ROC curve, the results are a clustening of data points at the high POD and low POFA area of the
curve (Ref.5). Additional operators or the same operator are expected to perform to the same level when the subset pancls are
reprocessed. If data fall outside the required zonc of performance, more traiming and expenence are provided or a new level of
performance is established by processing the full test set (see Figure 26).
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CONCLUSIONS AND RECOMMENDATIONS

The POD method of NDI process assessment and characterization is a powerful and useful tool in establishing and
quantifying an operating point for controlled process application. The POD method is useful for any multiple step, multiple
variable process that is not readily assessable by more conventional methods and for those methods that produce an indirect
measure of a desired output characteristic. The ability of the method to provide information over a range of signal (plus noise) to
noise values is useful for those processes where the output response is continually changing. The usefulness of the POD method
has been demonstrated in measurement of and optimizing process variables, in optimizing the outputs of automated process
acceptance and in measuring and assessing human factor variables within a process application. POD assessments have
demonstrated value in both engineering and productivity measurements in quantifying performance capabilities and providing
quantitative data for use in life cycle system management.

Challenges in application of the method are those of providing .he necessary understanding of the process (prior art) and
its performance under controlled conditions, prior to making an assessment. If process controls are rigorous, reduced data sets
may be used to characterize process variations. Several methods of operating with reduced data sets have been presented herein
and this area provides the greatest challenge for future work. The POD method is recommended as a basic tool for
characterizing and communicating the capabilities of an NDI process for purposes of design and acceptance, for purposes of
commerce (contractual performance), and for purposes of maintenance and life cycle maintenance of modern engineering
systems. It is also recommended as a basic tool in assessing, characterizing and quantifying the results of process improvements
and in trade studies to select the NDI procedure that provides the optimum performance capability, reliability and econonuc
value for implementation on an engineering system. The POD method is being incorporated into design specifications,
procedures and standards of commerce in U.S. systems. We recommend that this method be given serious consideration for use
ininternal commerce.
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Fig.16 Probability of detection for a self-developing penetrant with developer
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Fig.19 POD curve using the maximum likelihood method of analysis for a penetrant inspection process
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Fig.20 POD curve using the maximum likclihood method of analysis after optimization of the penetrant process shown in
Figure 19
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Fig.25 Relative operating characteristic (ROC) curve showing performance at three different acceptance levels
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INSPECTION RELIABILITY
by

David A. Bruce
Materials and Structures Department
Royal Aerospace Establishment
Farnborough, Hampshire, GU14 6TD
United Kingdom

1 INTRODUCTION

Requirements for NDE of aircraft in service have been determined largely by the prevailing design
philosophy. Traditionally aircraft have been designed and operated cn a safe life basis, in which the
expected life of an airframe component is established by a fatigue test using a predetermined safety
factor. Any unknowns, whether in the material properties, the operating load spectra or the allowed
flight envelope are allowed for by compensating increases in the safety factor, in an attempt to maintain
the desired safety level. 1In the safe life philosophy, NDE is required only when it has been discovered
that the airframe is liable to fail within its safe life, when the operating envelope is modified to
include situatiuns which were not adequately represented by the major fatigue test, or when it is desired
to extend the operating life of the airframe beyond the established safe life for economic reasons.

As the safe 1. fe philosophy accepts that most airframes or components will be scrapped long before
their useful life is used up, it is inherently inefficient as a means of life management. An alternative
approach, frequently referred to as damage tolerance, was adopted some years ago by the USAF, in which
NDE played a central role. In this approach, safety is assured by repeated inspections, on the assumption
that NDE can reliably detect potentially serious defects before they reach a critical size. A further
development of this approach, nov labelled Unified Life Cycle Engineering, has been proposed as the ultimate
technique for efficient life management (1).

Whether the requirement for NDE has arisen from the desire to efficiently design and fly damage
tolerant aircraft, or from a desire to extend the safe life of traditionally designed aircraft, NDE has in
either case become an intrinsic factor in determining the safety level. If it is desired to maintain a
pre-determined safety level by inspecting critical components, the safety level attained, and its
corresponding inspection interval, can only be estimated if the reliability of the NDE technique can be
described quantitatively.

In this paper, the current methods for estimating the reliability of NDE procedures are briefly
reviewed. As an example, their application to the results of a recent UK-led "baseline" study of the
reliability of rotating probe eddy current inspection, will be described. After introducing definitions
of the terminology in section 2, the proposed parametric and non-parametric statistical methodologies will
be described in section 3. Section 4 shows the result of applying these methodologies to the actual results
of the baseline programme, while the concluding sections examine the implications of the findings in terms
of their impact on airworthiness calculations, and the improvements which may be necessary if more reliance
is to be placed on estimates of NDE reliability.

2 DEFINITIONS

The usual way of describing NDE reliability is by presenting a "reliability curve", or possibly a
single figure for the "probability of detection” of a defect. The implication is that when the inspection
task is carried out, the outcome can be described as a random process governed by a well-defined probability
(or strictly a true probability), which is usually assumed to depend only on defect size. The figure which
is usually quoted is not, however, the best estimate of the true probability of finding a defect, but
rather a statistical lower bound on this value at a given level of confidence.

In order to avoid any confusion over definitions, in the following sections two probabilities will
be referred to consistently, these will be the mean probability and the probability of detection at the
95% confidence level.

The mean probability will be denoted p, it is the actual fraction of successes obtained in an experiment
and is therefore the best unbiased estimate of the true probability. Although p is a property of the test
data for the inspection process, since 1t 1s an unbiased estimate ot the true probability 1ts expectation
value is a population parameter.

The probability of detection at the 95% confidence level will, in keeping with notation elsewhere in
the literature, be denoted as the POD. Since this quantity is a lower bound on the true probability, it
depends systematically not only on the inspection procedure which determines the true probability, but
also on the number of trials in the experiment which was used to determine p and POD.

To illustrate the difference between these two probabilities, figure 1 shows the systematic increase
in expected POD which may be obtained by increasing the number of trials for a simple experiment with
p = 0.9.
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Figure 1

Variation of demonstrated reliability with number of trials

3 METHODOLOGIES

When only a single defect type is to be considered, determination of p and POD results in each case
in a single number. If an experiment is carried out in which h successes (hits) were obtained in n
trials, then the mean probability is just p = h/n. The POD is calculated by an iterative technique using
the binomial distribution for n trials to find the probability which gives just a 5% chance of obtaining
h or more successes.

In an NDE context, it is more usual to estimate p ond POD values over a range of defect sizes
where it is anticipated that the values of p and POD will both be dependent on the defect size. Seéveral
approaches have been recommendec for estimation of these size-dependent probabilities, or reliability
curves (2,3). The twc main approaches considered here are a non-parametric approach and a parametric
approach.

“he non-parametric approach, which has also been called the interval method, was recommended some years
ago by the ASNT for aerospace practice (4). 1In this method the desired range of defect sizes is di’ ":d
into a number of smaller intervals, and the results from each interval are analysed separately to y.. u
p and POD value characteristic of the defect size. The resulting set of values for all of the int--
defines the p and POD reliability curves. The advantage of this method is that, apart from the
lying assumption that the inspection process is inherently probabilistic with essentially a sing .
probability within each interval, no extra assumptions are necessary in deriving the reliability cu ..
The disadvantage is that since the intervals need to be chosen to be small enough that the probability is
approximately constant within the interval, and since an equal number of specimens need to be used in each
interval (to ensure that the POD values lie on the same curve), the number of specimens in each interval
may be a severe constraint on the POD curve.

The main alternative to the interval method is the parwmetric approach. This method uses an empirical
functional form for the mean probability reliability curve (5). The function chosen will typically depend
on two (or possibly three) parameters. These parameters are then estimated from the data by linearising
the functional dependence and performing a least squares fit. The 95% confidence limits on the curve are
then calculated from the standard deviations of the parameters (assuming a t-distribution for the errors)
and this is interpreted as the POD curve. This method has the advantage that the entire set of trials are
included in the determination of the POD at any given size, rather than just the fraction of the trials in
the relevant size interval, so that the resulting POD curve is much closer to the mean curve. The dis-
advantage, however, is that an extra assumption has had to be made to estimate the curves, namely the
assumption that the variation of the true probability with crack size is accurately given by the chosen
empirical function. Provided the probebilitieg are sufficiently slowly varying functiong of defect size
this may not cause problems, but if the reliability curve has fairly sharp features the POD curve resulting
from this method may be over optimistic in their vicinity.

o




4 BASELINE STUDY RESULTS

The UK baseline study, and its analysis using the interval method to determine reliability curves,
has already been reported elsewhere (6,7). The study involved inspection of a total of 550 fastener
hole specimens by 91 inspectors using a rotating probe eddy-current technique. Of the 550 specimens
prepared, 250 contained fatigue cracks ranging in length from 0.2 mm to 5.8 mm. The 91 inspectors
included UK military and civilian testers and also, through the auspices of TTCP, testers from the USAF
and the CAF.

The numbers of specimens and inspectors involved in the baseline study were chosen to be as large
as possible to allow a full statistical analysis. If a trial to establish the reliability of NDE
techniques is to become a regular feature in the qualification of inspection procedures, the scale of
such trials will almost certainly have to be considerably more modest for reasons of time and cost. For
the baseline study, the large numbers of specimens and inspectors allowed considerable flexibility in
the analysis.

The rotating probe eddy current technique was chosen for the study because, although by no means a
fully automated instrument, the rotating probe instrument was the most automated technique currently in
use. It was hoped that this would reduce the effect .f variations in individual performance which might
be expected in a technique requiring greater manual dexterity.

An implicit assumption in producing a reliability curve as a function of c<rack size is that the
various inspectors have a similar performance so that they can all be represented by the same curve.
An initial analysis was therefore carried out by grouping the specimens into intervals of 5 specimens and
summing the numbers of hits and misses attained by all of the inspectors. The resulting POD and p curves
are shown in figure 2. Since this approach gave a very large number of trials in each interval, the POD
and p curves are very close together.

Reliability curves for all 91 testers

1.08 T
] 5 Mean probability p |
ge 75: X 95% confidence POD |
f-; ' (5-specimen intervals) |
] ( Solid lines are a quide to the eye )
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0.0 3.0 4.5

1.5
Crack Length /7 mm,

Figure 2
Mean probability and 95% POD curves for all testers
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iis procedure of summing the results of all of the inspectors to obtain a large aggregate number
of trials from which the POD is calculated, is consistent with the underlying assumption that the performance
of all of the inspectors is governed by the same true probability. Unfortunately, however, it is apparent
from the data that there are several outliers, ie inspectors who have missed more (or in some cases fewer)
defects than would be expected. The distribution of the number of misses made by individual testers was
therefore checked at each crack size. Even for the large cracks of above 2 mm in length, where the POD does
not change measureably with crack size, some of the inspectors missed significantly muie defects than their
colleagues. When the more obvious outliers were eliminated from the sample, the results for the remaining
77 inspectors were analysed, leading to the reliability curves shown in figure 3.

Reliability curves for 77 *Good Testers®
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Figure 3

Mean probability and 95% POD curves for testers of approximately uniform ability,
after deleting "outliers"

Where the distribution of misses made by the inspectors corresponded to the expected binomial
distribution, it may be assumed that the inspectors were performing with the same probability. The data
for inspection of small cracks, those of less than 0.9 mm in length, was clearly not binomially dis-
tributed. As an example, the results for the cracks of 0.5 mm in length are showa in figure 4, compared
with the binomial distribution which would give the correct mean performance. 1t is clear from the diagram
that there are too many inspectors achieving perfect scores, while most of the misses are made by a
fairly small fraction of the population of inspectors. Similar effects were observed at all of the small
crack sizes. This shows that for these crack lengths the inspectors were not performing uniformly.

Many inspectors were able to correctly locate 100% of the defects while others missed significantly too
many to be a part of a homogeneous population. Thus for the entire region where the POD was found to be
size-dependent, the POD and p reliability curves are found to be of limited validity as differences
between inspectors domir.ated the results.
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Figure 4

Comparison of the actual and expected distribution of performances for small (0.5 mm) cracks

Since differences between inspectors were shown to be important, the interval method was also applied
to the results of individual testers. It was necessary to choose an interval size for the POD calculations
which included a sufficiently large number of specimens to allow reasonably high PODs, without making the
range of sizes in the interval too large. An interval size of 25 specimens was chosen as this provides
10 points on the curves while allowing a maximum POD of just under 90% (25 hits out of 25 trials gives a
POD of 88.7%). The p and POD curves obtained for the best, worst and average testers are shown in
figure 5.

Best, worst and average individual performances.
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Figure 5

Mean probability and 95% POD curves for individual testers
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In the case of the best testers, the reliability curves are simply two straight lines, reflecting
the fact that the best testers correctly located all of the defects. These two lines therefore represent
the best p and POD that can be obtained by the interval method, when there are 25 specimens in each
interval. Increasing the number of sp.cimens in the intervals would increase the limiting POD value, for
example intervals of 29 specimens would give a maximum POD of 90%. The performance of the best and the
average testers is significantly different only for crack lengths of below 0.7 mm (0.028 in). The worst
tester, however, can be seen to be significantly worse than the average, even for cracks as long as
2.0 mm (0.06 in).

In the initial analysis, where the results from all of the inspectors were aggregated to give a
very large number of trials for the POD determination, the p and POD curves obtained by the interval
method are close together. Because of this, the parametric method of determining a lower bound to the
probability of detection does not lead to appreciably higher PODs. When the POD curve is calculated for
an individual, however, the interval method suffers from the necessarily much smaller number of specimens
in each interval. When the number of trials is small, the parametric method of estimating a 95% confidence
curve offers a way of reducing the difference between the p and POD curves, effectively increasing the
number of trials. The parametric method was Lherefore used to reanalyse the individual tester data.

To use the parametric method, it is necessary to specify an empirical function to represent the
mean probability of detection as a function of crack length. Several different functions have been
proposed (2,5) and for the purpose of this investigation a three-parameter Weibull curve was used. The
actual functional form of this is

p(a) = 1 - exp ( -A (a ~ aO)B)

where a is the crack length, a0 is a threshold representing the smallest detectable crack, and A and B
are adjustable constants which are fitted by least squares minimisation.

The results for the worst tester are shown in figure 6. The triangles show the actual data points
in the 25-specimen intervals. The crosses show the interval-method POD for each interval. The solid
line shows the 95% confidence limits on the fitted curve, which in the parametric approach is identified
as the POD. It can be seen that the parametric method gives a higher POD than the interval method for the
longer cracks. For the shorter cracks, those below about 2 mm (0.08 in), the two methods give s- ailar curves.
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Figure 6

Mean probability, 95% POD calculated by the internal method, and 95% POD caiculated by the
parametric method for the worst tester
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Results for the “average tester" are shown in figure 7. The “"average tester" was represented by the
average number of misses in each interval, rounded to the nearest integral value. Because of the avera i .g,
the curves are much smoother, The parametric method leads to a POD which is substantially higher than
that obtained from the interval method over almost the entire range of lengths. The fitted empirical curve
does not seem to reproduce the sharp shoulder of the actual curve very well, and in fact obviously over-
estimates the probability of detection around .2 mm (.08 in).
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Figure 7

Mean probability, 95% POD (internal method) and 95% POD (parametric method)
for the average tester
5 IMPLICATIONS FOR AIRWORTHINESS

The use of NDE to ensure safety levels requires that NDE reliability is included in the airworthiness
calculations. In the ¢’wplest treatment it is merely assumed that any defect larger than a threshold size
will be detected. All that has to be done in this approach is to estimate the detection threshcld. This
oversimplification of the problem has two major failings. Even as good a technique as the rotating probe
eddy current inspection consjdered abeve is not perfectly reliable even for the largest defects, so it is
unreasonable to expect 100% detection above a threshold size. The other problem is that it is difficult
to measure the threshold size accurately, whether this is done by measuring the mean probability or a 95%
confidence POD, unless the threshold size is measured for a fairly low probability of detection (5). The
difficulty is primarily caused by the shape of the reliability curve, If this is relatively flat for large
defects, the crack length at which the reliability curve attains a specified value is very sensitive to
slight changes in the experimental data. It is only in the range of crack sizes below the 'shoulder",
where the probability is changing rapidly with crack length, that a threshold size can be measured accurately.
Clearly this limits the level of probability which may be required at the threshold.

In order to incorporate quantitative measurements of NDE reliability, a Monte Carlo method known as
Probabilistic Fracture Mechanics (PFM) has been used (8). In this method, the reliability and crack growth
curves are specified, the crack growth between inspections is represented by a random process and the chance
of missing a crack in repeated inspections is calculated. These calculations can be used to determine safe
inspection intervals or safety levels,

Reliability curves from the base-line study have been used for a set of preliminary inspection interval
calculations using the PFM method. The main aim of these calculations was to study the effect of reducing
the sample size on the POD curve and, through this, on %he safe inspection interval. It was clear from

these calculaticone that reascnable incpecticn intervals were predicted when using the mean p  reliability

curve or the aggrugate POD curves shown in figures 2 and 3. In contrast, when the POD curves obtained
from the performances of individual testers (fig 5) were used, tiie low POD prevented the desired safety
level (1 in 1000) from baing attained with a reasonable inspection interval. It was also found that the
inspection intervals calculated were quite sensitive to the shape of the reliability curve around the
“shoulder"” below 1 mm. This is presumably due to the fraction of cracks which grow rapidly from this size
to aritical size within one inspection period.
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The sensitivity of the PFM calculations to the details of the curve implies that the choice of
empirical function will influence the results. This reduces the apparent advantage of the parametric
methed, since the 95% confidence limits on the curve take only the scatter of vaiues around the Weibull
curve intc account, it is not possible to estimate the effects of systematic differences between the best |
fitting curve and the true probability. |

6 COPING WITH INDIVIDUAL VARIABILITY

The base-line study was exceptional in that a large enough data set was gathered to allow a statistical
test of the validity of applying binomial theory. The conclusion that in the small crack region the
inspection could not be described adequately by a single probability but depended on the individual tester
was not new, similar results having been noted in the "Have Cracks Will Travel" programme (2). The main
problem which this variation causes in the application of NDE reliability measurements, is that the
probabilities measured by aggregating the results of all inspectors will apply only if a random choice of
inspector is made before each inspection. Otherwise either the reliability of each individual must be
established, or the theory should be modified to take into account the expected range of probabilities,

In smaller reliability trials, it is unlikely that enough data would be gathered to enable the
binomial theory to be tested. Either it must be assumed that all testers will perform with the same
probability of detection, or else it might be assumed that the testers would have a given distribution
of abilities, reflected in a distribution of probabilities. One approach which appears to eliminate this
problem is to use the Bayesian method. In this the aggregate data from the trial is used to estimate the
distribution of individual probabilities. This avoids the assumption that all testers have the same
reliability without requiring any additional data. In the case of a large number of trials the Bayesian
and binomial methods give very similar results. The differences become apparent for smaller numbers of
trials when the Bayesian approach gives a considerably longer "tail" to the distribution. This may be seen
in figure 8 where the distribution of misses made by the 91 inspectors on the 6 specimens with 0.5 mm cracks
is shown, together with a Bayesian (beta-binomial) distribution calculated for the appropriate mean number
of misses (9). The agreement with the experimental results is significantly better than that for the
binomial distribution of figure 4.
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Figure 8

Comparison of the actual distribution of performances with Beta-binomial distribution
which arises in the Bayesian approach

An alternative method of incorporating a range of abilities is to assume a particular distribution

population to fit the experimental data. This approach, which for an appropriate choice of the distributio
of abilities leads to the Negative Binomial (or Compound Poisson) distribution for the numbers of misses,
has been used in the study of industrial accidents (10). Again in the limit of a small population variance
this reproduces the binomial distribution of misses, while if the variance is large, this produces "tails"
on the expected results. The negative binomial with the correct mean and variance is compared to the 0.5 m
crack data in figure 9 where it can be seen that it gives better agreement than either the binomial or beta
binomial distributions. It was in fact noticeable that the negative binomial with appropriate mean and
variance gave a satisfactory fit to all of the data collected in the base-line study at all crack sizes.
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Figure 9

Comparison of the actual distribution of performances with the Compound Poisson distribuition
with correct mean and variance

Rather than admit the possibility of individual variation which necessitates an extension of the
binomial theory, it might be advantageous to ensure that performance is as homogeneous as possible, even
at the expense of the ultimate sensitivi y. One of the improvements to NDE which is often claimed to lead
to higher reliability is an increase in automation. This may have the effect of increasing the mean
probability of detection, p. Even if automation is unable to improve the mean probability, it offers two
potential advantages from the point of view of measuring reliability. By reducing the possibility of human
error and the degree of human judgement present in manual inspections, it may be possible to reduce the
variability in inspections to the point where the simple probabilistic model is sufficient. It is, however,
important to note that the differences between "individual testers" noted in the base-line study implicitly
includes the effects of differences in the calibration and possibly in the performance of their equipment
which would not necessarily be removed by automation. A second major advantage of automation may be that
it will be possible to generate more data for POD measurements. For example, since an automated test will
not be biased by the outcome of a previous test on the same specimen, it may be possible to make repeated
measurements on a small specimen set rather than having to manufacture a very large (and costly) specimen
set. This increase in the number of trials will reduce the diffe..ence between p and POD by increasing
the latter even though p may not be increased.

7 CONCLUSIONS

Quantitative measurements of NDE reliability are necessary to enable NDE to be properly incorporated
into life management and airworthiness philosophies. Although a framework for this exists through a
combination of reliability curve estimation and PFM simulation, the current methodologies cely on the
assumption that the inspections can be described by a single reliability curve. This is difficult to
substantiate in general and vas demonstrably not attained in the base-line study.

In the base-~line study, the probability of detection curve was dominated by variations in individual
performance throughout the range of crack sizes fer which p and POD changed with crack size.

POD curves obtained by these methods do not give a complete description of the expected outcome of a
subsequent series of inspections. In view of the necessity of obtaining the best estimate of the expected
performance of an inspection technique from the smallest possible set of trials, a better method of
parametrising the data would be valuable.

If the reliability of inspections continues to be described by POD curves obtained by the conventional
methods, but restricted to smaller sets of inspectors and specimens, then the small sample effects will
often prevent the necessary level of safety from being demonstrated, even for the most reliable techniques.
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An increase in the level of automation which simplifies the role of the inspector may lead to
improvements in repeatability which may prove to be more important than an improvement in average
reliability. Although the imprcvement in repeatability would have to be demonstrated, it may be that
highly automated systems would not suffer from the non-binomial variabilaty of results demonstrated above.
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CRITICAL INSPECTION OF HIGH PERFORMANCE
TURBINE ENGINE COMPONENTS - THE RFC CONCEPT

Bruce A. Rasmussen, WRDC/MTP and Eric L. Pohienz, WRDC/MTPM
Wright-Patterson Air Force Base, Ohio 45433 USA; and
James D. Hoeffel and Dena G. Williams, SRL/NDE
Systems Research Laboratories, Inc. 2800 Indian Ripple Rd. Dayton, Ohio 4S54l0

SUMMARY

The U.S. Air Force has implemented a new maintenance philosophy, known as Retirement
for Cause (RFC), to extend the usefulness of gas turbine engine disks and spacers beyond
their original design life. Essential to the successful implementation of this philosophy
was the development of a generic, totally-automated engine part inspection system that
could reliably detect 5 mil flaws and determine a part's accept/reject status using
critical flaw size criteria. Initial implementation of the RFC Inspection System on the
Pratt & Whitney Fl00 engine has significantly reduced the U.S. Air Force engine spare
parts inventory requirement and has resulted in a large savings in reprocurement costs.

BACKGROUND

In the early 1970's, jet engines were developed to achieve the higher thrust designs
typical of the jet engines used in the U.S. Air Force today. To achieve this level of
performance, engine component designs, by necessity, became increasingly complex, required
the use of more sophisticated and expensive materials, and had to operate at considerably
higher temperatures. As a result, the components became significantly more expensive and
their design lives were often less than the design life of the overall engine.

The usefulness of components such as hubs, seals, and disks was based on predicted low
cycle fatigue (LCF) crack growth behavior. This predicted LCF life anticipated or modeled
multiple engine duty cycles (from idle to full power) to establish the component stresses.
This statistical model had inherent risks and made assumptions on the predicted life
resulting in a significant degree of uncertainty.

To overcome this uncertainty prior to implementing the "retirement for cause" philosophy,
the Air Force used a very conservative approach of retiring components after they reached
a given number of operating cycles. In other words, parts were "retired for time"; when
l-part-in-1000 could potentially develop a critical fatigue crack, all 1000 parts were
retired to eliminate the possibility of catastrophic failure in flight. The tremendous
costs associated with spare parts reprocurement under this maintenance philosophy however,
generated a motivation to pursue the development of a safe, more economical means of
determining the actual remaining life of high-performance jet engine components.

1000
SCRAPPED PARTS §

Figure 1. RFC System Concept

The Air Force Wright Aeronautical Laboratories (AFWAL) recognized the potential for
significant cost savings in the engine spares business ard by the early 1970's, the AFWAL
Materials and Propulsion Laboratories conducted a joint in-house research program to
evaluate the remaining life of TF33 turbine components beyond their predicted LCF life.
Their results showed that 80% of the TF33 components had remaining life equal to five LCF
lives and proved that indeed good usable components were being unnecessarily discarded.
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Following the TF33 work, the Materials Laboratory initiated a joint program with the
Defense Advanced Research Projects Agency (DARPA) to evaluate the technical and economic
feasibility of extending the useful life of other U.S. Air Force engine components. The
study identified two technology advancements that were essential to a positive "return
on investment".

1. Advanced analytical techniques were needed for predicting crack growth
behavior in component materials; and

2. Advanced NDE equipment was required that had the inspection sensitivity
and reliability to ensure detection of extremely small flaws.

The first category, the development of advanced technology, was addressed in a Materials
Laboratory program that established analytical methodology for predicting crack growth in
various alloys. The knowledge gained from this program was later used in modeling and
predicting component life. The second category, development of the necessary NDE system,
became the task of the Manufacturing Technology Division (MANTECH).

In October 1981, MANTECH undertook the task of developing a generic, totally-automated
inspection system that could reliably detect 5-mil fatigue cracks in jet engine rotary
parts, and the Pratt & Whitney F100 engine was chosen for initial implementation. Emphasis
was placed on achieving basic inspection capabilities with automated eddy current and
ultrasonic inspection techniques, and improving current flaw detection and characterization
techniques by using computer algorithms and eliminating the human decision making process.

Based on past experience with other automated NDE systems, it was clear that this
precject would require a major Air Force investment as well as universal involvement and
acceptance across the engine community. To accomplish the latter goal, MANTECH carefully
selected a team of technical experts to design a generic inspection system that could be
used to inspect jet engine components from all major U.S. Air Force engine suppliers. This
team, as illustrated in Figure 2, consisted of a neutral third-party prime contractor,
four major engine manufacturers, systems houses, and science institutes, as well as
mechanical and instrumentation manufacturers. In essence, MANTECH brought together the
foremost experts in the United States to cover all important facets of nondestructive
inspection technology establishment and application.

MANTECH organized the program participants into three specialized Working Croups
(Advanced NDE, Systems, and Implementation), a Performance Evaluation Committee, and an
Executive Advisory Committee. Each of the program participants were active in the Working
Groups and Committees most relevant to their area of expertise.

WRDC/MTPM
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RFC/NOE EXECUTIVE
ADVISORY COMMITTEE

SRL PROGRAM
MANAGER
WORKING GROUPS
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Figure 2. RFC/NDE Program Organization Chart

The Working Groups were primarily responsible for assuring the generic nature of the
system design, and applying state-of-the-art technology developed in the laboratory to
production practice where possible. The Performance Evaluation Committee, consisting of
vepresentatives from each of the major engine manufacturers, developed a comprehensive
NDE reliability test plan that included representative specimens from each manufacturer's
engine (i.e., Pratt & Whitney, General Electric, Garrett). Air Force representatives
from SA/ALC, OC/ALC, ASD, AFWAL, and AFLC were present in all of the working groups and
committees and provided information critical to the system's successful transition from
laboratory to factory (i.e., facility design, human factors, system operational reliability/
maintainability/supportability, data archiving and storage capability, system diagnostics,
and security). In addition, representatives from the Navy (NASC) and NASA (NASA Lewis

Research Center) were also involved in the working groups and participated in the program
technical reviews.

|
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SYSTEM DEVELOPMENT

The RFC Program was broken into three major phases: Prototype design and development,
prototype-to-production system upgrade, and production system implementation. The first
phase, prototype design and development, began in the fall of 1981 and continued through
the spring of 1985. During this phase, the Working Groups and SRL spent considerable time
and effort in reviewing existing and current state-of-the-art inspection technology.
planning for future technology incorporation, and designing a modular system that could
accommodate the future technology as it evolved from the laboratory environments. The
modular design concepi was carried forward to all aspects of the RFC System - hardware,
software, NDE, data acquisition, tooling, etc. Once the top-down modular design was
established, the bottom-up system development was iniciated. Basic system development
was completed and the prototype system was demonstrated at SRL on April 29, 1985. At that
time, the feasibility of totally automated part inspection was demonstrated as the stalions
inspected numerous F100 parts, detected EDM notches, and determined accept/reject status
using critical flaw size criteria; the RFC philosophy was determined to be a truly
ok*ainable goal.

'F-100 PARTS INSPECTED BY RFC

Figure 3. F-100 Parts Inspected by the RFC/NDE System

TYPICAL FLAW LOCATIONS FOR FIGHTER-TYPE ENGINES

CORNER FLAW

CORNER FLAW BALANCE FLANGE SCALLOP

DRAIN SLOT/BALANCE CUT

CORNER FLAW

LIVE RIM SURFACE FLAW
BLADE SLOT. CORNER FLAW Ot DRAIN/ROLT/COOLING AIR HOLES
0ISK LIVE BIM
S THROUGH FLAW
‘@ KNIFE EDGE SEAL
&
CORNER FLAW INTERNAL FLAY,

ANTIROTATION WINDOW
Figure 4. Typical Geometry Inspection Regquirements

After the successful prototype demonstration, key features in the system were optimized
to withstand production operation. For example, the scanner and probe designs were made
more rugged, inspection status d.splay screens and operator control panels were made more
user-friendly, communication interfaces were upgraded to provide faster response times and
redundancy, and scan plans were optimized *o provide greater detection sensitivity and
faster part inspection throughput times. This phase of the program lasted roughly 14
months and culminated with preproduction gualification and acceptance testing at SRL.
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In August 1985, representatives from the Air Force, Working Groups, and Performance
Evaluation Committee met at SRL to perform the Phase I Qualification and Acceptance Tests
and the NDE Reliability Tests on the RFC System. The tests examined system reliability
and NDE flaw detection capability/reliability under simulated production conditions. NDE
tests included automatic scans of engine disks and enough represertative fatigue-cracked
specimens to yield a statistically significant prediction of detection reliability. The
data indicated a 90/95% confidence level for detecting surface flaws in the S5-mil to
10-mil depth range in boltholes and on flat surfaces. An encouraging aspect of the data
was a strong correlation between the apparent-vs.-actual flaw depth data. Of particular
interest were the variability test results which showed the system to be virtually
unaffected by operator changes, probe changes, part loading, flaw orientation and repeated
scans. 1In addition, system uptime test requirements of 80% were exceeded by 1ll% as the
system was operational 91% of the time. The Air Force then authorized SRL to ship the
system to the Kelly Air Force Base Jet Engine Overhaul Facility in San Antonio, Texas.

The System was shipped to Kelly the last week of November 1985, and was operational
within three days after delivery. Then Phase II Qualification and Acceptance and
Reliability Testing were performed. Data resulting from these tests proved the system met
or exceeded performance objectives and criteria in each category of testing. Data
indicated a 90/95% confidence level for detecting surface flaws in the 4-mil depth range
for rivet holes. Bolthole and flat surface data again showed reliable detection in the
desired 5-mil to 10-mil depth range. Based on these results, the RFC System was authorized
to begin production inspections on F100 engine components in mid-October 1986, and had
paid for itself within the first year of operation. Since that time, the system has been
running continuously five days a week, at least two shifts a day with no major difficulties
or slow-downs in production operation. A&s of July 31, 1989, production figures at the
SA/ALC are 8174 parts inspected, 6916 accepted, and 241 rejected.

Figure 5. Production Facility at Kelly AFB

SYSTEM DESCRIPTION

The basic RFC Inspection System was designed per structured analysis methodology and
consists of three primary modules:

1) the Operator Console, which is a passive station used to monitor overall
system operational status, track Lhe individual part inspections at each
NDE station, and generate inspection data reports;

pe

2) the System Computer, which performs part tracking, operator console/
inspection station interface and communication, NDE data cross-correlation,
archival data base storage, system diagnostics, advanced signal processing,
RFC proprietary data analysis, and graphics processing; and
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3) the NDE Inspection Modules, which consist of eddy current and ultrasonic
inspection stations. Each NDE Inspection Module consists of three major
submodules:

Figure 6. Eddy Current Inspection Module

a) the mechanical system, which consists of the multi-axis mechanical
manipulator with linear X-Y-7 arms and a two-axis robotic wrist;
automatic probe changer (EC only); scanners and gimbals; engine
part fixture; computer-controlled rotary table; and laser alignment
fixture;

b) the instrumentation cabinet, which houses the NDE instrument; the
inspection module's color monitor; station computer; operator
push-button control panel; and mechanical manipulator controller; and

¢) the data acquisition module, which consists of all probes, tools,
transducers, and squirters; engine part adapters; reference
standards and scan plans. (It is this module which is "kitted"
to comply with the specific requirements for each unique engine;
the other modules and submodules presented above are generic for
all engine applications.)

SYSTEM CONFIGURATIONS

The modularity of the RFC Inspection System design has made it a very versatile system
which has the inherent capability of cost-efficient technological upgrade. A case in
point was the reccent upgrade ol the inspection station computer from the now obsolete
Intel 86/380 to the current Intel Multibus II configuration. With a minimum impact to
the station cabinetry, hardware, and operating system software, the Intel Multibus II was
integrated into the inspection station providing approximately 5-times greater processing
speed.

In addition, the obsolescence of the Digital Equipment Corporation (DEC) VAX 11/780,
which is currently being used in the SA/ALC system, prompted the use of the DEC VAX 82/50
in the OC/ALC system. The new VAX 82/50 not only provides greater CPU power in half the
physical space, it also costs less than the 11/780. And, as in the case of the Tntel
system, the transition had virtually no impact on the operating system software.
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Other areas of upgrade that are currently being pursued and which will provide \
significant cost-savings and improved inspection performance are the development of the
micro-manipulator for surface inspections, and the development of a variable-diameter
probe for RECHII inspections (Rotating Eddy Current Hole Inspections). The micro- ;
manipulator probe will eliminate the need for approximately 50% of the surface probes. |
Additionally, the variable-diameter probe will eliminate most of the hole inspection
probes currently being used. These tooling concepts have the potential for providing |
significant cost savings to the user in the area of repair, maintenance, and replacement
costs. In addition, eliminating the need for the numerous probe configurations has the
added benefit of reducing the need for numerous reference standards used for probe check
and calibration procedures. Significantly decreasing the number of probes and reference
standards will save considerable time during the part inspection, and, most importantly,
provide greater inspection integrity by decreasing the variability between reference
standards and probes.

!
’
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Critical to the future performance of the system is its ability to accommodate future
advanced NDE flaw detection and characterization techniques and algorithms. The system's
modular software design makes this possible. The system currently uses Fourier analysis
and deconvolution, as well as time and spatial averaging techniques during the part
inspection process. In addition, research is currently being conducted on the application
of various AI and advanced signal processing techniques to the areas of complex geometry
inspections and signal-to-noise ratio improvements.

The system's modularity also enables it to easily fulfill the f. .damental requirement
of providing generic inspection capability for all engine configurations. The basic NDE
inspection station (as previously discussed under SYSTEM DESCRIPTICN) remains constant
for all engine configurations, while the part specific adaptations are made through "kits"
consisting of fixtures, adapters, tooling, and scan plans. The generic system design
maintains total transportability between stations, ALC installations, engine configurations,
etc,, while also reducing costs associated with supporting numerous, uniquely-designed
inspection systems. To date, the RFC Inspection System can accommodate the Pratt & Whitney
F100 and F129 engines, as well as the General Electric F101, F110, and F229 engines
through kit modifications to the generic base assembly.

While the SA/ALC and OC/ALC RFC Systems are readily expandable by "plugging in"
additional inspection stations, the need for stand-alone station capability has also been
recognized. SRL has recently designed such a station which can be effectively used in
smaller-scale production operations. The stand-alone station will provide the same
critical data processing and level of performance as the full-scale inspection system, but
will have less storage capability and will generate hard-copy inspection data directly at
the station upon completion of the part inspection, thus eliminating the need for the
Operator Console.
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Figure 9. The Stand-Alone Inspection System

CONCLUSION

The RFC Inspection System developed under the direction of the U.S. Air Force has been
a very successful project wherein state-of-the-art technology was developed and effectively
adapted to practical and productive application. In addition, the manufacturing technology
developed under this Government project has beneficial and wide-range application across
all facets of the aerospace industry - Government as well as commercial. The technical
contributions and cooperative efforts of the RFC program participants are the elements
that have made this project a success, whereby individual business interests were often
set aside to pursue advancements in technology and industry-wide application. As a result,
what was once a concept is now a proven and practiced technology in the critical inspection
of high performance turbine engine components.
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NONDESTRUCTIVE EVALUATION OF ADHESIVELY-BONDED JOINTS

A. FAHR and S. TANARY*
Structures and Materials Laboratory
National Aeronautical Establishment
National Research Council Canada
Montreal Road, Ottawa, Canada, K1A OR6

Abstract

The structural use of adhesively bonded joints, particularly in aerospace applications, requires nondestructive evaluation techniques
for the characterization and qualification of bond integrity. Tn this paper, the types of defects encountered in bonded joints and the
NDE methods available to detect them are reviewed. In particular, techniques which have shown potential for nondestructive
characterization of bond strength are described. Finally, experimental results from acousto-ultrasonic (AU) measurements followed
by destructive shear tests on single-lap joint specimens made from either metallic or carbon fibre composite adherends and FM 300
film adhesive with different types of bond line defects are presented.

L INTRODUCTION

Mechanical joining and adhesive bonding are basic methods for attaching components in a structure. In the past, adhesive bonding
was used primarily in nonstructural applications. In recent years, however, the use of adhesives has increased significantly both in
nonstructural as well as structural applications. Adhesive bonded joints offer advantages in terms of design flexibility, cost
effectiveness, stress uistribution and strength-to-weight ratio. However, there arc some disadvantages in using adhesive joints in
structural compqnents. In addition to the tedious surface preparation that 18 required for adhesive bonding, a major limitation is
associated with the difficulty encountered in making an accurate measure of bond quality or potential performance after the jeint has
been assembled. Furthermore, the performance of bonded joints during service may be affected by environmental conditions or by
service induced damage that would result in a requirement for reassurance of bond quality. There is consequently a need for
nondestructive evaluation (NDE) techniques that can provide assurance of the structural performance of bonded joints both after
fabrication as well as during service life.

In this paper, first the types of defects encountered in bonded joints and the NDE techniques available to detect them are reviewed.
Then, the acousto-ultrasonic technique which has shown potential for evaluation of bond integrity is described. Finally, experimental
results from acousto-ultrasonic measurements followed by destructive shear tests on single-lap joint specimens with different types of
bond line defects are presented.

2. DEFECTS IN ADHESIVE BONDS
Defects in adhesive bonds can be classified into three main categories (1).

(1) Physical Discontinuities. Defects of this type would include voids, porosity, unbonds, inclusions, disbonds and cracks.
Voids may be introduced in the bond by lack of adhesive or by air and gases entrapped in the adhesive during fabrication. Porosity
may be caused by air bubbles or volatiles in the adhesive layer. Inclusions are foreign materials which inadvertently are introduced
into the adhesive during fabrication. Disbond could be created in-service due to impact or fatigue. Cracks are often the result of
problems with the cure or by overloading in service,

(ii) Poor Cohesive Bond Strength. The cohesive bond strength is the strength of the adhesive layer itself. Weak adhesive can
be due to adhesive aging, incomplete mixing, incorrect formulation or insufficient cure.

(iii) Poor Adhesive Bond Strength. The adhesive bond strength is determined by the extent of molecular attraction of the
adhesive to the adherend at the adhesive-adherend interface. Poor adhesion can result from ineffective surface preparation or
contamination. This is also referred to as a "zero volume unbond".

3. REVIEW OF NDE TECHNIQUES FOR ADHESIVE BONDS

The majority of NDE techniques currently used for adhesive bond inspection are capable of detecting physical discontinuities.
Reference (2) provides a good review of the NDE methods for adhesive bond inspection. This article emphasizes techniques that have
shown potential for bond strength evaluation.

Sonic vibration methods utilize frequencies below 600 kHz and are based on the principle that defects cause local changes in the
stiffness which in turn affect the vibrational characteristics of the structure. This principle is the basis for several commercial bond
testers. Sonic vibration methods use contact probes, dry or wet coupling, and are best suited to in-service inspection ot honeyromb
structures for gross defects such as disbond.

Ultrasonic methods employ high frequency (>1 MHz) sound waves to interrogate the {est material. The use of high frequencies
provides better sensitivity but requires a fluid for transducer coupling. The sound waves are transmitted either in a contipuous
manner (resonance techniques) or in the form of repetitive pulses. The latter is the basis for the widely used ultrasonic pulse-echo and
through-transmission techniques.

In resonance methods, the frequency of continuous acoustic waves, which are injected locally to the bonded area, is changed until a
resonance condition is produced. At resonance frequency, the wavglength is twice the total thickness of the joint. When there is defect
in the bond line, the resonance frequency will changuy due to the presence of a gap which is seen by the transducer as change of
thickness. The principles of ultrasonic resonance are used in some commercial bond testers which are widely employed for in-
service inspection of bonded aircraft structures. The resonance method also may be used to indicate changes in the bond strength due
to variations of adhesive or adherends thicknesses,

* Department of Mechanical Engincering, University of Ottawa.
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In the pulse-echo technique, if the transmitting pulse is sufficiently short, echoes from interfaces may be resolved and th_eir
amplitude or position used to detect the presence of physical defects. Using the pulse-echo method, Alers et al. (3) found a correlation
between the cohesive shear strength of an aluminum lap joint and the longitudinal velocity of sound waves in the adhesive bond line.

The through-transmission method requires access to both sides of the test compc~ent. The contact through-transmission technique
has very little practical use because of the difficulty of transducer alignment and the requirement for good contact on both sides. In
contrast, using water immersion or squirters for coupling and an automated C-scan for scanning transducers, the immersion
through-transmission method has found a major role in production inspection of bonded structures particularly in the aircraft
industry (4).

The conventional pulse-echo or through-transmission methods employ an incident beam normal to the plane of the bond and rely on
the change in acoustic impedance to indicate defects. These methods could be insensitive to the properties of the bond line which
constitute a small fraction of the total beam path length, Other ultrasonic methods which use an oblique incident beam to generate
interface or piate waves (Lamb waves) also have been used for bond property evaluation. The interface or plate waves propagate along
the bond line and thus are affected to a greater extent by bond line properties. Rokhlin (5,6) employed interface waves t5 <vuiuate
adhesively-bonded layers using the configuration illustrated in Figure 1. In this way the transmitting probe geuerates surface
acoustic waves (SAW) in the lower substrate which are transformed into interface waves. Since the velocities <« the surface and
interface waves are close, only a small portion of the energy is transformed into bulk waves. The interface waves leaving the bonded
zone are transformed back into surface waves and are sensed by a receiving probe. Rokhlin showed that the velocity of interface waves
rises during the course of adhesive polymerization. The measurement of bond strength at different time intervals of the cure cycle also
showed trends similar to velocity as illustrated in Figure 2. He concluded that the state of adhesion at the interface affects the interface
waves since the weak coupling "shunts” the elasticity of the system as a whole. In another study, Kline and Hashemi (7) monitored
fatigue damage development in single-lap aluminium specimens using interface waves, termed guided waves, and noted changes in
the transmitted signal amplitude and phase velocity, Figure 3. Bar-Cohen and Mal (8) used immersion techniques to generate "leaky
Lamb waves" as illustrated schematically in Figure 4. They found that the destructive interference in the radiated field was sensitive
to the properties of the bulk material as well as the interfaces. Figure 5 illustrates the change in phase velocity of the leaky waves with
frequency for well bonded and poorly bonded titanium beryllium diffusion bonds. Ultrasonic spectroscopy has also been used to obtain
information such as changes in bond line thickness or variations in the strength of the adhesive joints due to fabrication processes and
hydrothermal degradation (9, 10).

Acoustic emission techniques rely on the initial response of materials during mechanical loading. An early attempt to use acoustic
emission on adhesive bonds was made by Schmitz and Frank (11) who reported a corr: lation between the density of emissions and the
bond strength of aluminium honeycomb specimens. The AE method has also been used to study the effect of temperature, humidity or
surface treatment on bond strength (12,13). Figure 6, for example, shows the AE response obtained during tensile loading of two types of
specimens, with and without a specified surface treatment. Generally, weak joints show more acoustic emission during loading than
do the stronger joints. However, practical application of the AE technique is limited due to difficulties in identifying emission sources
and the fact that mechanical loading could result in permanent damage to the bonded joints.

Other NDE techniques such as thermography, optical holography and radiography have also been used for the inspection of bonded
components; mainly for the detection of physical discontinuities. Thermography and holography are useful in the detection of surface
or near surface defects in honeycomb bonded structures. Radiography is effective in the inspection of complex geometries and
honeycomb structures, but X-radiography has found little use in the inspection of metal-to-metal joints because the adhesive layer
usually has a much lower density than that of the metallic adherends. In contrast, with neutron radiography, a thin adhesive layer can
be detected even through thick layers of metallic adherends (14). However, the practical use of neutron radiography is limited since at
present a high neutron flux can only be produced in nuclear reactors or high power accelerators.

4. ACOUSTO-ULTRASONIC TECHNIQUE

Acousto-ultrasonics is a relatively new technique which was first introduced by Vary (15). This method combines the beneficial
aspects of conventional ultrasonic and acoustic emission techniques. In this method, which ie shown schematically in Figure 7,
repetitive ultrasonic pulses are injected into the test material by a broadband ultrasonic transducer. A receiving acoustic emission
sensor is placed on the same side of the specimen to intercept the propagating stress waves. In this case, although the transmitting
transducer injects compressional waves normal to the surface, the energy transferred intyv the material will produce stress waves
which, like Lamb waves, radiate in the plane of the bond and interact with a significant fraction of the bond line that lies in their path.
Recent studies (14-21) have demonstrated that the acousto-ultrasonic technique can be used to provide quantitative information about
the mechanical performance of bonded joints by showing a correlation between the AU stress wave propagation characteristics and
joint strength.

Williams et al. (16) used the AU technique to evaluate the strength of bonded joints in automotive glass fibre composites, while
Kapoor and Prakash (17) applied the technique to evaluate the strength of bonded joints in aluminium. Dos Reis et al (18) showed a
correlation between the peel strength for rubber sheets bonded to steel specimens and the stress wave factor (SWF), which is a parameter
measurable by the acousto-ultrasonic technique (15). The AU technique has also been used to evaluate the effect of hydrothermal aging
on composites (22) and porous metal diffusion bond quality (23).

From the practical point of view, the acousto-ultrasonic technique offers some advantages. The technique requires access to only one
side of the structure and thus, it has potential for use on existing structures where two-side accessability and ability to disassemble the
structure may not be possible In addition, sensitive AE probes are used for receiving stress waves, so that, unlike conventional
ultrasonic techniques, precise alignment of probes is not essential. The AE probes are also more effective in overcoming the high
attenuation common to most adhesively bonded laminates made of composite materials. Major difficulties associated with the AU
technique include obtsining reproducible results and interpreting received signals.

Stress wave propagation can be related to several parameters that are measurable from an acousto-ultrasonic waveform 1n t.he time
or frequency domain Important parameters in the time domain, would include signal amplitude, ring-down counts, duration and
root-mean-square (RMS) amplitude Vary (15) defined another parameter known as the Stress Wave Factor (SWF) which 1s given by.

SWF = RTC )

where R is the repetition rate of the input pulses, T is a pre-determined time interval, and C 1s the number of oscillutions in the received
waveform which exceeds a preselected voltage threshold (Ring-Down Count). Williams and Lampert (16) calculated an slternative
stress wave factor by summing the amplitudes of oscillations in the received waveform. In our analysis, the Williams and Lampert
factor will be referred to as the "acousto-ultrasonic parameter” or AUP to distinguish it from the stress wave factor. The AUP can be
calculated using the expression (24):
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where V; and C; are the threshold and number of counts at the i th level respectively and V;, corresponds to the peak amplitude of the
waveform. Since the AUP takes into account both ring-down counts and the amplitude of the signal, it is more representative of AU
signals than the SWF.

The AUP provides a means of rating the efficiency of stress wave energy transmission. If the bonded specimen demonstrates a
more efficient stress wave energy transmission property (higher AUP value), it is expected that the joint will be able to transfer stress
more efficiently (15). Since the AUP provides a relative measurement, it is preferable to normalize the AUP value with that of a
calibration specimen or with respect to its maximum value.

Like ultrasonic and acoustic emission methods the results of acousto-ultrasonic measurements are affected by several factors
which are related either to the transducer-specimen attachment configuration (e.g. transducer spacing, applied pressure on
transducers, coupling fluid) or to the settings and characteristics of the transmitting and receiving instruments (e.g. instrument gain
and frequency). Therefore, it is necessary to optimize and calibrate the AU measurement system in order to obtain reproducible and
reliable results.

6. EXPERIMENTAL PROCEDURE AND APPARATUS

An experimental study was carried out to assess the feasibility of utilizing the acousto-ultrasonic technique in the characterization of
adhesively bonded joints. For tnis purpose, controlled degradation in bond strength was accomplished by the deliberate introduction of
voids in the joints, exposing the bonded specimens to elevated temperatures, aging of adhesives prior to bonding or contamination of
adherend surfaces. Single-lap joint specimens (adopted from ASTM Standard D1002-72) were made using either carbon fibre
composite or steel adherends and commercial FM300 adhesive film. Also, foam core aluminium panels containing disbonds between
the aluminium skin and the foam core were lested. Details relating to specimen preparation are provided elsewhere (24,25). Briefly,
voids were created in the joint area by removing part of the adhesive film before bonding. After cure, the specimens were inspected
using the ultrasonic C-scan technique and the void areas were mapped. Zero volume unbonds were created in the joint by
contaminating the surface of the composite adherends with grease before bonding. The bonded test coupons were then inspected by
ultrasonic C-scan which showed no clear indication of unbond areas. Specimens with degraded adhesive properties were made by
aging the adhesive film at room temperature for periods of 3 to 8 weeks prior to bonding. Also, bonded steel specimens were exposed
repeatedly to a temperature of 150°C for about one hour and then cooled down to room temperature in order to degrade the adhesive
strength. The bonded specimens were then inspected using the ultrasonic C-scan technique for possible flaws. The C-scan results
showed no flaws in the aged samples as well as the heated samples.

The acousto-ultrasonic measurements were carried out using the apparatus shown schematically in Figure 8. An ultrasonic
instrument was employed to generate the input signals which, after passing through a repetition controller and reset timer, excited a
broadband transmitting transducer with a 500 kHz centre frequency. At a fixed distance away, a receiving acoustic emission
transducer was used to intercept the stress waves. Both transducers were coupled to the surface using a coupling fluid. The stress waves
received by the receiving transducer were amplified by 40 dB using a preamplifier and filtered by a 125-1000 kHz band pass filter. A
representative waveform of the AU signal was digitized using a universal waveform analyzer and stored on floppy disk for further
analysis in the time and frequency domains.

After completion of the acousto-ultrasonic measurements, the test specimens were loaded in tension to failure in a universal testing
machine and the failure load was measured. The shear strength was calculated by dividing the failure load by the overlap area. After
failure, the fracture surfaces were examined using an optical microscope to determine failure modes and the void or unbond areas
within each specimen were measured.

6. EXPERIMENTAL RESULTS AND DISCUSSIONS
8.1 Specimens with Physical Defects

The acousto-ultrasonic waveforms in the time domain and corresponding frequency spectra for typical singie-lap joint composite
specimens without and with voids are illustrated respectively in Figures 9 and 10. In this case, stress waves travel from one adherend
across the bond line to the other adherend. Thus, the presence of voids in the bond line reduces the stress wave propagation efficiency
due to factors such as acoustic impedance mismatch. In the frequency domain, when there are no voids present in the joint, the
frequency spectrum of the waveform consists of a peak occurring at a about 350 kHz which is the resonant frequency of the receiving
transducer. In the presence of voids, other peaks, occurring at lower and higher frequencies, start to appear in addition to the peak at the
resonant frequency of the receiving transducer.

Figure 11 illustrates a three dimensional plot showing the AU inspection results of a foam core panel containing a disbond(26). This
was obtained using a commercial AU instrument equipped with a hand-held probe fixture which was dry coupled to the test specimen by
two rotating wheels. Inspection was performed by simply rolling the probe manually over the test specimen and taking the RMS
amplitude of the AU signals. In this case, since both the transmitting and receiving probes were on the same surface, the presence of
fatigue disbond at the interface between the aluminium skin and the foam core caused an increase in the stress wave propagation
efficiency as indicated by the increase in RMS amplitude. This increase is attributed to the fact that, when the bond is good, stress wave
energy is partially dissipated across the bond line into the foam. However, the presence of disbond prevents the transfer of energy into

the foam regulting in an increase in AU cignal amplitude,

These results indicate that the acousto-ultrasonic method is capable of detecting physical defects such as voids or disbond in bonded
joints. However, the AU response may be different from one material to another. The use of a dry coupling wheeled probe can make the
application of the AU method simple and practical.

8.2 Specimens with Zero Volume Unbonds

The AU signals of specimens containing zero volume unbonds created by contaminating the surfaces of adherends with grease did
not vary as much as was the case with speciaens containing voids. This was expected since the acoustic impedance mismatch, whick
affects the efficiency of stress wave propagat.on, 18 considerably less 1n specimens with zero volume unbonds. However, the frequency
spectra of the acousto-ultrasonic waveforms snow variations due to the presence of unbonds in the joint (Figure 12). In the absence of
unbonds, the frequency spectrum of the waveform shows a major peak occurring at about the resonant frequency of the receiving
transducer (approtimately 350 kHz), but as the unbond size increases, there are additional peaks appearing at higher frequencies.
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Figure 13 shows the normalized AUP and the joint shear strength for specimens containing unbond areas. The value of normalized
AUP in the figure represents an average of 4 measurements on each specimen, Examination of the fracture surfaces revealed that
there was generally a mixed mode of failure consisting of conesive failure in the adhesive, interfacial failure at the free edges between
the adhesive and the adherend, fibre pull-off, and interlaminar failure in the first few plies of the composite adherend near the
adhesive. It was observed that for joints with larger contaminated areas, interlaminar failure was predominant and the joint
strength was generally lower.

6.3 Specimens with Degraded Adhesive

The AU signals in the time and frequency domains for composite specimens made using aged adhesives were not noticeably
different from the control specimens. However, the change in normalized AUP with increasing adhesive aging time was more
poticeable as illustrated in Figure 14 which shows a reduction of the acousto-ultrasonic parameter with adhesive aging time.

Figure 15 shows the change in the normalized joint strength as a function of aging time of the adhesive film. As the aging time
of the adhesive increases, the joint strength tends to decrease. However, the decrease is only about 15% for the aging time of 8 weeks at
room temperature. This relatively small reduction in strength with aging time could be due to the fact that the adhesive used in this
study was a high temperature curing adhesive. At room temperature, which is below the glass transition temperature of the adhesive,
slow cure of the adhesive would normally take place (27).

Comparison between Figures 14 and 15 would indicate that both the acoustv-u..rasonic evaluation and the destructive testing
results of the specimens with aged adhesive exhibit a similar trend with aging time. The relationship between the normalized AUP
and the normalized joint strength is illustrated in Figure 16. Fractographic examination of the fractured specimens showed that the
failure modes were predominantly cohesive failure in the adhesive with some interlaminar failure in the composite adherend and
interfacial failure at the boundary between the adhesive and composite adherends. It was observed that specimens with longer aged
adhesive tended to have relatively more interfacial failure. Similarly, the bonded steel specimens subjected to cyclic thermal exposure
generally had lower AUP and average shear strength values than the as-fabricated specimens. The AUP and the shear strength for
these specimens is shown in Figure 17.

These experimental results indicote that in many cases the bonded specimens which demonstrated a more efficient stress wave
transmission (i.e. higher AUP) resulted in a higher strength values. However, it must be pointed out that these results are obtained on
simple single-lap specimens of constant geometry and adhesive thickness and cannot be generalized to other materials, geometries or
adhesive systems.

7. CONCLUSIONS

In summary, physical defects in bonded joints can be casily detected with the available NDE techniques although no single
method is universally applicable to different types of defects, The problem of detecting poor adhesives has been partially solved and
methods such as ultrasonic spectroscopy and pulse-echo using the velocity or attenuation of ultrasonic waves appear to be sensitive to
adhesive properties. The problem of detecting poor adhesion due to contamination or improper substrate surface preparation still

remains unresolved. Techniques using ultrasonic interface or Lamb waves appear to have some potential for the evaluation of
adhesive and interfacial bond properties.

The acousto-ultrasonic method, which is based on the analysis of simulated stress waves, also holds promise for bond integrity
evaluation. This technique has some advantages in terms of practical application. A feasibility assessment of the acousto-ultrasonic
technique on single-lap joint specimens which contained voids, zero volume unbonds and degraded adhesives indicates that the
technique has potential in the detection of all three types of defects in adhesive bonds. It appears that the stress wave propagation
efficiency can be related to the bond strength although such relationship may be affected by adhesive and adherend material and
geometry. The relationship suggests that the same microstructural and morphological factors of the bond line (both adhesive as well as
interface) that affect the joint integrity also influence the acousto-ultrasonic stress wave propagation. Thus, it may be possible to obtain
a relative measure of the joint integrity from the acousto-ultrasonic wave propagation characteristics provided that the AU
measurement is calibrated with respect to a known sample of the same material and geometry. Further investigation is required to
establish the applicability of the AU method on large and complex bonded structures.
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ULTRASONIC INSPECTION OF ADVANCED CFRP STRUCTURES
BY COMPUTER~CONTROLLED, PULSE-ECHO TECHNIQUE

B. Sainz, J.M. Bernardo, V. Cortés, C. Valdecantos
CONSTRUCCIONES AERONAUTICAS, S.A. (C.A.S.A.)
Project Division I+D.T.M.

Getafe - Madrid =~ Spain

A complete system for NDE-NDI of grown defects detection during full~scale fatigue test
of a primary CFRP structure has been developed. Both internal and external damages were
considered and monitored in order to document its behaviour along the fatigue test for
certification purposes.

For external defect, 1.c.: those accesible from the outside, a portable, computer con-
trolled ultrasonic system has been designed and proved succesess. Pulse-echo water
squirter technique 1s used and mechanical X-Y frame is able to scan up to 600(X) by
400(Y) mm. Data acquisition is performed for amplitude signal so that C image can be
draw.

Internal damages are controlled by a series of ultrasonic transducers bonded surrounding
the damage so that a fixed signal 1s drawn from each transducer unless defect 1limit
extends and crosses the ultrasonic beam giving a new echo growing from %he time base.
All the 80 transducers can be checked sequentially by means of a multip :xer. A major-
trouble 18 that the whole structure is aged by 3 months a 70° degrees (centigrade) and
702 humidity. This environment affects both bonding 1line integrity and pilezoelectric
parameters of the cercmic, and some design improvements have been introduced to reduce
these effects,

INTRODUCTION

One of the main goals of a fatigue test for aircraft structures, besides the certifica-
tion, is to characterize and to document the behaviour of selected artificial defects,
which is very important support for damage tolerance program. To this purpose, several
NDT techniques are applied, often more sophisticated than those used in maintenance
because technical considerations prevail upon economic ones.

The part to be inspected is a complex CFRP structure (Fig. 1) for the horizontal stabilizer
of a commercial alrplane. Full scale fatigue test is being carried out for certification
purposes. Testing programm includes damage tolerance analysis after ageing the structure
at controlled moisture/temperature environment. Impa.t damages are 1induced in selected
critical areas of the structure to simulate accidental damages that may happen during
routine maintenance works because tools falls (hammer, screwdrivers, etc.) or other
damages simulating production defects.

Fig. 1. Structure of the horizontal stabilizer

Fig. 2 shows typical areas to be controlled. Access to some of them 1s only possible
before assembling structure. Spherical impactor coupled to a suitable weight 1is dropt
from up to 2 m to produce low velocity impact that breaks matrix and graphite fibres in
an amount depending on the material characteris-f¢cs lay-up, area geometry and, of course,
on the 1impact energy. Very small or even undetectable damage in the stroke side often
come together with big breakage in the opposite surface. Ultrasonic test of pulse-echo
or through transmission, easily detects impact damages rather before barely visible
suriace dawage 1s detected.
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Artificial defects

Rib web

Fig. 2. Stabilizer structure sectfon., Critical areal to be controlled

Fig. 3 shows how pulse echo tests behaves in a typical damaged area. But such a test is
obviously impracticable in maintenance programmes due to economic reasons and that {is

because there 4is a great effort In order to demonstrate how the defects accepted by ‘
routine quality control tests in production 1line behave 1in service. If, {f.e., it 1is

clearly shown that a defect of the maximum acceptable size in a critical area does not

grow or 1its evolution is not significative or even it grows at early stages but stops

later, then inspection effort in this particular area can be reduced, making maintenance

easler and costly effective.

Access to inspection area heavily affects to the test technique. If damage is in the outside
surface, a manual or automatic ultrasonic technique can be used. However some areas become
hidden when part is assembled (see Fig. 2) and accesibility is very limited. In these areas
an ultrasonic test with fixed transducers around the defect was selected to monitor the
defect behaviour (see Fig. 4).

A pulse~echo, water squirter ultrasonic automatic scanning technique was selected to mounitor
external defects.
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Fig. 3. Typical impact damage (delamination) and CRT display.
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Fig. 4 shows the diagram of the system as well as a sketch of the two different pro-

blems.
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Fig. 4. Diagram of the inspection techniques for the

Horizontal Stabilizer Fullscale Fatigue Test.




8-4

Basic ultrasonic equipment 1is a Krautkrdmer USIP-12 with a DTM-12 module able to give
digital information from time of flight or thickness through a paralell interface.
Transducer for pulse echo test 1s an HS5M, S5MHz frequency, 6 mm diameter. Bonded transdu-~
cers have been manufactured in our laboratories according with a technique enabling low
cost and good repeatability. About 80 transducers have been installed, SMHz, 5 mm diameter
coupled to a 10 mm perspex delay. To improve ageing resistance all the transducers are
encapsulated in a suitable aluminium case.

A multiplexer allows to drive any transducer and observe its signal in the screen of the
USIP-12. Video output from the rear USIP-12 is feed into a Digital Processing Oscilloscope
(Tektronics 2430) able to acquire signal in real time. The operator is allowed via com-
puter to acquire the signal and store it in disk to compare with these from the following
test., Comparation is achieved by extracting main features from the raw signals, that is:
amplitude and time for each echo higher than 5% of the screen.

Signal coming from external defects 1s acquired and the following parameters are stored:

. Amplitude of the wmaximum echo in the gate
. Time of flight (or thickness)
. X and Y coordirate

Scanning of the area is carried out by a computer contrclled X~-Y scanner able to scan up
to 600 x 400 wm at a maximum X axis speed of about 500 mm/sec. Mechanical design enables
to achieve 0.2 mm repeatability in X direction and 0.1 in Y direction.

An IBM AT, 20 Mbytes hard disk, 1 Mbytes floppy is used as a computer. Colour monitor
driven by graphics adapter card as well as a colour inkjet 3855 IBM printer are used as
peripherals.

Besides the printer list of the array, results can be recorded as a C image where 2 axis
is colour modulated to simulate different signal amplitudes. It is also possible to
deflect the pen in the Y direction by a factor proportional to the echo amplitude. If
information provided by DTM12 is used, B scan can presented from any part of the scanned
area not only in X but also in Y direccion. Software enabling this preseantation is now
being implemented.

Software is designed in a friendly style, and any normally skilled operator can easily
be trained as system user. Fully menu structure enables to perform desired operations. A
help function is also implemented to support questions at any time. Main menu gives
access to the following options:

. Define Test Parameter
Execute Test

Print results

Files

Transducer calibration
System Status

. User's manual

End of job

WAV IWN -
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To provide a suitable way to standardize results an automatic cycle to calibrate probe
was implemented (option 5). Calibration echo is obtained from a fixed flat piece of glass
bonded to the frame close to the coordinate origin. When transducer calibration option
is selected by the operator search unit moves to the standard reflector and operator
sets it in its maximum echo position. Then a sample 1is acquired and stored in an adhoc
file to be compared with forthcoming ones. Calibratton can be programmed to be performed
at selected intervals during the test. Windowing and noise supression algorithms as well
as an FFT facility are being implemented to perform signal analysis.

RESULTS

Prior to the start of fatigue testing of the CFRP primary structure, NDI using the neway
developed equipment and techniques was performed in the artificlally induced defect
areas.,

Automatic pulse echo scan was performed on the accesible outer skin impact damage.

Pulse echo signals from the bonded probes around each interior defect were transformed
through the multfiplexor to computer memory.

Figure 5 shows a typical record of an automatic inspection of the external defects

during the {nspection. Figure 6 shows a group of probes bonded around an artificial
defect.
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Fig. 5. Impact damage. Typical record

Fig. 6. Probes bonded

During the fatigue test consisting of two fatigue lives, two aging perlods of 3 months
at 70°C and 70% humidity and a thivd fatigue 1life, 15 perfodic {inspections were per-
formed with the developed systems and equipment.
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In summary,
- Outer defects:
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A slight growth was observed' in 4 of 9 damage areas this growth proceded until a more
or loss regular shape with rounded edges was developed and then stopped.
~ Inner defects:

s e s e e i oy et s e 4

No growth was observed in any of the 22 monitored areas.

Another important point, in addition to the inspection results, was the behaviour of
the 84 probes that were bonded in different areas of the tested stru:ture. Full 100
(84) finished the first fatigue 1life and subsequent aging still functioning, and 852
(71) functioned throughout the full test.
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AN ULTRASONIC SYSTEM FOR IN SERVICE NON DESTRUCTIVE INSPECTION
OF COMPOSITE STRUCTURES

by

F.Boschetti, F.Cipri, L.Pugliese and M.Scolaris
Aeritalia — Defence Aircrafts Group — Laboratory Dpt.
C.so Marche 41, Torino 10146
Italy

ABSTRACT

In order to perform, directly on the airfield, the Non Destructive
Inspection (NDI) of aerospace composite structures by mean of equipments
similar to those already in use in the manufactory workshops, a new
ultrasonic system has been developed by Aeritalia.

The system includes an ultrasonic telemetry device for the
geometrical location of the U.S. transducer position on the structure to be
gcanned and an instrumentation for the acquisition and processing of the
ultrasonic data by B or C scan representation.

The system operates in pulse-echo mode and provides in real-time a
bidimensional representation of the intensity of the U.S. signals as well as
the depth of the reflecting surface.

Some typical examples of inspection performed on composite primary
gtructures during fatigue tests simulating service life are presented.

INTRODUCTION

The efficiency of Carbon Fiber Composite (CFC) structures can be
optimized by designing and manufacturing monelitic components or assemblies,

Weight and cost savings may be achieved adopting suitable cocure or
cobonding techniques, and several integral structures have been developed
for many new projects of military and commercial aircrafts.

At Aeritalia's Defense Aircrafts Group in Turin, the vertical fin and
the horizontal stabilizer torsion boxes of the AMX tactical fighter are
produced in fully cocured CFC.

If compared with an equivalent design based on conventional light
alloys, these primary components have a structural mass about 20% lighter
and are 15% less expensive in manufacturing cost. Another example of CFC
primary structure having very large integral (cobonded) components 1is the
multispar delta wing box developed for the European Fighter Aircraft (EFA)
by Aeritalia, British Aerospace and CASA.

The quality requirements for these primary structures are very severe
and evidence must be provided that even very small possible manufacturing
defects or in service damages can be detected.

Moreover, in service damages, 1like impacts, lightning strikes or
fatigque delaminations around holes, not always require the immediate
substitution or repair of the part in which they occur; periodical
monitoring and reporting can be allowed, saving cost and improuving the
operational efficiency.

Following the above mnentioned concepts, in order to enhance the
Quality Control standards with improved NDT methods and provide an effective
in~gervice NDI, a new instrumentation has been developed in accordance with
these advanced design and manufacturing processes.

This system, identified by Aeritalia as F2, has been studied and
integrated under a research program, including laboratory investigations for
defect  detection and characterization in complex geometry struclural
components or assemblies.

A special attention has been paid in providing the system of good
operational adaptability to different types of composite structures and easy
trangportability for the handling on the airfields during the aircraft
maintenance.

P




THE F2 SYSTEM

The F2 is a caqmputer-based, flexible and fully transportable U.S.
NDI system, able to test CFC structures by means of a man-handled transducer
and a telemetry device or by means of a C-scan producing automatic device.

Gereral performances

The F2 can be used to inspect CFC structures in pulse echo mode and
provides in real time a bidimensional map of the ultrasonic data relevant to
the scanned surface. Therefore, looking at a colour RGB monitor, the
operator can immediately detect the presence of defected or damaged areas
while inspecting the structural part.

The video image, stored by the computer, is a representation of two
ultrasonic values: the intensity of the U.S. signal and the depth of the
reflecting surface. The depth variation is represented by a suitable colour
scale, while the received U.S. amplitude is represented by a scale of
colour intensity (fading to black).

while controlling the scanning, acquisition and storage functions, the
system software provides some image processing and statistics capabilities,
like low-pasa and high-pass filtering on the images, either on amplitude
and/or depth data, edge enhancement and area calculation referring to a
pre-defined depth. This makes possible to obtain precise data on single
defects, like delaminations or inclusions, and raw data on areas in which
porosity has occurred.

Finally the video images can he hard-copied on a colour printer.

The system blok diagram is shown in Fig.1l.

F2 SYSTEM BLOCK DIAGRAM

colour
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keyboard
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Fig. 1: F2 system block diagram
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Scanning systems

In order to generate a map reproducing the geometry of the inspected
structural part and to correlate the U.S. measures to the probe location,
the F2 system has two operational options:

a) manual scanning with an ultrasonic location telemetry
b) automatic X,¥ scanning with stepping motors

a) Location telemetry.

A dedicated wultrasonic device, with 1ts own processcr, locates the
U.S. probe position on the structure surface with an accuracy of 1 nmm.
In particular the location telemetry is working with three U.S.
transducers, one emitter and two receivers. The emitter is fitted to the
NDT movable probe and the receivers are installed at the edges of the
surface to be scanned.

The location of the probe, handled by the operator, is obtained
through the analysis of the delay times of the emitted U.S. waves when
detected by the fixed receivers. The scanned area and the probe location
are presented in real time on the colour monitor.

b) Automatic X,Y scanning.

The inspection of low curvature surfaces can be performed
automatically, moving the U.S.probe by means of a very 1light mechanical
device (1.5 Kg), operated by computer controlled stepping motors. This
facility scans the structure surface along two predetermined X,Y axis and
allows a limited vertical displacement of the U.S. probe, in order to
held it in contact with the surface.

Dltrasonic ingtrumentation

A fully computerized U.S. instrument has been integrated in the F2
system. This makes possible to store and recall when needed the calibration
data of the typical structural parts to be controlled., The U.S. frequency
can be varied between 1 and 25 MHz whilst the sampling frequency variation
ranges from 0.5 to 9 KHz. The U.S. intensity measures, expressed in
decibels, have a dynamic range of 80 dB, with 1 dB resolution. These
measures can be also referred to suitable standard samples.

Data storage and processing

In the F2 current configuration the data processor is a Compaqg 386
personal computer, in charge to drive the scanning device, represent and
process the acquisition data and print them. The U.S. data are stored on a
110 Mbytes hard disk, with the option of storage, for statistical purposes,
on 200 Mbytes optical disks. To successfully drive the instrumentation,
though, any AT-type personal computer with a 20 Mbyte hard disk is suitable.
The U.S. data achieved by the pulse echo scan are:
~ reflected signal intensity
-~ depth (time delay between the transmitted and the reflected signals)

The raw initial data are automatically corrected taking into account the
absorbtion behaviour of the material and are averaged within an area of 1
sg.mm, to obtain the two U.S. values contained in a pixel of the final
image.

After these operations then, each U.S. value represents the average
response obtained from a number of each of the two kinds of data, depth and
U.S. ampltitude, coming from 1 sq.mm, which is the size of a pixel. Being
430x430 mm the useful field of the scanning device employed by the system in
the current configuration, the usual size of the images is 430x430 pixel,.
However, there is no reason to be limited by this when working in the
telemetry mode.

Alarm thresholds may be setted, in order to automatically detect certain
kinds of structural damages; the areas exceeding these thresholds are
recorded and computed.

The system can show the collected U.S. data using the following
representations, both on the coilour video and on the thermai printer:

- colour or B/W map of U.S. amplitudes
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~ colour or B/W map of reflected signal depths

- enhanced contrast colour map of U.S. amplitudes and depths: sixteen
colours are available to define thickness bands selected by the operator,
while 16 amplitude bands represented by fading-to-black colour are
available for each depth interval.

- false colour map of U.S. amplitudes and depths. The thicknessd of the piece
under inspection is represented by 32 iris colours, each of them can have
8 intensities.

Moreover:

~ A zoom function is available on screen, with a range from 1 to 8 times the
dimensions of the original image.

- A B-scan representation, either for amplitudes and thickn=sses,
representing any "horizontal" line of the image, can be shown on screen
together with the related C-scan.

~ There exists the possibility to study small and unidentified defects
detected by the l-mm-step mechanical device by means of another mechanical
device with 1/10 mm steps. This provides a substantial magnification of
the area under control; however, due to the time required to scan even a
small area with this method, only in very special cases it is convenient
to do so.

ALREADY PERFORMED EXPERIMENTAL WORK

Since the F2 system was operational, in order to initially set up it,
a test program has been performed on CFC flat specimens simulating
manufacturing defects and impact damages, through which the sensitivity in
defect detection and laminate thickness measuring has been determined; in
parallel the calibration parameters and the U.S. signal processing software
have also been optimized.

At the end of this first test phase, the F2 system demonstrated the
capability to detect defects smaller than 9 sg.mm (3x3 mm), just below the
first ply (0.25 mm) and just over the last one. After that initial
activity, a considerable amount of data has been collected on production
cobonded structures, in order to characterize the different kinds of defects
likely to be found in such cases and to determine the response of the system
to them.

The typical geometry of the structures that are to be tested by the
F2 system in pulse-echo mode from the external side are double curvature
skin panels, stiffened by integral stringers and boxes with cocured/cobonded
spars. An exa ‘e of this kind of structures is shown in Fig. 2.

Size oF
SCANNED AREA

Fig. 2: a typical cobonded / cocured structure to be scanned by F2
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Finalij;, to test the perforiancss of the system ov in-service
conditicus two cocured CU'C torsiun hoxes were controled during fatigue
tests simulating scarvice life. The ¢wo strhctures were affected by some
manufacturing defects (mainly :rorosgity), the growth »f whick was monitored
versus simulated flight time, as is shown on Tig. 3.

Fig. 3: porosity on fatigue-tested stabilizer scanned in dept: (left)
and in US amplitude ( raght).

As some of the defects already present in the structure before it was
fatigue tested were repaired, the efficiency of the repair itself was
checked (Fig. 4).
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Fig. 4: repair on skin-spar disbonding, scanned in depth ( left)
and in US amplitude (right).
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As was expected, during the fatigue test some more delaminations
occurred and developed 1n stress concentration regions, where the main
fittings were located. These delaminations were monitored versus time, {oo.
Figure 5 shows the growth of one of these defects, starting from an
alluminum fitting bolted to the CF skin panel.

Fig. 5: delamination 1in stress concentration region, scanned in depth (left)
and 1n US amplitude (right).

After successful completion of this tests program, evidence was
provided upon the reliability of the F2 system 1n 1n-service conditions.
Moreover, the data collected improuved the already esi1sting knowledge on the
behaviour of composite primary structures during service life.

ONGOING TEST ACTIVITY AND FUTURE DEVELOPMENTS

Additional work 1s at present 1n progress to support the preparation
of the F2 in-service NDT inspection manual for the CFC parts. This actavaty
requires tests on several structural configurations, taking also into
account the various surface treatments of the composite components, which
give rise to different responses to the U.S. signals.

As the repalr procedures of 1n-service damages are also to be
specified, a significant amount of NDT work on damaged and repaired
structures 1s scheduled 1n the nearest future. Researches arve also in
progress 1n order to provide the F2 system of the capability to
automatically recognise the structural areas being 1nspected. This
performance will allow t¢ compare the results achieved on the same structure
at progressive flight times, and to compare the U.S. scans of the same area
on different structures.

Finally, to give the operator a better support when 1nspecting CFC
structures, the F2 will be 1implemented by means of a dedicated expert
system, able to recognize the presence of the main kinds of defects and to
classify them, producing a report to be confirmed by the operator. A first
step toward this objective has already been done. Producing a theoretical
1mmage of the part being i1nspected, i1n which geometrical data are ncluded,
allows to obtain an 1mage showing defects only. 1In this case these are
defined ag areas with U.5. depth different from design. 'this kind of 1mage
can be generated subtracting the acquisition i1mage from the reference one.

The final purpose 1s to produce a movable system provided of
automatic diagnostic capability, so that the 1n-service NDT of aerospace
composite structures may become more and more objective sy and cheap.




A Technique for Rapid Inspection of Composite Aircraft Structure for Impact Damage
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ABSTRACT

A technique using the Diffracto D-Sight method to locate indentations associated with low energy impact
damage is described. In graphite/epoxy specimens good correlation was observed between internal impact damage
as shown on ultrasonic C-scan images and indentations detected with the D-Sight method. Tesi specimens are
currently mounted on an aircraft to observe the influence of in-service surface degradation on technique
resolution. The method has the potential for inexpensive, rapid and objective detection of low energy impact
damage over large areas of composite aircraft structure.  Application of this method, because of its inherent
reliability, could result in the increasing of the design allowable strain levels for some composite components.
Included are two examples of possible application of D-Sight to metal aircraft for inspection of cold worked holes and
detection of cracks.

Key words: composite materials, impact damage, D-Sight, barely visible, delamination, aircraft structure, damage
toierance.

Introduction

Advanced composite materials and especially graphite reinforced cpoxies have captured an increased share of
airframe business over the last 20 years. These materials offer high specific strength and stiffness properties and
very good fatigue resistance. Unfortunately, the materials are sensitive to low energy impact damage from such
common occurreaces as hailstones, stones thrown off the runway or toois dropped by maintenance personnel. These
impacts commonly referred to as Barely Visible Impact Damage or BVID can result in barely visible surface damage
but significant internal damage.

The sensitivity to impact damage had to be taken into account by designers and certification authorities.
Composite aircraft structures are expected to carry ultimate load when damaged. The level of this damage is related to
current inspection capabilities and dictated design allowable strain levels for structures fabricated from composite
materials. Regular in-service inspections of aircraft with ultrasonic scanning devices are not practical if only due
to cost and time required for such inspections. Current inspection practices rely on visual detection of impact
damage.

Komorowski (1] -uggested the application of a Diffracto-Sight technique to the inspection of composite
structures for BVID, Diffracto-Sight or D-Sight (developed by Diffracto Limited of Windsor, Ontario) is a patented [2]
method of visualizing surface distortions, depressions or protrusions, as small as 10 micrometers. It is a real-time
technique with particular application for the rapit ..aspection of large surfaces. Computer based image processing
has becn applied to D-Sight images. An image from previous inspection can be directly compared to current results
for quick and operator independent identification of areas where changes in surface features have occurred. This
allows an inspection-for-cause approach to be adopted which will reduce the requirement for more costly and
sophisticated techniques such as ultrasonic methods.

In a previons paper [3] the significance of D-Sight to composite aircraft structure inspections was explored.
Because of D-Sight's inherent reliability, it could be possible to increase the design allowable strain levels for some
composite components.

The original experiments in the application of D-Sight to the detection of impact damage {1)[3], involved a
toughened graphite/epoxy svstem (IM6/F584). For this paper the existing data were expanded with experiments
involving a more popular graphite/epoxy system (AS4/3501-6).

D-Sight

The optical set-up for D-Sight, described in Reference[4] and [S], consists of a light source, 2 retro-reflective
screcen and the object being inspected (Fig. 1). The surface being inspected must be reflective, however rough
surfaces can be made reflective by wetting with a fluid. The D-Sight effect can be explained using geometric optical
principles. If a flat surface with an indent is inspected then the light striking the indent is deflected. It then strikes
the retro-reflective screen at a point removed from the light rays reflected frumn the area surrounding the dent,
The retro-reflective screen attempts to return all thesec rays to the points on the inspected surface they left when
first reflected. However, the screen consisting of numerous glass beads, returss a cone of light to the surface, not a
single ray. This imperfection of the retro reflective screen creates the D-Sight effect. By backlighting the defect,
the technique increases the light intcnsity on one side of the indent and reduces it on the opposite side. The process
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can be viewed as a slope detecting technique with positive surface slope looking dark and negative slope looking
right relative to the background. Both flat and mederately curved (in any orientation) surfaces can be inspected

using this method.

The D-Sight techninue is currently used to inspect car body panels and metal working dies and Diffracto has
several commercial versions of D-Sight in production. The most complex systems include video cameras and
computer based image processors. D-Sight images can be stored for future reference as video images on tape,
digitally on computer storage media, or as video printer output.

Experiment

A total of 27 composite specimens (305x178mm (12x7in)) were manufactured at the Structures and Matenals
Laboratory of the National Aeronautical Establishment. Eighteen specimens were made using the Hexel IM6/F584
system and later nine specimens were made using the Hercules AS4/3501-6 sysiem. Both systems are graphite/epoxy
composites. The AS4/3501 6 is an older system and typical of the first graphite/epoxies used in large production runs
(F-18, AV-8B fighters). The IM6/F584 is a system with tougher resin. Panels of three thicknesses (8, 24 and 48 plies)
were manufactured using a [0/45/90/-45])s lay-up. Each panel was numbered and cut into three specimens (A, B and
C). The IM6/F584 specimens then received the CF-18 paint finish at the Defense Research Establishment Pacific. All
specimens werc inspected using ultrasonic C-scan. No manufacturing defects were found.

Before impacting, the spe.imens were inspected with D-Sight at Diffracto for surface characterization. The
results were recorded using a video camera and image processor. A commercial solution of oil and kerosene was used
to enhance the rrflectivity of the specimen surface. This may no. be an acceptable soiurion for aircraft application
so recently Diffracto demonstrated the suitability of a combination of water and detergent for reflectivity
enhancement.

The specimens were subjected to various levels of impact eaergy, ranging from 0.7 to 21.7 J (0.5 to 16 ft*Ibf),
using a Dynatup Drop Weight Impact Test System[6] with a 25.4mm (lin) diameter cpherical impactor. The resulting
indentations ranged from mnon-visible to barely visible. Table 1 contairs information on the energy level used,
irdent de;th as measvred by a micro profiler as well as the maximum dimension of any sub-surface delamination
damage as measured using ultrasonic C-scan inspections. The micro profiler used was a Heidcheim probe with stylus
and optical read out scale mounted on a X-Y table from Anorad. Tke accuracy of the probe and X-Y table positioning
was 1 micrometer. The readout was direcily fed to an IBM PC,

A typical C-scan result for an impact damaged specimen is shown in Fig. 2. The damage size as measured on C-
scans was plotted against impact encrgy for all AS4/3501-6 panels in Figure - and for 8 ply specimens for both
material systems in Figure 4. As expected greater energy is nceded to generate damage of a given size in thicker
specimens. The brittle resin AS4/3501-6 specimens demonstrated morc extensive damage than the tougher IM6/F584
specimens. The straight 'ines drawn in these plots were “and drawn for clarity of presentation and should not b2
treated as a rigorous attempt at conducting linear regression of data. Data available to date are preliminary and not
numerous enough to conduct statistical analysis especially piven the large scatter usually associated with impact
studies.

The results of the D-Sight inspections of the impacted specimens along with pre-irvact D-Sight images are
shown in Figure 5 (for panel 297). To quantify D-Sight indent indication, the diameters of th. dark and light spots on
the D-Sight speciinen image were measured. Since the specimens were compressed in the images to approximately
67% of their full width the measurements were non-dimensionalized. This was done by dividing all measurements by
the width of the specimen in the image and multiplying by 100. This eliminated the sculing effect and measures thus

produced were called relative D-Sight units. All D-Sight results in nis crudely quantified form are included in Table
1.

The zoom lens of the video camera was adjusted such that the (305x178mm (12x7in)) specimens occupied the
whole field of view. This made c...tification of D-Sight images more precise. Figure 6 shows a D-Sight image of two
specimens with impact indents 70 and 55 micrometers deep in the center of an area approximately 0.9 m wide and 2.1
m long (3x7 ft). As can be scen both indeuts are easy to locate. Without D-Sight these impact sites would be invisible
to the unaided eye.

Figures 7, 8 and 9 show plots of D-Siglt impact damage indication versus C-scan measured damage for both
material systems for 8, 24 and 48 ply specimens respectively. These plots show that there is a correlation between
internal damage detected by C-scan and external damage detectable by D-Sight. The more brittle AS4,3501-6 system
experiences more interral damage relative to D-Sight detectable external surface deformation. For both systems only
at very small internal damage levels was there no D-Sight indication,

The D-Sight based technique of impact damage detection relies on the impacting object leaving a permanent
indent on the impacted surface. From the plot in Figure 10 it can be seen that at the low impact cnergy levels
resulting in barely visible impact damage there is a fair correlation between indent depth and impact energy level.
This observation is not significantly infleenced »v specimen aterial system or thickness.

Discussion

In order to assess the implications of using D-Sight for in-service detection of impact damage in aircraft
composite structures a proposed design assumption will be used as a reference. Damage assumptions in the draft
USAF daipage tolerance design requirements are as follows[7]:

Scrutches:
- Assume the presence Jf a surface scratch 100mun (4.9in) L ag and 0.4mm (0.02in) decp

Delamination:
- Assume the presence of sn interply delamination that has an area equivalent to a 50.8rm (2.0in)
diameter circle with dimensions most critical to its locaticn
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Impact Damage:

- Assume the presence of damage caused by the impact of a 25.4mm (1.0in) diameter hemispherical
impactor with 136 J (100 ft*Ibf) of kinetic energy or that kinetic energy required to cause a dent
2.54mm (0.10in) deep, whichever is least.

The D-Sight images are very encouraging in that most indentations caused by the impacts were readily
apparent. The exceptions are the impacts on specimens 296-A, 296-B and 356-A. The internal delamination damage
for these specimens was 8, 8 and 16mm (0.3, 0.3 and 0.6in) respectively as measured from C-scans. The larger damage
size was in the AS4/3501-6 specimen. Reference to the damage tolerance assumptions indicate that these
delaminations are well below critical size. Hence the damage undetected by D-Sight is noncritical.

The impact indent assumption is well above the D-Sight threshold of 10 micrometers (0.0004in). The D-Sight
detected damages are plotted as indent depth versus C-scan measured delamination in Figure 11 and versus impact

energy in Figure 12 . The damage assumptions from draft USAF damage tolerance design requirements are also
shown in both figures for reference.

As part of a preliminary investigation, some of the impacted specimens are being flown mounted behind the
nose landing gear of a T-33 aircraft operated by the NAE Flight Research Laboratory. After 56 hours of operation
which involved 150 takeoff and landing cycles over a 10 month period, there is no indication that the aircraft
service environment will affect the ability of D-Sight to detect impact damage.

Other applications of D-Sight in aircraft structures.

While the main subject of this paper is the application of D-Sight for composite material structures other
applications of D-Sight to metal aircraft structures have been proposed recently.

Simpson [8] had suggested the use of D-Sight to detect cold worked holes. The process of cold working of holes
introduces compressive residual stresses around the hole which extends the fatigue life of components by delaying
crack initiation. The process is being used on aging aircraft as well as on new aircraft in production. Often large
numbers of holes have to be cold worked and it is possible t"at some holes will be missed. Figure 13 is a D-Sight image

of a Al 7075-T6 panel with hoies. All holes except the middi. row were cold worked and this is made clearly visible by
D-Sight.

A panel of Al 7075-T6 alloy with a 3.2mm (1/8in) hole was subjected to cyclic loading and then inspected with

D-Sight. The cracks extending from the hole can be easily seen. It is speculated that the plastic deformation at the tip
of the growing crack leaves permanent deformation of the surface which in turn can be detected by D-Sight.

Conclusions and Recommendations
Based on this preliminary investigations, the following conclusions have been reached:

- D-Sight appears to have sufficient resolution to detect post-impact surface perturbations indicative of
significant sub-surface damage;

- The D-Sight method has the potential for the rapid, inexpensive and reliable inspection of large
aircraft external composite surfaces and may also be used for metal surfaces;

- Widespread application of D-Sight could lead to higher design strain allowables for some composite
structures and it may significantly influence future certification requirements for composites.

- Full correlation studies between the D-Sight detection capabilities and the resultant damage must be
undertaken to quantify any application limits. These studies must address the issues of material systems,

lay-up, component surface coating, and normal surface degradation. Probability of detection data must
be determined before the full potential of the method can be realized.
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TABLE 1. IMFACT AND D-SIGHT TEST DATA
IMPACT C-SCAN
NUMBER OF | SPECI- | gnpprcy | DAMAGE D-SIGHT PROFILER

PLIES MEN (3 [mm] INDICATION [mm]
48 294-A 10.85 9.2 33 0.018
48 294-B 13.56 48.6 8.8 >0.1
48 2%4.C 10.85 514 84 0.111
48 295-A 9.49 73 25 0.014
48 295-B *13.56 444 -10.9 -0.137
48 295-C 10.85 18.3 7.0 0.094
24 296-A 4.07 83 0.0 n.v.
24 296-B 4.07 83 0.0 n.v.
24 296-C 542 29.3 8.5 0.051
24 297-A 10.85 33.0 9.5 0.104
24 297-B 8.13 30.3 7.6 0.089
24 297-C 4.75 25.7 6.5 0.07
8 298-A 5.42 22.9 6.8 0.063
8 298-B 0.68 7.3 1.8 0.016
8 298-C 6.78 26.6 6.0 0.07
8 299-A 1.36 12.9 33 0.028
8 299-B 4.07 18.6 5.1 0.055
8 299-C 4.07 24.3 7.2 0.055
48 357-A 10.85 324 5.5 0.104
48 357-B 16.27 40.5 5.5 0.108
48 357-C 21.69 56.6 7.1 0.235
24 356-A 271 15.8 0.0 0.0
24 356-B 542 23.7 3.2 0.093
24 356-C 8.13 35.6 4.0 0.133
8 355-A 2.7t 22.5 3.9 0.05
8 355-B 1.36 14.8 1.6 0.024
8 355-C 4.07 35.6 5.6 0.067

* - Specimen was impacted from the back side.
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Figure 1. Diffracto-Sight optical set-up

Figure 2. Typical C-scan result for impact damaged specimens

(Panel 357 specimens A, B and C)
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Figure 4, C-scan damage size vs Impact energy




Before impact @ B After impact |

Figure 5. D-Sight images for panel 297

Approx. 0.9 m

Figure ¢ D-Sight image of two impacted specimens.
Field of view 0.9 m wide by 2.1 m deep
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Vv oX + A B D-Sight detected damage
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Figure 11, D-Sight and damage assumptions in draft USAF
damage tolerance design requirements

D-Sight detected damage:
B 43 plles IMO/F584 + 24 plles IMG/F584 O 8 plies IMG/F584
A 48 plles AS4/3501-8 X 24 plies AS4/3501-8 V  8plies AS4/3501-8
140 - 136 J (100 ftxbf) impact Assumption L-
120 -
100 -

Impact Energy (N1
3
!

2.54 ram (0. 1") Indent Visbility Requirement

I I i I I I )

I I
0 0.4 0.8 1.2 1.6 2 2.4 2.8
Indent Depth Imm]

Figure 12. [Iinpact energy vs indent depth and damage assumptions
in draft USAF damage tolerance design requirements
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Figure 13. D-Sight image of Al 7075-T6 panel with cold worked
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Figure 14. D-Sight image of Al 7075-T6 panel with a hole.
The cracks extending from the hole are clearly visible.
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SUMMARY

ARIS, which is the acronym for Automated Real-Time Imaging System, is a modular, easily transportable, field-
ready, ultrasonic system that provides automated, simultaneous recording and real-time display of ultrasonic data and
search-unit position during routine manual inspections of laminar and sandwich aircraft structures. The Materials
Laboratory of the U.S. Air Force Wright Rescarch and Development Center sponsored the development of ARIS and
subsequently evaluated the system in both laboratory and field environments with the aid of an independent contrac-
tor, During the evaluation ARIS was used on many aircraft structural components to determine if the system operated
according to specifications and to discover ways of improving its applicability and usefulness. Suggested modifications
addressed new applications of ARIS, the convenience and comfort of using ARIS, and the appropriateness and
logicality of the software. Apart from its use on aircraft parts, ARIS was evaluated for transportability, ease of set-up,
operational defects and hardware reliability.

This paper includes pictorial examples of ARIS in use and discussions of all aspects of the field evaluation, The ver-
satility of ARIS is evident through the many features in the original design and the seemingly minor modifications in
hardware and software that enhanced the features so that ARIS turned out to be more widely applicable than original-
ly planned. ARIS has a definite place in the portable C-scan arena.

INTRODUCTION

ARIS was developed by Southwest Research Institute on a contract with the Manufacturing Technology Directorate
of the Air Force Wright Research and Development Center (WRDC). This development followed a previous contract
with General Dynamics, Fort Worth Division that resulted in prototype equipment which established the validity of the
concept. ARIS is a modular, portable, field-ready, ultrasonic inspection system which automatically records uitrasonic
data and displays it in C-scan format in real time. The system facilitates inspection of laminar structures using existing
ultrasonic techniques. An operator can use ARIS programs to aralyze data immediately after completing an inspection
or can archive the data on 3.5-inch magnetic floppy disks. Archived data can be retrieved at any time for analysis,
processing or hardcopy output, ARIS has a unique comparative analysis program which subtracts the original data set
from a subsequent data set for the same component and displays only flaw growth.

Universal Technology Corporation (UTC) and WRDC personnel took the first (pre-production) ARIS to Edwards,
Hill, Randolph and Charleston Air Force Bases for field evaluations after using the system on laboratory specimens at
Wright-Patterson Air Force Base to become familiar with its cperation. The evaluation covered both software and
hardware c:.,"abilities and focussed on features that make the ARIS fail-safe, inspector-proof, versatile and easy to use.
Southwest Research Institute implemented some suggested changes between visits to bases and resolved all remaining
modification issues prior to assembling four production units which were shipped to Air Logistics, Flight Test and Air
Training Centers for extensive field evaluations by Air Force nondestructive inspection (NDI) personnel in their own
working environments. The sequence of the discussion and photographs that follow deviates from the chronology of
the equipment evaluation and modifications in order to clearly highlight the demonstrated practical aspects and opera-
tional features of ARIS.

TRANSPORT AND SET-UP

ARIS was designed to be transportable from one base to another as airline baggage, by one person if necessary.
Figure 1 shows an ARIS configured for shipment except for the wheels which are easily removed for travel inside the
thin container to which they are attached. Each container meets the airline regulations for baggage and can be easily

handled by a fit individual. The equipment inside is padded to prevent damage. The final tally on a production ARIS
unit is 13 containers.

Assembling an ARIS inio an inspection configuration takes 15 to 20 minutes. It can then be wheeled to the inspec-
tion sit. as shown in Figure 2. Four primary modules remain in their shipping containers which are stacked on the
mobile cart made from half the thin container. The other half of the thin container sits on top of the stack and serves
as a shelf for the smaller equipment. One group of NDJI technicians, that witnessed the assembly process only once,
was able to repeat the process a day later on their own, including all electrical connections which are clearly marked
and can be made only one way. Straps hold the stack together. Two persons can lift the stack into the back of a
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pick-up truck or a van for transportation to sites beyond walking distance. The wheels can be locked when necessary.

HAND-HELD PROBE

The probe (Figure 3) was desigied for comfort and convenience. The door-knob handle fits comfortably into an in-
spector’s hand, a prime requirement in the ARIS contract specification. Above the door-knob, out of the way of an
inspector’s hand, is the sonic emitter which transmits the signals that the computer uses to triangulate the position of
the probe. Since the ultrasonic transducer and plastic delay line are held in place with threaded fiitings, either can be
rapidly exchanged. Instead of a plastic delay-line an inspector can substitute a fluid-filled boot assembly from the
through-transmission yoke which is described in a later section.

ARIS ON AIRCRAFT

Figure 4 shows the probe in the hand of an inspector as he scans the composite-laminate wing skin of an X-29. Only
the equipment shown needs to be at the inspection surface, which may be up to 50 feet (15.24 meters) away from the
rest of the ARIS equipment. The long device in the foreground, the sound bar, contains two microphones which
receive the sonic signals from the emitter at the top of the probe. The keyboard allows the inspector to remotely
operate ARIS during the entire inspection, even to the point of changing the settings on the ultrasonic instrument. The
inspector is watching the gencration of the real-time C-scan image of the ultrasonic data on the color monitor as he
moves the probe. The packaging of the monitor shown in the figure was temporary pending completion of the evalua-
tion of the color forinat versus the originally specified shades-of-gray for the data display.

Figure 5 is a typical set-up on a vertical stabilizer on an aircraft. The uneveness of this inspection surface required
tape to be used over the suction cups as added insurance against impact damage that would be caused by the sound
bar falling onto the horizontal stabilizer. The adaition of two more suction cups and other modifications made to the
sound bar will be discussed below. The sheathing on the bundie of cables attached to the equipment at the inspection
surface was added to prevent the otherwise inevitable tangling experienced caily in the evaluation. A further modifica-
tion resulted in the cables being divided into two bundles over the last eight feet (2.44 meters), one bundle going to the
sound bar and the other going to the monitor and keyboard. This logical division reduced the number of cables pulling
on the sound bar.

Another thing to note in Figure $ is the position of the inspector. The position is not uncomfortable, but any
crouched or bending position is hard to maintain very long. Through trial and error, an inspection aid (Figure 6)
evolved. A lightweight handle assembly aliows the inspector to suffer less fatigue while stanning vertical and overhead
surfaces. The assembly obviously extends the reach of the inspector also. The handle is detachable so the block holding
the probe can be used as another way for an inspector to grasp and scan with the probe (Figure 7). Any variety in
handle shape reduces hand fatigue, and the block also provides additional stability to the probe. A slight convex cur-
vature machined on the end of a plastic delay line compensates for any liftoff that is encountered because of the three-
point contact that the block/probe assembly makes with uneven aircraft surfaces. Loosening a single thumbscrew
quickly releases the probe from the block.

C-SCAN DISPLAY AND ANALYSIS

Figure 8 is a black-and-white photograph of a color C-scan displaying time-of-flight data for a section of the F-16
vertical stabilizer that was being scanned Figure 7. The stabilizer, no longer serviceable for flight, was in a shop prior
to some impact tests. The broad bands on the C-scan record indicate the normal pattern of thickness changes in the
graphite-epoxy stabilizer skin while interruptions in the normal pattern indicate internal damage not visible on the sur-
face. The color bar to the left of the C-scan quantifies the data. The white cross in the left corner of the C-scan ip-
dicates the position of the probe as the inspection of the first region is being completed. The unscanned black area in
the middle matches the insignia decal and is a second inspection region, which in this case requires the gain of the
ultrasonic instrument to be increased for a proper inspection. When the inspector wants to scan another regicn, he in-
dicates to ARIS the next region he wants to scan by following prompts that the ARIS software provides. ARIS then
automatically loads a new set of predetermined ultrasonic parameters into the ultrasonic instrument and the inspector
scans the second region. ARIS provides for up to nine regions and a corresponding number of ultrasonic-parametar
scts to accommodate varying structures or inspec.ion conditions within the inspection area covered by one placement of
the sound bar assembly.

A regi_n is a polygon of up to 20 sidss. Before inspecting a part, the operator outlines the regions on the video
monitor by moving the probe to successive vertices of the respective polygonal inspection areas. The complete outlined
area {-emplate) for a given placement of the sound bar is referenced to permanent features or known locations (target
points) on the inspected part. The tempiate and target points are saved on a floppy disk and retricved for use at the
next -eriodic inspection, so direct comparison of entire C-scans can be madc. The target points arc also saved with the
data so that after an inspection, during post-processing analysis of the data, an inspector can locate individual data
points with respect to the two closest targer points. If he selects a data point at the center of a flaw indication, he cai.
locate the flaw on the inspected part with rectilinear coordinate information provided by the ARIS analysis program.

Coler prescatation of C:scan data was chosen instead of gray-scale because the colors facilitate recognition of abnor-
mal data patterns and visual assignment of quantitative depth or amplitude values (from the color bar) to specific data.
The post-processing features of ARIS help to clarify the C-scan data if patterns are not readily apparent. An operator
may make selections to have the data presented in seven, five or three colors instead of the maximum fourteen, or he
may change the ,ange of data represented by each color. The operator can choose to view a magnified image of any
rectangular area of data within the original C-scan (Figure 9) and can also get point-by-point quantitative data values
which, for example, ca.1 srovide a thi.kness profile with resolution down to 0.001 inch (0.025 mm). The operator can
1 'struct ARIS to produce a hard., py of any video presentation or an; group of digital data. By taking the hardcopy
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of the flaw indications to the inspected part, he can outline a flawed area for further nondestructive evaluation or, if
necessary, to aid repair.

FLIGHTLINE INSPECTIONS

Inspection of a developmental composite section of the C-141 leading edge was a good test for the rcinote operation
of ARIS. Figure 10 shows the inspector standing on a workstand just inboard of the left inboard engine, still well
within the 50-foot (15.24-meter) hmit for remote operation. Figure 11 15 a closer view of the inspector doing one of the
most fatiguing scans (with or without ARIS), the underside of a wing. Since that area of the lvading edge wiy smooth
and nearly flat, the suction cups held the sound bar well as long as the cable bundle was secured to prevent ua-
necessary force on the sound bar. The inspector is watching the C-scan being created on the video monitor resting on
the workstand with the keyboard. When the underside of the wing was finished, the inspection continued on top.

The object of the inspection in Figure 12 is the left cargo door at the rear of the C-141 aircraft. Because the sonic
emitter at the top of the probe is four inches above the inspection surface, ARIS must correct the probe coordinate in-
formation when the inspection surface is curved. ARIS can compensate for a cylindrical surface with a radius of cur-
vature of four feet or more if the sound bar is parallel to the axis at the center of curvature. Even if the radius of cur-
vature is less than four feet, as is the case with the leading edge of the wing, an inspection is still possible. Even
though the data will be distorted, data from later scans can be compared as long as the inspector orients the sound bar
the same way relative to the curvature each time. He can note the orientation in the comment section of the inspection
parameters saved on a floppy disk. He can also comment on the amount of distortion, which he determines by com-
paring the movement of the probe to the corresponding movement of the cursor on the video monitor.

LCuring flight-line inspections electrical power is provided by mobile generators (Figure 12). These generators are not
notec for their stable voitage outputs, but ARIS operated well with them. If the voltage suddenly drops below the
minimum requirements (or somebody pulls the plug), the internal batteries in ARIS take over and supply power to the
volatile memory. The inspection can continue when the power is restored; the inspector simply resumes scanr+ 7 as #~
nothing had happened.

The inspector needs reasonably fair weather to nse ARIS on the flight line. However, too much sunshi
disadvantageous when trying to view video monitors (Figure 13). A glare screen and a light shield o- :

monitor provide some relief. The light shield in the form of an extension of the monitor enclosure . sld
on the front of the ultrasonic instrument are seen in Figure 14. Mounted inside the shield on the uii o went
is a »deo camera which transmits the A-scan to the video display at the touch of a key on the keybhoare " ir-

ing remote operation. The availability of the A-scan at the remote inspection surface was requested so t. -
ultrasuniv responses can be monitored if the inspector has to alter the ultrasonic instrumer* -e*tings or .i' ne wants
investigate the cause of a certain data point on the C-scan. He can also save A-scans for v of interest T
C-scan image returns with another touch of the same key.

ADDITIONAL MODIFICATIONS

Figure 14 shows the configuration of the ARIS production units which incorporate modific ggested "~ &
result of the evaluation of the pre-production unit. A handle, adjustable front legs, and strain . 2 )
provements that were added to the new enclosure for the video monitor. The modified sound tar asse.... y o
more suction cups, and each pair can rotate and slide along slots in the bracket to accommodate .arious su.
and conditions. The sound bar iwself rotates around its axis so the inspector can adjust the angle foi opturum
tion of the signals from the somic emitter in the probe if the sound bar assembly cannot be mounted on the se«
as the probe is scanning.

The sound bar can also be removed from its base and mounted on a tripod. In Figure 15 the inspector is scanning a
graphite-epoxy frame on a 5-ton truck which was a composite demonstration vehicle built for the Army. Without a
tripod this inspection cannot be done because the sound bar cannot be attached to the truck in a manner required for
a proper inspection. The idea for a tripod originated when the evaluation team tried to scan dnors on the F-18 landing-
gear wells. When the sound bar was mounted on the small nose gear door, little of the door surface was available for
scanning. If the tripod had been available to hold the sound bar adjacent to the door, the entire door could have been
scanned. The main landing-gear doors were larger but still had less than the 16 £t2 (1.49 m2) which can be inspected
with one placement of the sound bar. Therefore, an entire door could be scanned more efficiently with the sound bar
on a tripod next to the door.

THROUGH-TRANSMISSION CAPABILITY

The through-transmission yoke is another unique feature of ARIS that is useful for inspecting honeycomb sandwich
structures, such as the F-16 venural fin ia Tigure 16, Compressed springs withilu thie lighiweighi tubulal webers at the
hinged end of the yoke provide the force to keep the transducers in contact with the surface ! the part as the inspec-
tor moves the yoke vack and forth. A closer view of the parts of the yoke are shown in Figure 17. A pair of extension
tubes (pictured below the main frame) slide into the respective center tubes at the end of the frame. Quick-release pins
hold the extensions in positions appropriate 1o the width of the part being inspected. At full extension the yoke will ex-
tend over a part three feet wide. Longer eviesicns, allowing a reach of four feet, have been used to successfully scan
all empennage components of F-15 and F-1 " aircraft.

At the bottom of Figure 17 are two nylon blocks with fluid-filled boot assemblies that hold the probe and a second
ultrasonic transducer. To keep the sonic emitter facing the microphones in the sound bar, the inspector rotates the
probe within the boot assembly by loosening a thumbscrew. Each block has a gimbal to allow slight pitch and rol!
movements so the blocks will conform to contours on the part being inspected. The inspector mounts the blocks on the
extension tubes by inserting the boss on the gimbal into the hole in the end of the respective extension, adjusting the
yaw angle of each block so the boots are facing each other, and inserting the quick-release pins to hold the bosses in
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their respective holes. The inspector can change the yaw angle as necessary to allow him to scan the boot assembly up
to and along all edges of a part while keeping the blocks on the part or away from adjacent, interfering structures. A
set-up showing both probe rotation and block angulation is shown in Figure 18. The versatility and light weight of the
through-transmission yoke is illustrated again in Figure 19.

OTHER APPLICATIONS

The boot assembly with the probe can be detached from the block in the through-transmission yoke and used
separately. A nylon ring slides onto the bottom of the assembly and provides three-point contact with the inspection
surface to maintain a constant delay-line length and to keep the probe from wobbling. The boot facilitates consistent
ultrasonic coupling between the probe and the part being inspected, especially on curved surfaces such as the radome
in Figure 20. ARIS has been used to inspect the same type of radome mounted on top of a C-18 aircraft.

Figure 21 shows the object of successful periodic inspections with ARIS — the irregularly shaped nose on the SR-71,
a section of which is depicted in the lower right corner of the figurc. Personnel at an Air Logistics Center developed a
pulse-echo ultrasonic technique using the boot assembly for this application. ARIS has been transported thousands of
miles 10 conduct some of these inspections.

CONCLUSIONS

ARIS is a unique system that is well-suited for field inspection of laminar structures, provided that basic pulse-echo
or through-transmission ultrasonic techniques can produce the required data. The system has many novel features and
can be readily applied to many components. It does not require unique fixturing for each part inspected.

Although ARIS has a definitz place among transportable ultrasonic systems that provide permanent records of data,
a user of the system must recognize that trade-offs are involved. ARIS provides a permanent record of an inspection
that can be used at any time to directly locate areas of a part that produced ultrasonic data of interest. However, the
price of the permanent record is the time needed to set up ARIS on the part. Ultrasonic techniques can be stored on
magnetic disks for efficient calibration of the ultrasonic instrument at the beginning of an inspection, but establishing a
technique the first time an inspection is done requires more time for an ARIS inspection than for a totally manual
ultrasonic inspection. ARIS requires that the ultrasonic instrument be set up precisely since the real-time interpretation \
of ultrasonic A-scans by the coordinated effort of the human eye and brain still cannot be matched by ARIS. J

ARIS provides assurance that 100 percent of a selected area is insoected, but scanning literally 100 percent does take !
longer. It was demonstrated during the evaluation of ARIS that the traditional method for obtaining what was thought ‘
to be 100 percent coverage (by monitoring transducer overlap according to tracks of displaced couplant) actually left ‘
about 20 percent of an area uninspected. Furthermore, small data elements selected by an ARIS operator to give max- |
imum spatial resolution, increase the time it takes to inspect 100 percent. Fortunately, ARIS provides a choice of data ‘
elements to permit reasonable inspection times, 0.4 inch (10.16 mm) elements for minimum inspection time as well as }
0.2 inch (5.08 mm) and 0.1 inch (2.54 mm) data elements for more detailed C-scans of smaller areas of interest. With i
the 0.4 inch element a through-transmission inspection of an F-15 horizontal stabilizer takes approximately three and \
one-half hours. That includes everything from the time an inspector rolls ARIS up to the plane till he packs up and |
rolls it away after completing the inspection. 1

ARIS is not a panacea for inspecting laminar structures in all sitvations. However, cxperience with ARIS will enable |
selective use at successive intcrvals to record data that can be directly compared to graphically show the effects of ser- !
vice on the part being inspected. The uniqueness of ARIS stems mainly from its versatility. The various features ena-

bling the versatility have been succesufully demonstrated, so now they may Le incorporated as needed into future ARIS
units to meet specific inspection requirements.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge Daniel C. Laufersweiler o Universal Technolugy Corporation for his extensive
contributions to the evaluation; Bruce Jacobs, Dennis Hamilin and Robert Spirks o« Southwest Research Institute for
their support of the evaluation; and personnel at Edwards, Hill, Randolph and Charlesto. Air Force Bases who made
aircraft available for the evaluation. The participation of Universal Technology Corpora.ivon in this program was spun-
sored by the U.S. Air Force Wright Research and Development Center, WRDC/MLSA.

v e e rEi o ap g s e et ek i i i i s Ak i A, ot S kL bl

B T, L -y P Daa's PR PP, v




o P LA

Figure 1. ARIS containerized for shipment or storage.
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Figure 3. Exploded view of the probe.
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Figure 5. Inspection of
an F-16 vertical
stabilizer.

Figure 6. Lightweight probe handle being used on the vertical
stabilizer.
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Figure 7. Probe stabilizer block detached from lightweight handle
and being used on an F-16 vertical stabilizer torque box in a shop.
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Figure 10. Inspection of a C-141 wing leading edge.

Figure 11, Close-up view of an irspector using ARIS on the under
side of the C-141 leading edge.
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Figure 13. Photograph showing the difficulty encountered when trying
to view the video monitor in bright sunlight on a flightline.

Figure 14. Inspection of an F-16 horizontal stabilizer with an ARIS
production unit incorporating the hardware modifications.

) » st
Figure !5. Example of an ARIS set-up with the sound bar mounted
on the tripod.
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Figure 16. Through-transmission inspection of an F-16 ventral fin.

Figure 17. Close-up view of a disassembled through-transmission
yoke.
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Figure 19. Through-transmission inspection of a B-1B weapons-bay
door.

Figure 20. Pulse-echo inspection of a radome with the boot assembly
on the probe.

Figure 21. View the streamiined nose of an SR-71, successfully in-
spected with an ARIS.




Development of an Automated Ultrasonic Inspection System for Composite
Structure on In-service Aircraft
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ABSTRACT

Composite honeycomb (carbon/epoxy facesheets bonded to aluminum heneycomb) control surfaces for the
CF-18 are inspected at the time of manufacture using (among other methods) uitrasonic through-transmission,
but there is no automated ultrasonic inspection system to verify structural integrity of the honeycomb on
in-service aircraft. Manual methods of ultrasonic contact scanning or even local through-transmission can be
performed over small areas, but it is impossible to reliably inspect a complete control surface, such as a trailing
edge flap on the wing or a horizontal stabilator, with hand-held transducers.

A description is given of the development and characteristics of an automated scanner and ultrasonic system
to perform through-transmission inspections of honeycomb structure on the CF-18 without removal of the
part from the aircraft. The prototype system, including a mobile lift table/platform, was demonstrated on an
aircraft at CFB Cold Lake, Alberta, and examples of C-scan images obtained are shown, Recommendations
are made for further improvements.

Introduction

With the introduction of the CF-18 aircraft into the Canadian Forces (CF), it was recognized that a requirement would exist to
inspect composite materials, covering large surface areas.

While a number of nondestructive methods are used for the inspection of composites, ultrasonics is preferred for the detection of
delaminations in the graphite/epoxy skin, as well as skin-to-aluminum honeycomb disbonds. To address quality control requirements,
manufacturers have developed large, automated ultrasonic through-transmission equipment for factory inspections of large areas.
Currently, however, only manual techniques are approved for use on in-service aircraft at the Main Operating Bases (MOBs).

Experience has clearly demonstrated that for inspections covering any appreciable surface area, manual ultrasonic methods are
labour intensive; this increases aircraft downtime and maintenance costs and reduces inspection reliability. A recent special inspection
(SI) on the leading edge (LE) flap of the CF-18 aircraft required approximately forty (40) manhours/flap (i.e. 80 mhrs/aircraft) to
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Figure 1. CF-18 Showing Areas of Graphite/Epoxy {courtesy of McDonneli Douglas).
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complete and required the removal of the part from the aircraft. Considering the relatively small surfuce area of the LE flap (1.5 mz)
and the likely requirement to inspect larger components such as the horizontal stabilator (8.2 m”), the inefficiency of amanual inspection
method is evident.

This paper describes the development and characteristics of a prototype automated through-transmission ultrasonic inspection
system. Initial field trials indicate the potential for improved inspection reliability and repeatability with significant reduction in aircraft
downtime. It is evident that as requirements for additional inspections increase, the need for additional manpower resources can be
avoided with systems such as this.

Background

The CF-18 is the first aircraft to be purchased by the Canadian Forces that makes extensive use of graphite/epoxy (GR/EP)
composite materials. Approximately 93 m“ (1060 square feet) of wetted surface area of the aircraft are GR/EP material as shown in

5 800mm

Figure 2. Section of Trailing Edge Flap Showing Honeycomb construction.

Figure 1, In addition to GR/EP laminates bolted to aluminum spars, many control surfaces such as the horizontal stabilator, rudders
and trailing edge flaps are constructed »f GR/EP bonded to full depth aluminum honzycomb (see Figure 2). Visual, ultrasonic, bondtest
and radiographic (X-ray) examinations are the main NDT techniques used to determine the structural serviceability of the aircraft;
however, ultrasonic techniques are specified by the manufacturer to detect delaminations in the GR/EP skin as well as skin-to-aluminum
honeycomb disbonds,

As early as 1982, through-transmission ultrasonic inspection of the horizontal stabilator was identified as being physically
impossible for inspectors to perform manually. The potential need to inspect large areas for hidden impact damage made the
development of an automated ultrasonic through-transmission scanning system, which could be applied to an aircraft in the hangar, a
priority. Fully automated scanning systems were implemented by the aircraft manufacturer to provide fast, repeatable, archivable
ultrasonic inspections of parts prior to being assembled on the aircraft. C-scan equipment has been available in factory based systems
formany years. Early systems produced an archivable hardcopy image on paper. Later, large computer based ulttasonic data acquisition
systems were developed to store the scan data on magnetic media as well as produce hardcopy and display the image on a television
monito (e.g. MCAIR's AUSS shown in Figure 3). Some manufacturers have developed portable semi-automated systems (requiring
manual movement of the transducers) primarily for ultrasonic inspections of pipeline welds. Most recently personal computers have
permitted the development of small, portable ultrasonic systems using magnetic or optical disk storage of the ...ta (e.g. AMDATA,
DREP’s SPUD system).

In all of the above systems, a mechanism is used to tnove or guiue the transducers in a raster pattern to fully cover the scan area
and provide position data for the C-scan plot. Factory systems (Figure 3) actively move the transducers with motorized gantry axes,
using water jets to couple the transducer with the part to perform through-transmission inspections. The majority of portable systems
(see Figure 4) are intended for small (30 cm X 30 cm) area pulse-echo scanning using a track secured to the part to guide a single
transducer, manually moved by the operator, along the straight lines required by the search pattern and provide position data to the
data acquisition system. ARIS (Automated Real-time Inspection System) is another portable system developed for the US Air Force
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Figure 3. Automated Through-Transmission Ultrasonic Scanning System (Courtesy Mc-
Donnell Dougias).

which uses a “freehand" scanning technique. Position data for the C-scan are provided by an acoustic ranging system secured to the
inspected part, The transducers use a fluid fillsd polyurethane boot to acoustically couple with the part.

Faced with the need for repeatable ultrasonic inspections of large honeycomb areas as well as localized repairs, tasking was
authorized in 1983 to develop a transportable, easily applied automated scanning system which could:

« provide repeatable archivable results (C-scans);

+ relieve technicians of the mechanics of transducer movement;

» perform fast scans of large areas on the aircraft, primarily the horizontal stabilator;
+ be transported to the aircraft in the hangar rather than require a dedicated facility.

Such a system would also allow for a significant increase in the output and reliability of ultrasonic inspections without requiring a
commensurate increase in staffing.

Figure 4.  Ultralmage il Computerized Portable Ultrasonic Inspection System (Courtesy
SAIC).
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Prototype Scanner

The prototype scanner initially developed for DREP by Robotic Systems International, Sidney, B.C., consists of two subsystems;
the scanning yoke and the electronic controller console. Figure 5 shows 2 block diagram of the system. The maximum yoke scan area

4 line LCD display

/-RS~232 comwnication

(500 X 1000 mm), is adequate to reach all inspection
areas on the stabilator when used in a batch mode.

The yoke is made up of welded aluminum frames
with the two identical scanning frames linked by a

e st IES el e —a e s teoaags da¥ g e WA B g e

( ] C-frame as shown in Figure 6. Scan axis movements

f,." E,. - Sional sod are produced with a lead screw with a pitch producing

Wultibus Cord Coge Contral Lines 25 mm of l_inear {notion for each revolution. The lead

Hond ield Screw is driven directly from the shaft of an AC brush-

Index notor less motor whose position is sensed using a resolver

| I Scanning Yoke attached to the rear of the motor shaft. A steppermotor

and controller Controller is used to drive a gear reduced ball screw for index axis

I movement, The position of the scan axis is sensed

using a linear position transducer attached to the index

Scon motor | frame. Since each of the four actuators is controlled

Signal and power supply separately the potential exists for transient misalign-
Control cebles and controller ment of the scan heads.

The scanning yoke user intecface is a hand held
terminal (HHT) with 4 line LCD display. The operator
selects the required function from the displayed manu
or submenu. The program constructs the correct com-
mand sequence and sends it to a single board computer
(SBC) in a Multibus rack via a RS-232 link.

The SBC controls the stepper motors by sending
asequence of pulses to a stepper motor controller clock
card. The AC brushless motors are controlled by a
Multibus board which receives commands from the
single board computer via the bus. The quadrature
pulse position information required by the data acqui-
Quadature sition equipment is provided by an optical encoder
m’::,::m driven by the scan axis lead screw and derived from
the index axis stepper motor clock output.

Ultresonic
signol cables

Ultrasonic Data Acquisition Systems

The ultrasonic data acquisition system used for
approximately half of the project was the Ultralmage
I system manufactured by Science Applications In-
temnational Corp. of Two Shaws Cove, CT. The phys-
ical design of the scanning yoke was based on interfac-
ing with this unit. It is capable of acquiring and pro-
cessing ultrasonic data for 20,000 position points in a
100 X 200 matrix and storing the data on floppy disk.
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A second system, Signal Processing and Ultra-
sonic Display (SPUD) designed and developed by the
DREP NDE Group was used for the final two months
of the project, for two reasons: first, the system was
untried in a practical application and therefore would
benefit from a period of debugging, and second, the
Ultralmage system was restrictive in its speed, storage, display formats and scan size and was being superseded by the DREP system.
Therefore it was reasonable to store as many scans as possible in a format which would probably become the future format for C-scans
at DREP and the Aerospace Maintenance Development Unit (AMDU), CFB Trenton.

Figure 5. Block Diagram of Scanning System.

Couplant System

The water-jet coupled transducer system (Andec Laminar Link, Model WCP-104) has a focal length matched to the laminar flow
transducer housing. The frequency of the transducers (1 MHz) was selected as the most suitable for the range of composite/honeycomb
thicknesses in the horizontal stabilutor. The couplant system, comprised of a containment, reservoir, pump, filter and valves is shown
in Figure 7. The containment consists of curtains and support structures that direct the flow of water from the inspection surface to the
reservoir. The reservoir is a container for the water supplicd to the pump with sufficient capacity to allow for some loss of couplant
due to leaks in the containment system. The pump supplies th. water to the squirter heads from the reservoir. The filter removes
particulate material picked up from the inspection area and traps air bubbles which may be entrained in the water. The valves are used
to independently control the volume of water flowing to each of the squirters.
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Operation
The scanner is set up for an area scan using the HHT by commanding the scan and index axes to move to the starting point of the

inspection area and recording the position as “home”. The size of the scan area is then entered as offsets from this home position in
the scan and index directions. The distance the index axis moves after each scan motion is calculated by the SBC to be 1/100th of the
index offset distance. This in turn determines the resolution of the scan. During an area scan, the transducers move to the limits of the
scan axis, then retrace the path prior to indexing over to the next scan position. This results in the scan axis data being acquired twice
for each data point.

As the transducers move along the scan axis, a seriec of pixels is displayed as a horizontal line starting at the upper left hand comer
of the video monitor (see Figure 6). The intensity of each pixel on the monitor corresponds to the digitized peak amplitude. Each index
motion then steps the trace down one line on the left hand side of the image. For the majority of the C-scans in this project the images
were set to 200 data points horizontally (scan axis) and 100 data points vertically (index axis). At the end of an area scan, the entire
C-scan image is displayed on the monitor and may be saved to disk.
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SRR

‘mtamnt. ‘&P‘ ‘ iA

Valves

N
.

Bottun Uiew

8 :c;r:w %::: @ mu optical

Scanning Yoke

Uideo Display

Reservoir
-

Home Position (8,8)
Scan Axis Movement

TR
A
§ > DA,
%

=

=3k

Index Axis
Movensnt

Maximn dinension 588 x 1808mn

C-scn Display

Figure 6. Scanning Yoke Prototype. Figure 7. Water couplant System.

The distance between data points in the C-scan image is determined by the scanner index step size and is referred to as the scan
resolution. Tlie data acquisition system must also be told how many position pulses to count before capturing data for the next point
in the display. For the majority of the stabilator images in this paper the scan resolution was S mm. Images of test specimens are
dispiayed at 2.3 mm resolution.

It was obvious from visual observations of the scanner during a scan, that the upper and lower scan frames moved relative to each
other. Misalignment transients are of primary concern because: of the momentary drops in signal amplitude which can introduce spurious
results. Steady-state misalignments and misalignments which cccur gradually (e.g. from one comer of the scan area to the opposite
corner) are of less concem since the evaluation of the C-scan involves comparing the amplitude of an area relative to the amplitude of
its closely adjacent areas.
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Scanner Evaiuation

Two methods were used to quantify variations in transducer head alignment, The first derived the magnitude of alignment
variations from C-scan images. The second method used a machinist’s dial gauge to measure the direction and magnitude of both
steady-state and oscillatory movements.

Results

The results of a C-scan of an aluminum plate with simulated defects are shown in Figure 8. The most striking feature is the vestical
banding which is consistent with, but not a conclusive indicator of, variations in alignment of the transducers, The amplitude difference
between bands is about 20%. A quick check of the amplitude variation for various offsets of the transducers showed that a 20% change
cosresponded to an offset of about 2 mm,

The results of the dial gauge measurements are summarized in Table 1. The measurement of index offset was found to be position
dependent, i.e. the amount of offsct depended on the position of the scan heads in the scan area. The measurement of the offset in the
scan direction showed a gradual change in position (delta) as well as rapid oscillatory behavior.

Following this evaluation of the prototype scanner by Galatea Research, it was concluded that with some additional hardware and
software improvements and the addition of a positioning syste: , .he prototype was capable of performiny ultrasonic inspection on an
aircraft.

Table 1

Monotonic and osciflatory behavior (peak-to-peak) of scan head alignment along scan :xis during ares
scans at differant scan speeds:

Speed Delta Oscillation

(mm/s) (mm) (mm) ‘
25 1.0 0.25
78 2.0 0.40
150 23 1.00

225 23 0.50
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Laboratoty Simulations of On-Aircraft Inspections

Before testing the prototype system in an aircraft maintenance environment, additional laboratory tests were performed to provide
answers to a number of questions.

These tests were intended to:

» discoverthe physical problems encountered in deploying the p-ototype scanning system around a horizontal stabilator,
mounted at the same height and orientation as it would be found on an aircraft;

« determine the effects of scan speed and misorientaticn on the quality of the C-scans and determine if the data were
repeatable.
Tests included scans of test specimens (of the same construction and cross-section as the stabilator) with known defects, and of a
stabilator mounted on a spindle secured to a test stand fixed to the floor, as shown in Figure 9. A threaded rod was attached to the
control arm on the stabilator allowing the pitch to be adjusted from 15 degrees nose up to 15 degrees nose down (see Figure 9).

Figure 9. Laboratory Setup: (a) Stabilator 15 degrees nose up; (b) 15 degrees nose
down; (c) 5 degrees nose up (ground lock position).

It was decided early in the project that from an operational standpoint, one fixed stabilator pitch would be better than making pitch
a function of the chosen inspection area. It was the understanding of DREP staff, that regulations required the installation of a ground
lock when the aircraft was in the hangar, to prevent damage to personnel and equipment. For these reasons the ground lock position
was assumed for all scans and the tests were performed on this basis. Some water runoff tests were attempted with both positive and
negative pitches; however, the resuits did not justify changing the ground lock restriction.

In order to position and orient the prototype scanner over the stabilator, an experimental positioning system was developed. The
materials and design were based on off-the-shelf equipment obtained locally. The only exception was the hydraulic lift table. A
commercial hydraulic scissor lift table (weight approximately 580 kg) was procured with a wheeled support base and a lockable rotating
axis secured to the platform. The height of the platform was variable from 700 to 1500 mm using push buttons controlling a hydraulic
pump for upward motion and a solenoid valve for downward motion. The speed of upward motion was fixed at about 12 mm/s by the
1/2 horsepo »er hydraulic pump and the rate of downward motion was adjusted by a flow control valve to about 6 mm/s.
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The selection of the lift table was based primarily on availability and lift range. The entire assembly was rated for a payload of
450 kg based on the strength of the casters; however the lift table was capable of handling 1500 kg. The use of a table with a payload
safety factor of 13:1 ensured a stable platform and a hydraulic system that would not creep downward during a scan. (The Iift table
was left at a fixed scanning height for over two weeks with no noticeable change in elevation). Caster and floor locks were provided
to prevent movement during a scan. A steering mechanism was added to the platform casters as shown in Figure 10. Pitch and roll
movements were provided by mounting the base of the scanner on three screw jacks attached to the top of a rotating platform (yaw
axis) as shown in Figure 10. This design permitted roll and pitch adjustments in excess of 15 degrees and  also provided about 200
mm of vertical Z-axis adjustment. The ideal jacks would be stiff in all directions and provide the scanner with a stable base. The scissor
style of jack was chosen for its availability but was not laterally stiff. Automotive ball joints were used as a mechanical interface
betweenther  .er vase and the top of the jacks.

Preliminary tests showed that water on the upper
surface flowed toward the leading edge with some
lateral flow towards the tip when scanning the trailing
1 edge. Lateral flow also occurred on the lower sur-
face; however gravity generally caused the water to
bead and drip within 0.5 m of the contact point at the
flow rates used. From the beginning of the project,

:& the ability to captute and recirculate all of the water
il rom the squirters was considered an important goal
V for operational and safety reasons. In addition, an

upward automation path (automatic movement from
-one scan area to the next) required that the ideal
=containment system would not nced human interven-
ztion. Rigid containment systems, integral with the
zscanner and wheeled platform, were felt to offer the
“best chance of achieving future automation goals.

Two different sizes of rigid containment system
were assembled and tested. ‘The smaller of the wo
extended about 1.2 m in front of the base and the
largest extended 2.4 m. The width of both contain-
ments was the same as the scanner (about 1 m).
However, the smaller unit was unable to catch leading
edge water when scanning the inboard trailing edge.
The large unit was too long and bulky to move easily
around the aircraft without colliding with the aircraft.
Neither of the two designs was able to collect the
water for all scan positions without additional barriers
being placed on the upper surface to control lateral
flow, i.e. operator intervention was required to place
the barriers. In addition, the rigid sides restricted
visual and physical access to the lower scan axis when
positioned against the lower surface of the stabilator.

A second approach used a channel secured to the
edge of the stabilator to capture all the upper surface
water without requiring the operator to repeatedly
move alateral flow barrier. The intent was to have the
operator install the continuous channel around the
stabilator prior to positioning the scanner. The exper-
imentsincluded passive collection as well as applying
a vacuum to the channel to actively collect water.
Flow rates and water velocity were too great for the
initial designs resulting in the water stream flowing
over the channel. In addition, lower surface water had
atendency to drip outside the rigid containment and
the flexible hose linhing the channel to the reservoir

Figure 10.  Positioning Platform: (a) nght-hand side view of the scissor limited t.hc movement of the lift table. ,A,t this point,
jacks used to provide roll and pitch orientation mounted on the yaw axis e requirement for the operator to position the con
rotating platform, the containment membranc is visible 1 the night hand ~ tainment was aveepted and the godl of using a ngid
side, (b) front view of positioning platform showing the steening mechamsm — containment system to allow future automated move
and pull handle. An identical arrangenient was installed on the rear of the  ment was discarded. A flexible containment made of
platform. 4 m X 2 m polyethylene sheet and sccured to the

stabilator with plastic covered metal clips was found
to be casy to position, conformed to the shape of the stabilator and could be placed such that 100% of the water from both top and
bottom sides of the stabilator was recovered. The fexibility of the membrane permitted the edges to be positioned where water was
flowing When moving the scanner to a new position, the containment was casily folded in on the scanner resulting m the smallest
possible volume 1o be moved around the aircraft. The final version of the contamment replaced the polyethylene with 0.2 mm (8§ nuly
vinylsheet ‘This material provided a clearer view of the scanner, had superior puncture and cut resistance, aind could be easily repaired,
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Test Procedures

Twelve overlapping 500 X 1000 mm scan areas were marked on the lower side of the stabilator to provide guides for positioning
the scanner. The separation of the sensor holders was set at the maximum for all scan areas for a number of reasons. Although the
length of the water column was known to affect signal amplitude and turbulence, the range of thickness of the inboard areas required
the maximum separation. The design of the sensor holders made it difficult to reduce the separation for thinner, less tapered areas at
the stabilator tip without affecting the alignment of the transducers. Finally it was desirable to determine if one separation could be
used for the entire stabilator to simplify the setup procedures.

Once positioned and oriented, the flexible containment was secured to the stabilator using spring clips and in some cases, waterproof
tape. The data acquisition system and scanner controller were then initialized, and the scan was performed. The through-transmission
testing of the 12 areas laid out on the horizontal stabilator required approximately 30 minutes per scan at a scan speed of 225 mm/second.

Some scans were repeated on specific areas of the stabilator under the following conditions:

« position and orientation unchanged, scan speeds set to 25, 75, 225 mm/second;
« position and speed unchanged, scanner visibly misoriented;

« scanner moved away from scan position and orientation altered; scanner then retumed to original scan position,
oriented and scan repeated at same speed.
The purpose of the first test was to determine the effect of different scan speeds on the quality of the data. The second test was to
determine the effect of a visible misorientation of the scanner. The final test was intended to simulate the comparison of archived data
to amore recent scan, i.e. could the scanner be returned to the same position as a previous scan and could the resulting C-scan be easily
compared to earlier results?

For the orientation tests, the scanner was aligned with refererce to the stabilator using a scale to measure upper and lower standoff
distances at the left and right edges of the scan frame and the *ip of the scan arms. The screw jacks were then adjusted 19 equalize the
upper and lower standoff measurements. Measurement of standoff distances was ultimately abandoned in favour of visually aligning
the edge of the stabilator with the horizontal arms of the C-frame.

Ensuring correct alignment with the markings on the stabilator was difficult for a single operator; however, it was made easier by
the use of the yaw axis. The throat of the scanner occasionally contacted the stabilator when the casters swiveled in the wrong direction
during movement; however, the addition of a steering mechanism on the lift table eliminated this problem. Securing the containment
curtains was not difficult and 100% water recovery was achieved in all but the inboard edge areas where some splashing was expected
due to interference with the spindle.

Once the pitch and yaw axes were set, it was possible to move the scanner parallel to the leading or trailing edge of the stabilator
for successive scans with only Z-axis adjustments, i.e. the orientation remained the same. The scanner could also be removed from
ihe stabilator by pulling it away in a direction normal to the edge without the tip of the scanner touching the stabilator.

Test Specimens
Test specimen 13T4B was constructed of full depth honeycomb and graphite epoxy facesheets with defects ranging in size from
50 mm to 6 mm on the upper and lower sides. The section was supported on a frame at different angles and with the defects closest

Figure 11. C-scans of Test Specimen 13T4B: top: aligned; bottom: § deg pitch
misorientation.
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to the transmitter or to the receiver. An example of the results is shown in Figure 11. These tests strongly suggest that misorientations
as much as 8 degrees to the honeycomb axis have little effect on the ability of the through-transmission C-scan to detect flaws as small
as 25 mm with a scanner resolution of 2.3 mm. The most noticeable effect is the shift in position of the flaws on the lower surface due

to the angle of the test piece and the “waveguide” effect of the honeycomb.

Repeatabllity

Two methods were employed to determine the repeatability of C-scans. The first was to repeat a scan with the same parameters,
i.e. without changes to orientation, position or scan speed. The second method was intended to simulate returning to an inspection area
to repeat an inspection and compare the new data with previously archived data. These results showed that repeating a scan with the
same position and orientation resulted in virtually identical images; the only major differences occurred at areas of turbulent flow near
the edges of the part. Returning to the same location was impossible; however, the images were virtually identical.

Resolution of the image
Scans were made of the outboard tip of the stabilator (area L7), at resolutions of 2.5 and 1.25 mm at a speed of 75 mm/s, to
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Figure 12. C-scan of Area L7 at Scan Resolution of 1.25 mm.

determine if a smaller scan pattern would reveal additional useful detail in the image. The results of the 1.25 mm scan are shown in
Figure 12. Portions of the right hand side of the image appear to show the edges of the honeycomb cells and strips of amplitude changes

which may be due to adhesive thickness changes or honeycomb machining marks.

Results
The practical speed limitation for the data acquisition equipment was found to be 225 mm/s. Above this limit, position data were

lost, and the resulting scan was skewed and had “drop-outs” (loss of amplitude data). The noise level of an image increased with higher
scan speeds, probably as a result of motion induced turbulence in the water column, The results of two successive scans at 75 and 225
mm/s showed that, although there are small differences in the images, all major flaws are visible in both images. To determine the
effect of a misorientation, two successive scans of the same area were performed with proper alignment and visible misalignment, and
with all other variables held constant. The only apparent effect of misorientations is a distortion of the image of a geometric feature.

Scans of test specimens were used to further investigate misorientation effects,

The tests demonstrated that although increased scan speed had some effect on the C-scan image, a speed of 225 mm/s produced
an almost identical image to one produced at 75 mm/s. Orientation of the scanner with the structure was not critical and resulted in
acceptable images at up to 6 degrees of tilt; however the scanner could be aligned with the stabilator to within 0.5 degrees with visual
alignment techniques. Retuming the scanner to the same location and detecting the same features is possible; however it is very difficult
to eliminate some shift in the position of the features in the two images. A simple wheeled plaform and diree viicniation axes weie
sufficient for one operator to employ the scanner in a practical application. The ability to recognize a flawed area is dependent on the
size and relative amplitude of a flaw. The results of scans of test specimens with known flaws suggests that for a flaw to be recognized
in a noisy image it must be a contiguous group of at least 0.5% of the total data points. Using this rule of thumb, a scan resolution of

5 mm would reveal a 50 mm square flaw in a noisy image.

Based on the above results it was concluded that the system was ready for field tests.
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Field Tests

The laboratory results indicated that flaw detection using the scanner was robust, requiring only visual confirmation of orientation
prior to beginning a scan and the application of standard inspection procedures in the set-up of the ultrasonic equipment. The field
tests were intended to confirm these findings and discover if hangar conditions would create unforeseen problems. The system was
disassembled and the components mounted on pallets designed to cushion against shock. Both the Ultralmage I1I and DREP ultrasonic .
systems were loaded with support equipment and driven 1550 km to CFB Cold Lake.

The system was unpacked, assembled, and operational in 2.5 hours and, with the exception of two minor failures, operated
flawlessly for the entire four days of testing. The original goal was to scan two horizontal stabilators on a CF-18; however, since a
special inspection was in effect on the leading edge flap, the test plan was changed to scan the starboard leading and traling edge flaps
and one horizontal stabilator.

Figure 13. Prototype Scanner Scanning Horizontal Stabilator of CF-18.

A CF-18 was moved to a location in a hanger to within 50 feet of the three phase power required by the scanner. Although the
aircraft was unserviceable (U/S) because the port engine was removed, this caused no observable tilt in the attitude of the aircraft. An
external ground lock was installed on the starboard horizontal stabilator. The scan areas were laid out on the lower surface using PVC
tape with the same 500 X 1000 mm template used in the laboratory tests. The layout differed slightly from the laboratory pattem on
the inboard leading edge, resulting in a reduction from 12 to 11 scan areas.

The set-up is shown in Figure 13. Scans L1 to L7 on the stabilator were performed, then the scanner was moved to the leading
edge flap. Once the LE flap was scanned, the transducers were readjusted to the left hand side position in order to scan T1 through T4
of the stabilator trailing edge. Although the trailing edge flap could not be scanned due to a shortage of ground locks to hold the flap
near the horizontal (stowed) position, it is believed that the prototype scanner would have been capable of performing the complete
inspection without any difficulties.

Results

The first scan revealed a previously unknown anomaly on the inboard leading edge of the horizontal stabilator as seen in Figure
14. Manual pulse ccho tests confirmed that the anomaly was on the lowur surface. Core splice lines and other internal structures were
easily visible as were the PVC tape boundaries.

The scan of the leading edge flap, which was in its fully extended position required the scanner to be oriented at 1 degree roll and
15 degrees pitch A lead tape simulated flaw (13 mm square) was secured to the upper surface to determune if 1t could be detected. The
results are shown in Figure 15 The scanner performed the leading edge flap inspection in 3 1/2 hours, the recently issucd SI order for
the manual inspection of this part was estimated to take 30 to 40 hours.

Water recovery was about 80% efficient with the majority of water spillage occurring near the fuselage. A number of drips were
caused by problems with the hose layout and the inexperience of the technivians in positioning the contamment curtains. However,
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Figure 14. Area L1 of the Horizontal Stabilator Showing Anomaly.

water drips could be captured in the standard floor trays used to catch hydraulic oil leaks in the hangar. Much higher recovery was
achieved in the laboratory and it is believed that 100% recovery could be realized with some refinements in the containment design.

Although the scanner had been maneuvered successfully by a single operator in the laboratory with an uneven floor surface,
additionul personnel were available during field trials. One person viewed the system from about 2 meters away, to give instructions
on orientation and position and to control the vertical movement of the lift table, while two others pushed or pulled the table into
position, locked the floor locks, operated the screw jacks, and positioned the yaw platform. Although this was the most efficient method
given the extra manpower, it gave the misleading impression that three people were required to operate the system. However, being
able to view the positioning of the scanner from a position 1 to 3 meters behind the scanner is an advantage. Thus, if the operator were
provided with actuated control of all orienting and positioning functions with a control pendant, it would allow positioning by a single
operator without sacrificing safety concems or increasing setup time.

Small lateral (X-Y) movements could only be accomplished by releasing the floor locks and using repetitive back and forth
movements. This experience suggests that a lockable sliding platform mounted on the yaw axis and capable of moving 100 mm in X
and Y directions would simplify the positioning of the scanner. Alternatively if the base wheels were actuated for 360 degree rotation,
it may be possible to provide finer movements than were possible with the manual steering mechanism on the prototype platform.
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Figure 15. Area of the Starboard Leading Edge Flap Showing a 13
mm Square Lead Tape Flaw on the Upper Surface.
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Conclusions and Recommendations

The prototype scanner and positioning system are a viable method of producing through-transmission ultrasonic amplitude C-scans
of the CF-18 horizontal stabilators and leading and trailing edge flaps. Although improvements in design and construction are strongly
recommended, the system could be successfully deployed in the field in its present configuration.

Scan speed and orientation of the scanner affect the repeatability of the C-scan far less than was originally thought. Although the
scanner could be easily oriented to within 0.5 degrees of the stabilator, C-scans produced with scanner misorientations of up to 6 degrees
showed good correlation with correctly aligned scans. A scan speed of 225 mm/s and a scan resolution of 5 mm results in a C-scan
production rate of about 30 minutes (including the setup time) for a 1000 X 500 mm scan area. Although the prototype scanner produced
acceptable C-scans, the alignment of the scan heads varies to an unacceptable degree. A close inspection of some of the images shows
the faint banding indicative of scan head oscillation. The scanning yoke and controller should be redesigned both mechanically and
electrically to ensure more accurate transducer alignment and to simplify the controller. Recirculation of 100% of the water is possible
with a flexible containment system.

The minimum detectable flaw size is dependent on the noise level, flaw impedance relative to the surrounding material and the
resolution of the scan. Field tests showed that a 13 mm square lead tape flaw was clearly visible on the middle of tie leading edge flap
in a C-scan with a resolution of 5 mm. Other tests on GR/EP t=st sections suggest that a minimum recognizable flaw size in a noisy
image would be 50 mm at a 5 mm scan resolution.

Multiple transducers should be implemented to reduce the scan time or to increase the scan resolution of the images. The time
required for a scan could be reduced by a factor proportional to the number of transducers per side. If a requirement is established for
the detection of 25 mm diameter flaws, increasing the number of transducers will provide the additional resolution without an increase
in the time taken to perform a scan. However, the additional water volume may cause some loss of signal and/or water recovery
problems.

Transducers capable of maintaining a fixed standoff distance and normality to the surface should be developed to permit pulse
echo scans with the scanner. Since through-transmission C-scans do not indicate on which side of the part a flaw may be located, time
consuming manual pulse echo techniques to determine the flawed side are needed; this would be unnecessary if an improved contact
transducer could be developed for the scanner. Image processing techniques for comparing current C-scans to archived scans of the
same area should be developed.
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SUMMARY

In accordance with previous results obtained in the US, a recent research project at IABG showed neu-
tron radiography to be a nondestructive testing (NDT) method of potential value in aerospace maintenance
and quality assurance, complementing conventional inspection methods. Applications include the detection
of corrosion products, entrapped moisture, adhesive defects as well as some defects in carbon fiber
composites. For years the large-scale use of neutron radiography was delayed due to the lack of small and
inexpensive but powerful neutron sources. Recent progress in this area led to the present development of a
new generation of small neutron sources, such as compact cyclotrons and powerful neutron generators.

1. INTRODUCTION

Neutron radiography is a nondestructive testing method similar and complementary to radiography with
X-rays. As seen in figure 11, thermal neutrons - i.e. slow neutrons that are in thermal equilibrium with
their environment (E, = 0.025 eV) - are predominantly scattered or absorbed by nuclei of some clements
with low atomic numbers, such as hydrogen, carbon and boron, whereas most metals, in particular aluminium,
are comparatively transparent to neutrons. Hence neutron radiography may be used to detect hydrogeneous
or other light materials, e.g. plastics, adhesives, corrosion products and explosives, as well as flaws or
defects in nonmetallic components, particularly when these are covered or surrounded by metals.

Subsequent to the development of the scientific and technical foundations in the UK and US in the
early sixties the first major applications of neutron radiography outside the nuclear industry were the
detection of defective spacecraft ordnance?:3 and of residual ceramic core in cast turbine airfoils4.

Based on a large number of research and development projects (e.g.5-9) in the US, the employment of
neutron radiography in aircraft maintenance is now in preparation on the basis of several recently con-
structed, mobile and stationary neutron radiography systems at the US Air Force's Sacramento Air Logistics
Center10,11,

As part of an IABG research project funded by the Federal Ministry of Research and Technology the
applications of neutron radiography in aircraft maintenance, materials development as well as industrial
quality assurance have been investigated with the aim to supplement previous results, particularly with
respect to modern materials and recent inspection problems, and to increase the acceptability of this NDT
method in the Federal Republic of Germany.

In the course of this research project!2,13 aerospace components and materials with defined defects
or damages were examined with a mobile neutron generator-based radiography system now in operation at
IABG and other accelerator or reactor radiography facilities as well as, for comparison, with conventional
NDT methods (X-radiography, ultrasonic and eddy current techniques, etc.).

Furthermore, IABG 1s cooperating with SODERN (France), SENER (Spain) and LTV Aerospace and Defence

Company (USA) in the EUREKA-project "DIANE" with the object to develop and construct the prototype of a
more powerful mobile neutron generator-based radiography system than hitherto availablel415 |

2. NEUTRON RADIOGRAPHY SYSTEMS AND TECHNIQUES

A neutron radiography system is schematacally depicted in figure 2. A source emits neutrons - for
practical purposes at a rate of at least 109 ns-1 - with energies, depending on the nature of the source,
of usually several 106 eV. Since high-energy neutrons would penetrate the object to be examined without
undergoing the desired interactions with light nuclei, the emitted neutrons need to be slowed down to
thermal energies by scattering collisions i1n a moderator consisting of hydrogeneous or carbonaceous
materials.

A collimator of length L and base diameter D directs a nearly parallel beam of neutrons to the ob-
ject. The geometrical resolution of the assembly 1s proportional to the ratio L/D, whercas the neutron
flux at the object (governing the exposure time) is propoertional Lo (L/D)-2. Therefore every radiograph
taken implies a compromise between geometrical resolution and exposure time. At present only test reactors
and large accelerator systems produce neutrons at a rate to render possible the geometrical resolution
as obtained in X-radiography.

Since neutrons are not electrically charged, they do not form images on conventional X-ray films.
Therefore converter foils frequently consisting of gadolinium, dysprosium or indium waith a typical thick-
ness of 25 - 250 um are used. By absorbing thermal neutrons these emit charged particle radiation that
blackens X-ray films. Light-emitting converter foils, as generally employed in electronic neutron cameras,
reduce exposure times by several oiders of magnitude, however at the expense of image resolution.

*Work supported by the Federal Ministry of Research and Development (BMFT)
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By further reducing neutron energies, as done in neutron filters called "cold sources", higher thick-
nesses of some metals (several centimetres of steel/iron and several ten centimetres of aluminium) can be
penetrated and the contrast for hydrogeneous or other light materials 1s enhanced. However, such filters
are only installed in test reactors, for they considerably reduce neutron fluxes.

\

For years the large-scale application of neutron radiography was delayed due Lo the lack of small and }
inexpensive yet powerful neutron sources. But recent progress in this area led to novel applications of |
neutron radiography, which, in turn, accelerated the development of snall sources and radiography systems. |
Neutron sources at present available may be classified in six groups in descending order of neutron yield: }

- Test and research reactors

Test and research reactors have been the most prolific source of neutrons, providing radiographs with ‘
a resolution comparable to that of X-radiographs. However, shielded experimental areas at reactor radio- !
graphy facilities are generally small, permitting merely small objects to be radiographed for quality ‘
assurance purposes, and, for safety reasons, the usefulness of most reactors with regard to testing aero-
space ordnance is limited. Furthermore, because of complex licensing procedures and high cost only a
limited number of new reactors is likely to be built in the future.

- Cyclotrons

For a few years small compact cyclotronslé and even smaller cyclotrons with superconducting magnetsl?
have been available. With these cyclotrons reactor-quality neutron radiographs can be produced within ex-
posure times of several minutes up to one hour. Even superconducting cyclotrons cannot be considered as
mobile, e.g. as required for aircraft maintenance, but they are transportable.

Cyclotrons will for some time be the most powerful non-reactor neutron sources available, but their
cost of several million US-$ and their operating complexity restrict their employment to rework centres
with a high throughput of test objects.

- Van de Graaff accelerators

Stationary Van d= Graaff accelerators were employed very early as in-house neutron sources, in
particular for the inspection of ordnance. They may now be considered as less attractive, since small i
cyclotrons with a higher neutron yield are available. A project to develop a mobile Tandem- Van de Graaff i
accelerator in the US was terminated in 1987 for apparent lack of success. !

- Neutron generators

Neutron generators, consisting of a sealed neutron-emitting tube with a weight of a few kilograms as
well as separate, readily transportable high-voltage and cooling supply units represent the most promising
source for mobile neutron radiography systems. They are attractive because of the comparatively low cost
and simple, essentially maintenance-free operation. The first mobile sealed-tube neutron generator-based
radiography system in Europe, recently equipped with a handling system designed for the inspection of
combat aircraft, was installed at IABG in 1988 (figure 3).

Major drawbacks of seale. .ube generators are as yet the low neutron yield, further enhanced by the
high energy of 14 MeV of the ~mitted ncutrons and therefore low fraction of neutrons thermalized in the
moderator, as well as a short target lifetime of a few hundred hours with a continuous drop in the neutron
yield.

In order to overcome these remaining drawbacks a EUREKA-project with the aim to develop a powerful
mobile neutron radiography system, "DIANE" (Dispositif Integre et Automatique de NEutrographique) was
initiated by SODERN (France), SENER (Spain) and IABG in 1987, now joined by LTV Aerospace and Defence
Company (USA)14+15, The essential part of this system is a new sealed-tube neutron generator, "GENIE 46",
to be developed by SODERN, with a considerably higher neutron yield and target lifetime than hitherto
achieved with such systems. The f.rst "GENIE 46"-prototype will be installed into the IABG-system for test
purposes in early 1990.

- Linear accelerators

Electron Linear accelerators that were used in some research centres for neutron radiography are now
known to be unsuitable for this purpose because of the high electromagnetic background radiation produced
and the comparatively low neutron yield. Compact ion linear accelerators are currently being developed as
(potentially transportable) sources for radiographyl8, but no experimental results on thear performance
have been obtained, yet.

- Radioisotope sources

Radiolsotope facilities on the basis of californium (Cf232) have been the most widely used neutiun
sources for radiography in the US, since they are simple to operate and require little maintenance.
Furthermore, californium has been supplied free of charge in the US as part of a government program,
although a continuation of this service is presently being reconsidered. Most existing systems, designed
for research purposes, produce low neutron fluxes, but a high neutron yield can be obtained by adding up a
sufficient amount of the isotope, provided the assembly is cooled and the permanent biclogical shield
appropriately dimensioned.

Major radioisotope systems (e.g. as used at McClellan AFB, Sacramento) with a neutron yield comparable
to that of accelerator-based units contain several ten milligrams of californium, surrounded by a
moderator and a biological shield with a weight of usually several tons.
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Apart from safety aspects, which would make licensing of a radioisotope facility in most countries
difficult if not impossible, a disadvantage of californium is the short half-life of 2.65 years. One
milligram of californium produces 2.3*10° ns-! at a cost of approximately 10000 US-$. In order to replace
a powerful neutron generator, a radioisotope source of about 60 mg of californium with an equivalent
neutron yield may be chosen, which requires an annual replenishment of 16 mg to maintain the initial neu-
tron yield. This exceeds the purchase and annual cost for the neutron generator several times.

The above comparison between neutron sources shows that small cyclotrons and neutron generators are
likely to be dominant for neutron radiography purposes in the foreseeable future. The former may be in-
stalled as stationary systems for industrial quality assurance, while the latter represent inexpensive,
simple to operate neutron source: for mobile use in aircraft maintenance both in rework centres and in the
field.

3. APPLICATIONS IN AEROSPACE MAINTENANCE AND QUALITY ASSURANCE

Taking into account previous results obtained in the US, a large number of potential applications of
neutron radiography in aerospace maintenance and quality assurance has been investigated during the sbove
mentioned research project at IABG:

- Corrosion

Corrosion can be made visible by neutron radiography because of hydrogen contained in corrosion pro-
ducts. The hygroscopic character and hence the moisture content of corrosion products additionally re-
present an important factor with respect to their detectability.

Particularly surface corrosion, exfoliation corrosion and generally corrosion accompsnied by sufficient
corrosion products (e.g. in aluminium honeycomb structures) were found to be detectable with neutron
radiography. Intergranular, stress and pitting corrcsion in an advanced stage were also revealed.

The minimum thickness of corrosion products visible deperds strongly on a number of factors, such as
the moisture content of the corrosion products, the neutron radiography system and film/electronic camera
employed and on how well the corrosion boundaries are defined. Under optimum conditions the minimum thack-
ness of corrosion products detectable with small accelerator-based reuiogiaphy systems is of the order of
0.01 inches.

Figure 4 shows the neutron radiograph cf a combat aircraft wing with integral fuel tank. An aluminium
plate with surface corrosion was placed inside the tank. The corrosion products are clearly visible.

Figure 5 shows the neutron radiograph of a fuselage section of a passenger aircraft consisting of,
from the inside out, interior panel, glass fiber insulation and a lap joint section. The lap joint con-
tains corrosion {barely detectable by visual inspection from the inside of the fuselage after removing
interior panel and soundproofing) that is seen in the radiograph.

- Entrapped moisture

Neutron radiography was found to be by far the most sensitive NDT method to detect entrapped moisture
or liquids. Moisture films, e.g. in honeycombs, with a thickness of less than 0.004 inches can be made
visible.

Figure 6 shows the neutron radiograph, recorded with an electronic aeulron camera, of an experimental
passenger aircraft spoiler, consisting of a carbon fiber composite (CFC) sandwich with honeycomb core.
Entrapped moisture and water, causing severe disbonding between honeycombs and CfC-layers, are clearly
visible as dark patches.

- Adhesive defects

Neutron radiography can successfully complement conventional inspection methods in case of adhesive
defects caused by too much or too little adhesive, voids or cracks in the adhesive and/ or when the
affected parts are not accessible.

Figure 7 shows the neutron radiograph of a stringer consisting of several adhesively bonded aluminium
layers that was taken from the tail section of an in-service helicopter. The radiograph reveals voids 1in
adhesive layers. For comparison the X-radiograph of the same stringer is added 1n figure 8.

An example demonstrating by comparison the applicability of neutron and X-radiography with regard to
the detection of corrosion, entrapped moisture and adhesives is given 1in figures 9 and 10, showiny the
neutron and X-radiograph of a section of a helicopter rotor blade with aluminium heneycomb core. A part of
the honeycombs was removed cud replaced by corroded honeycombs (1) taken from a naval reconnaissance air-
craft, discernible as dark lines in the neutron radiograph. The honeycomb image (2) seen 1n the neutron
radiograph does not, as in the X-radiograph, originate from absorption of radiation in the aluminium
(which is transparent to neutrons), but from compressed layers of adhesive between the honeycomb core and
the outer aluminium profile. Entrapped water that was injected ints the honeycombs (3) produces com-
paratively high-contrast images in the neutron radiograph. Several wedges of different materials were
added for calibration purposes.

- Defects in carbon fiber composites
Conventional NDT methods are in most cases superior to neutron radiography with respect to the detec-

tion of defects, e.g. impact damages, in CFC-structures. However, neutron radiography becomes useful, when
defective CFC-layers are covered by metals or in case of resin inhomogeneities.
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Figures 11 and 12 show the neutron and X-radiograph of a CFC-panel (containing a tube section) with
resin inhomogeneities. Neutron radiography provides a higher-contrast image of this defect.

- Defective 0-rings

Defects in G-rings between metals, e.g. between different sections of booster rockets, are difficult
to detect by conventional NOT methods. In the course of the IABG-research project a section of the
projected booster of the ARIANE 5 containing two O-rings with different simulated defects (cuts, notch
(upper 0-ring) and displacements (lower O-ring)) was examined with neutron radiography (figure 13). The
0-rings with a diameter of approx. 0.3 inches were situated between steel layers of a total thickness of
spprox. 0.9 inches (upper 0-ring) and 0.8 inches (lower O-ring). All defects are clearly visible in the
radiograph that was produced at a “"cold source" reactor facility.

- Further applicaticns

The examination of ceramics components (particularly those on the basis of silicon carbide (SiC) that
is increasingly used for some parts of spacecraft) by neutron radiography revealed defects, e.g. porosity
and inhomogeneities, that frequently lead to the failure of the affected components, yet could not be
found with any other NDT methodl3.

Neutron radiography has been also successfully applied to the detection of cracks, particularly in
thick metallic objects and in the potting of electronics components. 8y using gadolinium-based contrast
agents that have considerably higher atterwation coefficients for nzutrons than comparable contrast agents
‘or X-rays, hairline cracks or delaminations with a width of a few micrometres in or between metals,
izomposites, plastic materials and adhesive layers could be seen in their full extentl3.

Figure 14 shows the neutron radiograph of a segment of a SiC-based ceramics ring with porous reyions
and a hairline crack that was made visible with the contrast agent described above.

CONCLUSIONS

Neutron radiography was found to be a useful, supplementary NDT method with regard to the detection of
some types of corrosion, entrapped moisture and liquids, certain defects in adhesive layers and carbon
fiber composites, defective O-rings, cracks particularly in thick metallic objects and 1n the potting of
electronics components as well as some flaws in ceramics.

A new generation of accelerator-based neutron radiography systems is likely to provide the technical
basis for the economical application of this NDT method in an aircraft maintenance environment and
poscibly in industrial quality assurance.

The present developmentl9,11 poinls in direction of a future employment of neutron radjiography
combined with X-radiography, ultrasonic and other techniques, integrated in fully automated inspection
systems in airceraft rework centres.
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fFigure 3  Neutron yenerator-hased mobile radiography system at IABG

Figure 4  Neutron radiograph of surface corrosion in the integral wing fuel
tank of a combat aircraft (IABG-system)




14-8

Figure 5 Neutron radiograph of 2 passenger aircraft fuselage section with lap
joint corrosion {1ABC-system)
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Figure 6 Neutron radiograph of an aircrafl spoiler with entrapped moisture
and woter (JABG-system)
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Figure 7
- Figure 8
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Figure 7 Neutron radiograph of a helicopter stringer revealing acdhesive defects
(Van de Graaff radiography system)
Figure 8 X-radiograph of the stringer shown in figure 7 (60 kV)
Figure 9
Figure 10
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Figure 9 Neutron radiograph of 8 section of a helacopter rotor blade with various
simulated defects (Van de Graaff radiography system)

Figure 10 X-radiograph of the rotor blade section shown in figure 9 (60 kV)
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Figure 11 Neutron radiograph of a CFC-panel with resin inhomogeneities

(research reactor facili.y)

Figure 12 X-radiograph of the CFC-panel shown

in figure 11 (30 kV)
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Figure 13 Neutron radiograph of a booster sectien containing 0-rings with
various simulated defects {research reactor facility)

Figure 14 Neutron radiograph of a segment of a ceramics ring with porous
regions and a crack (research reactor facility)
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PROGRESS IN THE DETECTION OF CRACKS UNDER INSTALLED FASTENERS
USING EDDY CURRENTS

D J Harrison

MOD(PE)

Materials and Structures Department
Royal Aerospace Establishment, Farnborough
Hampshire, GU14 6TD
United Kingdom

SUMMARY

The detection and characterisation of fatigue cracks growing radially from fastener holes continues
to be a major problem in the non-destructive inspection of aircraft. In general, it is highly desirable
to be able to detect cracks in the skin and sub-structure without the need to remove fasteners. Eddy-
current methods are in principle well-suited to the detection of cracks in metals but, in this case,
difficulties of interpretation can arise as a consequence of the relatively ccamplicated geometry. For
example, the effect of the fastener itself or a nearby edge can easily mask the effect of a crack. If
the effects of irrelevant geometric features can be identified and removed then the ability of eddy-
current systems to detect cracks reliably under thesc circumstances can be considerably enhanced. An
intelligent eddy-current instrument has been developed specifically for this problem. The Eddiscan uses
a rotating transducer to map precisely any variations in the induced electromagnetic field around the
circumference of the fastener. By using pattern recognition and other analysis techniques, the presence
and position of cracks can then be inferred. Using this method, cracks in the skin and sub-surface
layers can be detected with either ferrous or non-ferrous fasteners installed.

INTRODUCTION

One of the problems associated with the naintenance of the structural integrity of aircraft arises
from the growth of gmall radial cracks beneath the heads of rivets and bolts. In the vast majority of
cases these are fatigue cracks generated by the cyclic stresses induced by service loads. Such cracks
may occur through deficiencies in the original design or poor quality control during manufacture, but,
especially for military aircraft, their occurrence is often due to changes in the usage of the aircraft
or the need to extend the life of the structure.

Whatever the cause, the possible presence of these cracks is proving of increasing concern to both
civil and military operators and there is a clearly defined need to be able to detect them well before
they approach a critical size, There are, of course, considerable economic advantages to be gained if
these cracks can be detected while they are still small, because the costs of repair are usually much
lower.

The number of fastener holes requiring inspection is often quite high and it is usually impractical
to remove the fasteners in order to inspect the holes; indeed the act of withdrawal itself can cause
sufficient damage to lead eventually to cracking. Although the exact requirement varies quite widely
from component to component, there is in general a need for an instrument that can detect small radial
cracks in the skin and subsurface layers under both ferrous and non-ferrous installed fasteners.

Existing in-service methods of inspecting installed fasteners are based primarily on ultrasonic and
eddy-current techniques. The disadvantage of ultrasonic methods is that paint must be removed prior to
inspection and re-applied afterwards. Furthermore, although automated ultrasonic instruments exist, they
are cumbersome and very expensive and so many applications still rely on the use of hand~held transducers.
Eddy-current methods also rely on the use of hand-held transducers; this limits the performance and also
requires a sustained high level of concentration by the operator. The only semi-automatic approach is
based on the sliding probe in which a probe, constrained by a straight-edge, is moved by hand along an
entire line of fasteners. This method is fast although not particularly sensitive and relies on the
fasteners b- ing exactly colinear.

Eddiscan is an eddy-current inspection method that was originally deveioped to detect cracks
specifically in the outer layer, or skin, of aircraft structures beneath installed non-ferrous fasteners
(1), (2). Since then, the requirement has expanded to include cracks in subsurface layers of multi~
layered structures and also ferrous, as well as non-ferrous, fasteners. The original instrument has been
modified in order to meet the new requirements. Prior to discussing the basic principles and performance
of the modified Eddiscan, it is necessary to consider the two developments that have made the modifi-
cations possible.

EDDY-CURRENT INSPECTION OF SUBSURFACE CRACKS

The detection of subsurface cracks using eddy currents has several features that make it distinct
from the more common problem of detecting surface-breaking cracks. It is appropriate therefore to
discuss the underlying theory in general terms in order to see how, in principle, to design a practical
inspection technique that is optimised for this application.
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The basic elements common to all eddy-current inspection methods are represented schematically in
figure 1. An electromagnetic field source, usually a coil, induces eddy currents in a nearby conducting
body. Within a conductor, eddy currents propagate in the form of attenuated travelling waves and so
their interaction with cracks may be regarded as a scattering problem. Any crack that is "illuminated"
by incident eddy-currents develops a charge distribution at its surface that radiates a scattered eddy-
current field. Part of this propagates to the surface of the conductor where its associated magnetic
field, H, caa be measured by a suitable sensor as a function of position and time (or frequency).
Depending ui. the amount of data that is gathered, various options are available ranging from simply
detecting the prescnce of a crack to estimating its size, shape and depth.

It can be seen thai the aims of good design include maximising the incident eddy-current field at

the site of and norma! to the plane of the crack and also measuring the scattered magnetic field at the
surface with as much ssnsitivity and resolution as is reasonable, taking into account the
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Figure 1. The basic model of eddy-current inspection

prevailing signal-to-noise ratio. In virtually all in-service applications, coils are used both as field
source and field sensor and frequently the same coil is used for both. This latter arrangement is quite
effective for detecting small surface-breaking cracks but is not appropriate for use with subsurface
cracks. First, as eddy currents propagate through a conductor they become considerably attenuated
particularly at high spatial and temporal frequencies. Thus in order to maximise the incident eddy-
current distribution at the site of subsurface cracks, a large coil should be used as field source and
the current through iv should contain predominantly low temporal frequencies. Second, if used as a
field sensor, a coil measures the time~derivative of flux linkage rather than magnetic field. At the
low temporal frequencies that must be used, a coil becomes ineffective as a means of measuring magnetic
field. The use of a Hall device as an alternative has the advantages that it is very sensitive to
magnetic field at a point over a frequency range from DC up to 100 kHz. The combination of a large coil
as field source and a Hall device as field sensor offers a substantial improvement in the detectability
of subsurface cracks by virtue of its superior sensitivity and resolution compared with conventional
techniques.

TRANSIENT EDDY-CURRENTS

;t is frequently desirable or even necessary to be able to determine the depth of cracks or defects,
either so that cracks can be better characterised or so as to help resolve genuine cracks from other
defects which have no structvral significance.

A particular problem that can arise with fasteners is caused by the identification marks that are
often stamped on the heads. Since they can interact with the incident eddy current distribution they can
cause a magnetic field perturbation that is measured by the field sensor. Although small, they are at the
surface, and so the effect that they have is emphasised relative to the effect of a large crack that is
some distance below the surface. It is essential in this case to be able to distinguish cracks from
miscellaneous surface effects. These requirements have led to the development of a novel transient eddy=-
current method.

In conventional eddy-current techniques the field source is excited with a sinusoidal current and
measurements are made at one or more fixed frequencies. Measurements made at a single frequency contain
only a fraction of the information that is available. Measurements at different frequencies can be
combined in order to improve the characterisation of cracks but the method of combination tends to be
empirical since it lacks an intuitive interpretation. 1In Eddiscan the field source is driven by a square
wave current, as shown in figure 2a. This generates impulses of EM radiation at each transition which
propagate comparatively slowly into the conductor where dispersion and interaction with cracks and other
electrical discontinuities causes radiation to be scattered back to the surface where it can be measured
by the field sensor in the form of a bipolar series of magnetic field transients (see figure 2b).
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(a) The current through the field source

{b) The observed field transients at the surface
(c) The transient caused by a defect near the surface

(d) The transient caused by a deep crack
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(e) The gain of the switching network

(£) The output of the switching network

Figure 2, The shapes and timing of the basic waveforms

If interpreted correctly, these transients can be analysed to yield information about the depth of
any cracks present. Most of the transient is caused by the high level of dispersion in the material.
This remains constant and can be ignored. Superimposed on this are the smaller transients caused by
cracks and defects. Because of the finite time taken for EM radiation to propagate down to a crack and
back, the deeper the crack the longer the delay in the arrival back at the surface of the associated
scattered field pulse. Thus the transient caused by a defect near the surfice arrives back first
(figure 2c¢) while the corresponding transient from a deep crack arrives later (figure 2d) and is
characteristically broadened as a consequence of its longer path through the highly dispersive conductor.
That is, different parts of the transient contain information about different depths; it is similar in
principle to radar or ultrasonic pulse-echo techniques. Using synchronous gating methods, different
parts of the transient may be selected and integrated to give an output that is an estimate of the total
amount of radiation scattered from the corresponding depth band. This output is therefore sensitive
only to cracks and defects that are present at that depth.

Using *his technique it is easy to eliminate the effects of indentations and other surface artifacts.
The initial part of each measured transient is discarded since it contains predominantly information
about defects at or close to the surface. Information about subsurface layers is not lost since dces not
arrive at the sensor until later in the transient.

THE EDDISCAN SYSTEM

Eddiscan is a microprocessor-based instrument which uses a rotating transducer to detect cracks in
multi-layered structures under installed fasteners. it is a software-configured instrument in which all
operations including transducer control, data acquisition, analysis and display are controlled by means
of programmed instructions.

An example of a fastener and its environment is shown in figure 3. Tais situation is typical of air-
craft structures in which an outer skin is fastened to a substructure by means of rivets. Fatigue cracks
can grow radially, as shown, in either layer. So far as eddy-current inspection is concerned, problems
arise because of the dominant effect that the fastener and fastener hole have on any incident eddy-current
field. In particular, the partial or total electrical discontinuity at the boundary of the hole and the
different conductivity and permeability of the fastener can combine to generate a very large response in
an instrument and hence mask the effect of genuine cracks that might otherwise be readily observable.

This is particularly so in the case of ferrous fasteners. Alsd, as previously indicated, indentations
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and other identifying marks in the heads of many fasteners can also cause problems. The purpose of the
Eddiscan instrument is to make measurements in such a way that these disruptive signals are either
eliminated or drastically reduced.

FERRITE POT CORE

COIL

HALL SENSOR /’ \
INDENTATIONS CRACK

Figure 3. The transducer positioned over a typical fastener

Recalling the foregoing discussion on optimising the detection of subsurface cracks, a cylindrically-
symmetric ferrite pot-core and coil are used as field source and a Hall device is used as field sensor.
Thisr is illustrated in figure 3 with the pot-core positioned coaxially above the fastener. A square-wave
current is passed through the coil and induces pulsed eddy-current loops around the fastener which
propagate down into the conductor. If there are no cracks present, then as the pot-core is coaxial with
the fastener the current loops are concentric and consequently all magnetic fields have circular symmetry
about the axis of the fastener. Measurements are made at the surface using a Hall device which measures
the component of magnetic field perpendicular to the surface. The sensor voltage, as a function of time,
represents the train of transient magnetic fields that are scattered back to the surface (figure 2b) as
a result of the square-wave current excitation. If the sensor is rotated about the axis of the fastener
then the shape of the transients will remain constant since all the fields are circularly symmetric. If
however a radial crack is present, then the induced currents are distorted in its vicinity and no longer
circularly symmetric. Consequentlythe magnetic field at the surface exhibits a perturbation above the
crack., Under these circumstances, when the sensor is rotated about the axis of the fastener the shape
of the observed field transients changes as the sensor passes over the crack. This change in shape is
due to the small additional transient field scattered by the crack and is the basic data that is used to
detect and characterise the crack.

Three distinct axes are involved: the axis of the pot-core, the axis of the fastener and the axis
about which the sensor is rotated. If they are all coincident as described above then the fastener and
hole are effectively transparent and small cracks can easily be detected. In order to simplify the
transducer, the Hall sensor is attached to the underside of the pot-core and they are both rotated
together about the axis of the pot-core by means of a stepper motor as illustrated in figure 4., 1In
principle there is no need to rotate the pot-core but this procedure eliminates one of the independent
axes. Connections to the coil and Hall sensor are made via slip rings. A magnetic pick-up is incorporated
in order to give a pulse once per revolution so that the absolute angular position of the sensor can
always be determined.

A simplified block diagram of the electronics is shown in figure 5. A microcomputer is the main
component of the system and communicates with several peripheral devices including a graphics processor
by means of an address and data bus. The drive current for the field source is derived from a digital-
to~analogue converter (DAC1) which generates a square wave under programme control. The timing of this
signal, in common with all other signals, is determined by programmed instructions which are synchronised
to a free-running counter-timer in the microcomputer.

The output of the Hall sensor is a bipolar series if transients as shown in figure 2b. It is
amplified and processed by a switching network which can reverse the polarity of the input signsl or
set it to zero under programme control. If switching changes are synchronised to the square-wave source
current then predetermined parts of each transient can be selected or suppressed. Figure 2e summarises
the switching strategy that is used in this case. The trace represents the gain of the switching network.
At the beginning of each transient the gain is switched to zero in order to discard the signals arising
from surface defects. Note that since the transient series is bipolar, alternate transients must be
reversed in polarity in order to obtain a non-zero mean. The output of the switching network is a series
of unipolar transients (figure 2f) that represents the energy scattered from below the surface but not
from the surface itself. The mean level of this signal is therefore sensitive to subsurface cracks but
unaffected by surface artifacts and so when the transducer is rotated about the axis of a fastener the
mean level will be perturbed as the sensor passes over a crack.
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Figure 4. The Eddiscan transducer
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Figure 5. Block diagram of the electronics

The mean level can be extracted by low pass filtering but, since the variations due to cracks are
small, the signal must first be amplified. However, the mean level contains a comparatively large DC
offset which depends on material properties and which must be removed first. This is done by generating
a quasi-DC voltage using DAC2. This is adjusted under programme control in order to balance out the
offset. The output of the low pass filter then represents the amplified mean level variations and can be
sampled by an analogue-to-digital converter (ADC) and stored in memory.
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in terms of the hardware implementation of an eddy-current system, the use of a transient technique
enables the analogue electronics to be greatly simplified. It is no longer necessary to generate
sinusoidal driving signals or use techniques such as analogue synchronous demodulation. Apart from
signal amplification, everything can be accomplished by means of synchronous switching circuits. This
type of circuit is ideally suited to microprocessor control.

SYSTEM OPERATION

I
\
1
|
The system operates in the following way. The transducer is driven at a constant speed of approxi- 1
mately 300 rpm and measurements of the low pass filter output voltage are continually sampled by the ADC
as a function of angular position and stored in memory, each measurement overwriting the previous one at ‘
that position so that a constantly updated scan is available in memory. This scan is the basic unit of
data that is used in all subsequent calculations. |
\
If the transducer is rotated about the axis of a fastener then the resulting scan represents a map 1
or image of the magnetic field variations around the circumference of the fastener. For the case when ‘
no cracks are present, since everything is cylindrically symmetric, the scan yields a straight line. If, |
however, a radial crack is present, the scattered field from it causes a peak in the resulting scan as
the sensor passes over the crack as shown schematically in figure 6a. This data can be processed by
software techniques to identify the presence and angular position of any cracks.

The transducer can be used as described above to detect small cracks when it is rotated about the

axis of a fastener., However, in generalit is not possible to position it with sufficient grecision; I
indeed, the fastener may be covered with paint and thus not visible. If the transducer is misaligned and i
rotates about an axis that is off-centre from the fastener then the induced current interacts with the |
boundaries of the hole and is severely distorted even ‘21 the absence of any cracks. Also, if the Hall \
sensor rotates about a different axis to that of the fastener then large magnetic field variations are I
observed even if the induced current is circular and the resulting scan is dominated by an error ‘
(figure 6b). This makes the transducer ineffective even though it is very sensitive to small cracks since

their effect can be dwarfed by the error signal as shown in figure 6c.

Output |
|

—‘_——‘///////~\\\\\\--__ (2)
|
|

‘\\\\\\
(c)
0 Rotation angle 360

Figure 6. Scans for one complete revolution: (a) for a crack,
(b) due to misalignment and (¢) for a crack when the transducer
is misaligned

The problem of centering can be overcome since the characteristics of the error signal due to
misalignment are uniquely determined by the relative position error of the transducer. Thus, softwat
techniques can be used to continually analyse the scan, identify the error signal and generate a real-
time centering display as shown in figure 7. The axes represent the position of the fastener and the
small cross represents the position of the transducer. As the transducer is moved around over the
fastener, the small cross moves in unison with it. This display enables an operator to centralise the
transducer and hence eliminate the error function.

This process rapidly enables the removal of gross misalignment signals but, and particularly with
ferrous fasteners, the transducer is so sensitive to small movements that it is virtually impossible to
centralise it precisely within a reasonable time. Software, in the form of pattern recognition techniques,
i, used to identify and remove the residual misalignment signal so that approximate centering is sufficient
as well as rapid. The ability to centralise and hence make use of this type of rotating transducer depends
totally on the use of software techniques.
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Centering Measured
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Crack K / Corrected

Indicator Scan

Fig 7. Information displayed on the screen

Thus the original measurements of a series of transients are processed by hardware and software to
generate a one-dimensional scan or irage of any cracks present from which the effects of transducer
misalignment and surface artifacts hive been removed. Although this image can be further analysed in
order to reconstruct and display a pictorial representation of the crack, the basic version of the instru-
ment described here displays results and information to the operator on a VDU in the form shown by
figure 7. The measured scan is a direct display of the raw data for one complete revolution and is
continually updated. The corrected scan shows the corresponding results after the residual alignment
error has been removed., This gshows the isolated peak due to a crack. The crack indicator is a plan view
of the fastener head showing th ' argular position and size of detected cracks.

PERFORMANCE

A prototype iustrument has be¢en constructed on the basis of these principles. In order to indicate
the performance that can be obtained, some results are shown of measurements made on a multi-layered
specimen comprising seven sheets of aluminium alloy, each 2.5 mm thick, fastened together with 5.0 mm
diameter ferrous rivets with irregular indentations stamped j « the heads. Genuine fatigue cracks of
various sizes are simu.ated by EDM slots.

(a) (b)

(¢) (d)

Figure 8. Results for EDM slots in the second layer: (a) 5.0 mm,
{(b) 3.0 mm, (c) 1.5 =mm and (d) no crack
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The transducer can be centralised over a fastener and measurement completed within approximately ten
seconds. As an example of the performance of the system, results photographed directly from the screen
are shown in figure 8 for EDM slots of sizes 5.0 mm, 3.0 mm, 1.5 mm and 0.0 mm radial length in the second
layer. They were all at the 9 o'clock position relative to the transducer. The presence of these slots
is readily apparent from visual inspection of ..e corrected scan and the crack indicator shows the correct
angular position. However, it is not intended that an operator should rely on this type of display.
Ultimately, these results will be further analysed and presented in a more detailed and comprehensive
graphical form.

CONCLING REMARKS

Consideration of the physical principles underlying eddy-current inspection has led to an improved
method of detecting subsurface cracks. This has been applied to the problem of detecting cracks under
installed aircraft fasteners and it has been shown that a prototype Eddiscan system (3) has a satisfactory
performance.

The use of microprocessors is critical for the type of instrument described here. It is by means of
extensive analytical techniques and digital processing that gains in performance can be made over
conventional analogue instruments.
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ACOUSTIC EMISSION DETECTION OF CRACK PRESENCE AND CRACK ADVANCE DURING FLIGHT

S.L. McBride, M.D. Pollard, J.D. MacPhall, P.S. Bowman, D.T. Peters

Department of Physics
The Royal Military College of Canada
Kingston, Ontarlo, Canada K7X SLO

SUMMARY

d l}le‘;}t:{ts are presented which show that it is possible to detect crack growth and crack presence in afrframe components
uring .

To accomplish this, a data acquisition system has been developed specifically for in-flight applications. It is shown that
crack advance of less than 1 mm?2 was rzadily detected during flight and the fracture-related acoustic emission signals
unambiguously identified.

INTRODUCTION

Since the mid-1970s, several studies have investigated the feasibility of using acoustic emission (AE) to monitor the
sntegrity of aircraft structural components during flight. These studies are completely catalogued in an annotated bibliography of
acoustic emission [1,2]. AE has the advantage of being capable of monitoring large components with a single sensor, is truly a
passive technique, and can be conveniently used in hard-to-reach locations. Successful development of this technique will offer
tremendous savings by reducing.the need for major disassembly in order to inspect critical load-bearing components.

The principal problem of acoustic emission monitoring Is the unambiguous identification of signal sources (eg, crack
growth, crack face rubbing, structural noises). This problem is addressed here, using a multiparameter criterion to identify
signals originating at a crack in the presence of airframe noises. To accomplish this, we have developed a data acquisition system
specifically for in-flight AE monitoring. This system is stand-alone, is battery-powered, and allows for dual-channel
multiparameter processing of the data during flight. This multiple-criterion system greatly enhances the confidence level for the
unambiguous separation of crack-related data from airframe noise.

This study also includes the use of an inertially-loaded specimen, containing a well-documented crack, which {s attached
to the support frame in the instrumentation bay of a Tornado aircraft. Aircraft manoeuvres produce crack advance in the
specimen under known g-loading conditions and with superimposed atrframe noise, This test apparatus, along with the prototype
data acquisition system, has been flight tested in both the Canadian CF-5 and the British Tornado afrcratt.

EXPERIMENTAL
The Data Acquisition System

The dual-channel, digital data acquisition system used here was designed and constructed specifically for the recording
and Interpreting of acoustic emission data during flight. The design is based on criteria derived from the RMC work of almost a
decade in the area of acoustic emission monitoring during flight [3,4,5). Thesc studies established the importance of the difference
in arrival time of an event at different locations, signal risetime, and the magnitude and variation of the applied stress at the time
of occurrence of the event. All of these parameters are necessary to isolate crack-related events from other noise sources during
flight and are recorded by the data acquisition system used here. To provide maximum flexiblity, the data acquisition system can
be powesed either by the aircraft electrical system or by batteries.

The output of each of the two piezoelectiric sensor elements is amplified by an integrated preamplifier (with nominal gain of
40 dB) located inside the sensor casing. The resulting signal is buffered, logarithmically amplified, envelope followed and peak
detected. These operations are accomplished using signal conditioning boards custom-made for the purpose (figure 1a). The output
of each envelope follower is separately fed int» the digital data acquisition system where the times of preselected amplitude
threshold crossings 6 dB apart are recorded (figure 1b). The output of the peak detectors and accelerometer are digitized by an A/D
convertor and stored in memory.

Logarithmic Envelope
AE Amplitier Follower
Inputs To threshold
_Ch.1 ;5 > > > /\ comparators
Input N\ !
Buffer
I > Amplifier Peak Detector
Integrate':i —> /— |_Peak .,
Transducers amplituoo
{to A/D)

Acoustic Emission Signal Conditioning

Figure la- Schematic diagram of the acoustic emission signal conditioning.
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\ At betwaen channels
‘ Thrashold setting
AD {4 CPU [T

4 channel AD l serial link to

monitoring computer
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Figure 1b- Schematic dlagram of the acoustic emission data acquisition computer.

All of the above data are compressed into an event record which Includes the time of occurrence of the event at each
sensor, the difference in arrival times at two sensors (at), event risetimes for 6 dB change in amplitude, event durattons, event
decay times and event peak amplitudes. The resulting data set is then extracted from the data acquisition system via an RS-232
interface and stored on disk on a portable personal computer. Extensive screening of data, fleld analysts and interpretation can
be carried out immediately. Final analysis and interpretation are accomplished using spread-sheet software. Table 1 lists the
general specifications of the apparatus,

Table 1 - General specifications for the RMC digital data acquisition system for in-flight acoustic emission mornitoring

applications
2 Channels AE 60 dB dynamic range
2 Analog Channels | 0-10 V full-scale deflection
Power 10 Watts maximum
Memory 192 Kbyte RAM with battery back-up
Dimensions 23 emx 13.5cmx25cm
Weight 2kg
Mass Data Storage transfer to portable PC via RS232 interface
The Inertially-Loaded Specimen

Figure 2 shows a schematic diagram of the inertially-loaded 7075-T651 aluminum fatigue specimen clamped in the inertial
loading frame support Stlicone fluid provides proper acoustic coupling of the fatigue specimen to the loading frame to ensure that
airframe noises are transmitted to the fatigue specimen for detection by the acoustic eniission sensors. Prior to mounting in the
loading frame, the test specimen was precracked to a crack length which would cause crack propagation when the 0.9 kg Inertial
load was subjected to an acceleration in excess of 3 g. The aircraft acceleration is sensed by an accelercmeter (Entran Devices, Inc.,
mode! EGD-240) mounted in the loading frame support block, The inertially-loaded specimen was acoustically coupled to the
afrcraft support frame in the instrumentation bay.

0.9k
SIDE Fatigue Weig%t
VIEW Crack Stopper A
Screw £
7075-T651 -
Lever Arm  AE Specimen O
8cm
N
N\ ‘
(
Fixed Coupl AES T \R S
ouplin ensors igid Support
Pivot P CofG 9 >tibp
-4 37¢cm >

Figure 2 - Schematic dfagram of the inertial loading apparatus and precracked 7075-T651 aluminum test specimen.
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System Calibration

A detailed calibration of the acoustic emission system (inertial-loading frame, fatigue specimen, sensors and data
acquisition appara't 5) was carried out for source signals injected at various locations. The source signals used are the helium gas
Jet, pencil lead fracture, pulsed YAG laser and {racture-reloted events generated during fatigue crack growth and overload in the
laboratory. The measured mean arrival time differences (At) and mean risetimes are listed in Table 2 for various locations. These
two parameters were extremely efficlent at isolating crack-related events from incoming airframe noise, as indicated in table 2
and shown in figure 3. Fignre 3 showj the measured resulls obtained using 0.5 mm diameter pencil fracture as a simulation source.
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Figure 3- Measured values of At and signal risetime for various locations.

Table2 - Measured mean values of At and signal risetime for various locations.

Position of source At risetime
(usec) (usec)
Crack location 24 2
On specimen, outside sensor array 41 2.5
Base of inertial-loading frame 65 16

Ihe Test Flight Results

Figure 4 shows the test flight profile as measured by the data acquisition system. Each recorded Jata point corresponds to
the detection of an event. These even*s result from crack advance, crack face rubbing and airframe noises. Included in the flight
profile are three aircraft manoeuvres a. 15 min 12 sec, 67 min 38 sec and 68 min 30 sec, respectively, relative to take-off. These
manoeuvres resulted in successively increasing maximum g values of 2.7 g, 4.3 g and 5.2 g, respectively, and applied a scquence of
ir reasingly large stresses to the fatigue crack through inertfal loading. Electron microscopic examination of the fracture surface
revealed that an increase in crack face area of 0.63 mm? resuited from the 4.3 grax manoeuvre. Fracture of the specimen occurred
during the 5.2 gmax manoeuvre,
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Figure 4 - Aircraft acceleration us a function of time for all of the events detected during flight. These include all sources (crack
advance, crack face rubbing and superimposed airframe structural noises).

Figure 5 shows the scatter plot of signal risetime and difference in arrival time of each acoustic emission event and noise
signal detected during the test flight (figure 4) for comparison with the calibration data (figure 3). Comparison of figures 3 and 5
show that the majority of detected signals arrive at the sensors via the base of the inertial-loading frame. Based on this
comyparison, only those events with At = 24 £ 6 psec and risetimes of 3 + 2 psec were accepted as crack-related events,
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Figure 6 shows the effect of applying these conditions to the data of figure 4, Note that all but the final two high-g
manoeuvres are removed from the data set by the dual-parameter filter.

1 ALL RECORDED SIGNALS
50 DURING TEST FLIGHT
g 4 600 Events Detected
5 40
E o
2 30 4 L O
. s s
£ 209 !s ° & °
[ (4
2 1 ‘ . ¢ %‘ ’o‘ o :g '
< 10 . ‘i o o
00 —r———T1— v v v . v
10 0 40 8 6 T 8
Time (min rel to takeotf)
5.0 .

- CRACK-RELATED EVE!TS '
IC] AT HIGH-g MANOEUVRES
E 499 Toor3oEvne f
3 1 ae24is '
e 304 rstme =312 psec
3 204
& ]
5 1o
9
) 4
o'o T — Y Ll T v T L
10 20 3 40 S 6 T 80

Time (min rel to takeoff)

Figure 6 - Compartson of the occurrence of all.events detected during the test flight (upper graph) with the occurrence of events
unambiguously identifled as crack-related (At = 24 * 6 psec and risetime of 3 2 psec). Note that these latter events
occur only during progressively high-g manoeuvres which provide the stresses required for crack advance.

Figure 7 shows an expanded view of the data recorded during the 4.3 gmax manoeuvre which resulted in crack advance. In

the lower graph, only the crack-related events are shown. By application of the Kaiser Effect, these events are identified separately
as crack advance and sather crack-related events,
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Crack-related signals detected during the 4.3 gmax manoeuvres. The upper graph tncludes all detected events, while

the lower graph includes only those events which are crack-related. The distinction of crack advance events from
other crack-related events car: be accomplished using the Kaiser Effect.
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SUMMARY AND CONCLUSIONS

A precracked 7075-T651 aluminum specimen mounted (n an inertial loading apparatus was subjected to stresses large
enough to propagate the crack during flight These crack propagating stresses occurred during spectfic test flight manoeuvres of a
British Tornado aircraft. The specimen and loading apparatus were part of a secondary structure bolted directly to the support
frame in the instrumentatfon bay of the aircraft. Acoustic emission data and aircraft acceleration were recorded using a data
acquisition system designed at RMC spectfically for in flight monitoring applications. The crack-related events were isolated
immediately following the test flight. More detalled analysis was later carried out to confirm the results and to separate crack
advance events from other crack-related events.

The select’.n of events which are unambiguously caused by crack-related sources was carried out using a very restrictive
dual criterion (At = 24 t 6 psec and risetime of 3 £ 2 usec) derived from spectmen calibration and comparison of the test flight data
with laboratory crack growth results obtained for 7075-T651 specimens with geometry and sensor conflgurations similar to that
of the specimen used for the test flight. The 30 crack-related events selected in this manner from 600 events detected during the
test flight occurred as the result of high-g manoeuvres during which crack advance would be expected. Eleven of the 30 crack-
related events are attributed to crack advance by application of a temporary Kaiser Effect criterion. Thus, we confirm the
feastbility of the unambiguous detection of crack growth and presence in 7075-T651 during flight, provided that detatled
caltbration of the structure is carried out.

Continuing work in this area includes the application of the RMC data acquisition and analysts system to the monitoring
of airframe fatigue tests, the monitoring of a slowly growing fatigue crack in a secondary structure during flight, and the in-service
montitoring of faflure-prone airframe structural components during flight.
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DEVELOPMENT AND APPLICATION OF COMPUTED TOMOGRAPHY (CT)
FOR INSPECTION OF AEROSPACE COMPONENTS

by

Thomas J.Moran
In-house Research Group Leader
Nondestructive Evaluation Branch
Wright Research and Development Center
Materials Laboratory, WRDC/MLLP
Wright-Patterson AFB, OH 454336533
United States

SUMMARY

The requirement for quantitative characterization of flaws and material properties
in advanced aerospace system components has led to extensive DOD efforts in the area of
X-ray Computed Tomography (CT). This technology, which was originally developed for
medical applications, denerates quantitative cross-sectional images of the density of the
component being inspected. After an in-house Materials Laboratory team provided an
initial demonstration of its industrial and aerospace applications potential ten years
ago, the Air Force initiated several contract programs to construct miljitary inspection
CT systems and demonstrate their potential. From the time the first small (XIM) and
large (AFACTS-I) CT systems began operation, the quantitative potential of this
methodology has been demonstrated for a wide range of applications. This paper will
discuss a representative sampling of these applications in order to provide a balanced
picture of which applications are suitable for CT and which are not suitable, either as a
result of technical deficiencies or economic limitations.

INTRODUCTION

One of the major thrusts of research in NDE during the past two decades has been the
development of quantitative techniques. This is due to the fact that the design
philosophy for aerospace systems has been modified@ to require an acceptance of the fact
that flaws always exist in a structure and that the structure must be able to function
for its design life containing the largest flaw that was likely to be missed without
failure. Thus, the use of a more sensitive lUDE technique than had been assumed during
design could lead to the scrapping of usable hardware unless that technique produced
quantitative information.

X-ray Computed Tomography (CT) was initially applied to applications in medicine
where it produced quantitative images of the density of soft tissues and permitted
accurate diagnosis of anomalous conditions such as cancerous tumors [1]. The
instrumentation developed for this application operates in the 160 keV range and is
optimized for low dose, rapid data acquisition. Thus, the vast majority of high density
metallic aerospace components were uninspectable at the medical energy levels for ¢ .gi.
variation determination and only metrological applications were investigate. .
However, the development of composite materials provided a new class of component- .h
could be inspected on medical CT instrumentation.

Approximately 10 years ago a team from the Air Porce Materials Laboratory u adt
such a medical system to demonstrate that CT could be used to inspect carbon/carbon
materials and provide quantitative measurement of the 1linear x-ray attenuation
coefficient which is related to density information when there is little variation in
material type in the component, and also detect almost closed delaminations. The results
were so striking that Laboratory management agreed to fund several exploratory
development and manufacturing technology programs to provide a quantitative inspection
capability for space applications ranging from small engine and missile components to
Peacekeeper motors. In order to produce systems for this wide range of applications, the
instrument manufacturers had to develop methods to handle the effects of beam hardening
(selective attenuation of lower eneray photons which effectively increases the average
energy in a broad spectrum x-~ray beam), develop new detectors to handle x-ray energies up
to 16 Mev, and component handling systems which could accurately and rapidly move
components up to 10 feet in diameter, weighing many tons. These requirements were met
and this paper will describe the resulting systems, their capabilities and performance on
selected applications.

X-RAY CT SYSTEMS

A block diagram of a typical industrial CT system is depicted in Figure 1. The major
components are the X-ray source, detector array, mechanical specimen holder and motion
stage and a computer/display system for system control, data acquisition, image
reconstruction and display. The typical X-ray source is of the tube type for energies in
the 160 - 420 keV range or a linear accelerator for higher energies up to 16 MeV. The
mechanical portion of the system is required to have machine tool accuracy and ruggedness
in order to move relatively large objects with position accuracy better than 0.1 to 0.3,
depending on data acquisition method, of the pixel size desired in the final image,.

The detector array typically is composed of as few as 64 elements up to several
thousand depending on the configuration of the system. There are two common modes of
operation for industrial systems. The most common is the second generation or




17-2

translate-rotate mode of operation which generally utilizes a smaller number of detectors
and translates the specimen across the x-ray beam in order to acquire data for each pixel
at every angle. The third generation, rotate only configurations are typically utilized
with the higher resolution, microfocus systems whose greater position accuracy

requirements are more economically met by restricting the number of axes which must be ‘
controlled. Third generation systems are more susceptible to errors generated by

variations in detector performance and object size is limited due to the requirement that ‘
the object must f£it within the fan shaped x-ray beam, ‘

Individual detector elements are typically composed of scintillation counters or gas ‘
ionization chambers. For energies above 420 keV the scintillation counters are the |
detector of choice due to the poorer stopping efficiency of the gas ionization chamber at |
those energies., Special piggy-back detectors have been developed for applications which
require energy sensitivity. FPor such applications, the first detector stops the lower \
energy photons and the rear detector detects the remaining higher energy photons.

The final major element in a CT system is the computer(s)/display system. In many
instances, a separate dedicated scan control computer is utilized to control the
mechanical motion and synchronize tre source (if necessary), detectors and motion. The
primary computer requires a high capacity array processor to tranform the raw data into
an image, significant quantities of non-volatile data storage (hard disk and/or tape) and
a graphics display capable of displaying at least 1024 x 1024 points,

PERFORMANCE PARAMETERS }

When one wishes to characterize the operation ¢f a CT system, there are a relatively
large number of parameters which have to be considered [3]). In many instances the
performance to be obtained for a specific application is determined by system
configuration, operator choice and material being inspected. The para.ieters can be !

considered in two different categories; (1) Input parameters -~ radiographic, system,
etc. settings, and (2) Output parameters - image quality. Examples of each are as
follows:

(1) Radiographic, system, etc. parameters ‘

a. Source -~ type, energy, focal spot size ‘

b. Magnification - Ratio of source-detector distance to source-object distance

motion capabilities of the system, with increased time required for more attenuative

materials which require increased detector integration time for an acceptable signal to
noise ratio. |

c. Scan or Data Acquisition Time - the lower limit is set by the mechanical ‘

d. Image Reconstruction Time - dependent on image size, array processor, and
reconstruction method; can be as short as one minute for a 1024 x 1024 image. <

e. Slice Thickness - source, detector collimator opening.
£. PFan Beam Width and Height -~ source collimator dependent.

d. Detector Quantity and Individual WwWidth - width is a variable in some
systems.

(2) Image Quality
a. Resolution ~ field of view, image size, point spread function
b. Contrast Sensitivity - smallest difference in contrast resolvable.
¢. Signal to noise -~ variation in CT number in an image of a uniform object.

d., Density standard error - since the CT number is related to the X-ray
attenuation coefficient, the relationship between CT number and density should be linear
only when the specimen is composed of a single material. However, this quantity is of
value to the user after it has been determined for his application.

The majority of today's industrial CT systems were developed £for specific
applications, Thus, the performance of those systems is optimized for selected
parameters with severe degradaticn posscible in some of the others. FPor example, & system
designed for scanning objects 100 inch (250 cm) diameter will typically generate images
with 0,10 in. (2.5 mm) pixels, nse a 16 MeV source and require more than 10 minutes to |
acquire the data for one slice. Such a system would produce relatively poor images for ‘
objects under 10 in., (25 cm) diameter since it would not be able to resolve defects
smaller than 1% of the object diameter. If the X-ray spot size were small enough and the ‘
system had magnification and detector aperature variability, it would be possible to
reconfiqure the hypothetical system described above to achieve better resolution for
smaller objects. However, its overall performance would probably not be as good as a
system designed specifically for such an application.

|

Some efforts are currently under way to characterize system performance under
optimized conditions so that the best system design for a specific application may be ‘
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identified, Phantoms for spatial resolution, contrast sensitivity and system noise have
been prepared by Boeing under an Air Force contract from the Materials Laboratury and are
being circulated to as many system owners as possible in order to develop a standard data
base on system performance., Examples of typical images of these phantoms are shown in
Figures 2, 3 and 4.

APPLICATIONS

Initial industrial applications of CT exploited its capability to provide metrology
of cooling passages in engine components which were previously inaccessible to other NDE
techniques and its ability to provide quantitative density information. Examples of
these applications are shown in Figures 5 and 6.

Current application efforts in the aircraft community have demonstrated that CT
should be able to provide greatly improved failure analysis and reverse engineer.ing
capabilities for components that are inspectable using current CT instruments. An
example of the detail achievable is shown in Figure 7 for a hydraulic actuator.
Disassembly of a failed part could cause the loss of the desired information due to all
of the small components in such a part. Another potential application fcr CT is to
quantitatively characterize the features which are generated using another !DE method.
An example is shown in Figure 8 where an unambiguous interpretation of ultrasonic
scattering from low density, porous areas in a filament wound composite was possible
after the component was inspected using CT,

More recent work has shown that another medical technique, dual energy
Radiography/CT, could also be utilized industrially for such applications as chemical
separation of the materials in a component. An example is shown in Figure 9. In
addition to chemical separation, dual energy also can be utilized to eliminate beam
hardening effects and produce a more quantitative density or attenuation coefficient
image by eliminating the energy dependence of the attenuation coefficient. An example is
shown in Figure 10.

A second variation on CT, Laminography, has also been implemented for use with CT
instruments. A series of preview scans or digital radiographs is generated for a
relatively large number of angles. The images are then superimposed in software to
create images of individual planes or 1lamina in the object. This methodology is
analogous to the classical method of laminographic imaging which required multiple films
to be exposed and mechanically aligned and superimposed to bring the layers into focus.
Pigure 11 shows an example for a composite cylinder.

CONCLUSION

CT has provided the quantitative capability that has long been sought for NDE.
Unfortunately, the capability has not yet been fully exploited due to the cost of the
systems, their lack of portability, the 1long data acquisition times for many
applications, and finally, the requirement to qualify the CT inspection for specific
applications by demonstrating the detection limits on a relatively large number of
specimens. As the data base for the technology evolves, it should be possible to predict
its performance on a given application and design cost effective special purpose systems
for those applications.
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FIGURE 2, CT SPATIAL RESOLUTION STANDARD (LEFT OF FIGURE) AND CT IMAGE OF STANDARD 1
(RIGHT OF FIGURE).
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Top View
DATA FILE: 188T7802_3NMS =370 10000
Side View
Each donsity ph Is & cylind ing 13 mmdis. x 25 mm .
(V2 dia. x 1° +-,001%, :
The cyfinders and their ponding densities are listed below. 1
Material Density (g/cc) ;‘:'} .
1 AQa .
2 High Molecular Weight Polyethylens 0,945 . , .
3 Nylon 1.158 -
4 Nylatron 1.168
§ Acrylic Plexiglas (core material) 1.193
6 Deliin 1.507
7  Magnesium 1.784
8 Tefion 2.179
9 Aluminum 2,704
10 Titanium 4,423

FIGURE 3. CT CONTRAST RESOLUTION STANDARD (LEFT OF FIGURE) AND CT IMAGE OF STANDARD
(RIGHT OF FIGURE). NOTE THAT MATERIALS 3 THRU 5 ARE NOT RESOLVED.
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FIGURE 4. CT IMAGE OF ALUMINUM (16cm DIAMETER) NOISE STANDARD. NOTE COMPRESSED GRAY
SCALE AND RELATIVELY UNIFORM IMAGE OF STANDARD. SLIGHTLY LIGHTER AREA IN
CENTER OF IMAGE DUE TO UNCORRECTED BEAM HARDENING EFFECTS.

FIGURE 5. SINGLE CT SLICE OF ENGINE TURBINE BLADE. FINE RESOLUTION OF COOLING PASSAGES
ALLOWS DETECTION OF THINNING EFFECTS.

FIGURE 6. 3D RECONSTRUCTION OF ENGINE TURBINE BLADE FROM MULTIPLE SLICES OF THE TYPE
SHOWN IN FIGURE 5.
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FIGURE 7.

FIGURE 8.
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AIRCRAFT HYDRAULIC SLAT ACTUATOR (LEFT) AND LONGITUDINAL CT IMAGE (RIGHT)
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CT IMAGE OF FILAMENT WOUND GLASS MATRIX/CARBON FIBER CERAMIC TUBE (LEFT IMAGE).
THE LOW DENSITY AREAS ARE SHOWN AS THE LIGHTER SHADES. THESE AREAS FOUND IN
THE CT IMAGES WERE FOUND TO CORRELATE WELL WITH THE HIGH ATTENUATION AREAS
FOUND ULTRASONICALLY IN THRU TRANSMISSION (LIGHT AREAS IN UPPER RIGHT IMAGE)
AND STRONG RFFLECTORS IN THE BACK SCATTER MODE (LIGHT AREAS IN LOWER RIGHT
IMAGE).
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FIGURE 9. CHEMICAL SEPARATION USING DUAL-ENERGY RADIOGRAPHY. DIGITAL RADIOGRAPH OF
BEAKER OF STEEL AND ALUMINUM SCREWS (LEFT IMAGE). IMAGE PROCESSED TO
ELIMINATE ALUMINUM SHOWING ONLY THE FOUR STEEL SCREWS (RIGHT IMAGE).

DATA FILE: AL_PVC_CO S mmmnm

FIGURE 10. DUAL ENERGY CT IMAGE OF CONCENTRIC ALUMINUM 4<D PVC RINGS WITH TWO
STEEL PINS (BLACK CIRCLES 1IN OUTER RING) PR.,CESSED TO GIVE
ACCURATE DENSITY INFORMATION.
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FIGURE 11. LAMINOGRAPHS OF FILAMENT WOUND COMPOSITE CYLINDER. VERTICAL AXIS
IS AXIAL DIRECTION ALONG CYLINDER, HORIZONTAL IS 360 DEGREE UNWRAP
OF LAYER AT A DIAMETER OF 124mm (LEFT IMAGE) AND 126mm (RIGHT IMAGE).
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APPLICATION DE LA THERMOGRAPHIE INFRARQUGE
AU CONTROLE NON DESTRUCTIF DES MATERIAUX COMPOSITES

Hervé TRETOUT, Jean-Yves MARIN, René DE MOL
AVIONS MARCEL DASSAULT-BREGUET AVIATION
78, Qual Marcel Dassault
92214 - Saint-Cloud -
FRANCE

RESUME :

La fabrication de pléces structurales en matériaux composites par les avionneurs, oblige ceux-ci 2
se doter de moyens de contréle importants, afln d'assurer la quallté du produit fini. Ce contréle

dolt

s'effectuer avant le montage sur 1'avion et dans le temps sur le terrain ou aprds démontage A

1tusine. Différentes méthodes de contrdle non destructif, tels les contrdles par ultrasons et par
radloscople X sont déja largement utllisées. Cependant le besoin d'une plus grande rapidité de
contrle et d'une plus grande facilité de mise en oeuvre, nous a conduit a développer la
thermographle infrarouge stimulée.

1° -

20 -

INTRODUCTION

Le contrdle par thermographle Infrarouge stimulée (TIS) falt appel & la méthode passive qul
consiste 3 soumettre la piéce & contrdler & un flux thermique bref dit Impulslonnel, & 1'aide
d'une source de chaleur. Un systéme de détection Infrarouge analyse alors sur 1'une ou les deux
faces de la pléce, le rayonnement 11€ & la distributlion spatiale et temporelle des températures
dans le matértau. Les anomalles observées sur le thermogramme traduisent la présence de corps
étrangers ou de défauts dans le matérlau.

Une technique origlnale a 6té développée pour contrdler une grande surface tout en obtenant un
chauffage de type Impulsionnel. La pléce est déplacée rapidement devant un systéme de chauffage
lindique, puis devant 1'analyseur thermique utilisé en balayage ligne (1). Un systéme de
contrSle transportable avec une source de chaleur surfacique a aussi été développé pour le
contrdle sur site (2).

La définition du domalne d'application de cette méthode de contrdle s'appule sur deux aspects
essentiels !

- La caractérisation des matériels et des matériaux afin d'assurer la reproductibllité des
mesures et d'optimiser les caractéristiques nécessalres & un systéme industriel.

~ La modellsation des phénoménes thermiques pour faciliter les développements qul dolvent faire
face & 1'arrivée constante de nouvelles flbres et résines, éléments constitutifs des
matériaux composites.

Des essals ont été effectués avec des pléces en matérlaux composites représentatives de notre
fabrlcation, notanment des panneaux autoraldis 3 raldisseurs rapportés et des plaques dans
lesquelles sont Insérés, a différentes profondeurs, des défauts simulés par des fllms de téflon
de dimensions variables.

LES METHODES

Le principe du contrdle non destruct'f par thermographie infrarouge consiste & stimuler
thermliquement 1a piéce a contrdler, et 3 observer avec un analyseur thermique infrarouge la
distribution spatlale et temporelle des températures & la surface du matérlau.

Dans ce cas, 1'observation ne peut se faire qu'en régime transitoire, qul met en évidence des
varlations dans la diffusion du flux thermique & 1'intérieur du matériau. Lorsque 1'équliibre
en température est atteint, ces contrastes thermiques disparaissent. Ces considérations
montrent la nécessité de donner un caractére Impulsionnel au chauffage de la pléce & contrdler;
les InhomogénéTtés sur les thermogrammes Indiquent alors la présence de défauts.

La stimulatlon thermique est réalisée solt par un chauffage surfacique solt par un chauffage
1inélque (Flgures 1 et 2. L'cbservation peut &lre faite sur ia face chauffée (enaiyse face
avant) ou sur la face opposée (analyse face arridre). Les piéces les plus épalsses sont
contrdlées successivement sur les deux faces, en analyse face avant avec retournement de la
piéce.

-~ Méthodes passlves ou avec stimulation thermlique :
. Chauffage surfacique (figure 1) :

La zone contrdiée ou i» totallité de la surface dans le cas de petites pléces est soumise 3 un
instant donné, & une impulsion uniforme de chaleur de courte durée. Cette Impulsion est
produite par des tut s & éclairs ou des tubes infrarouges avec un obturateur mécanique. La
surface homogéne actuellement contrdlée est de 300x300nm. L'analyseur thermique est ici utilisé
en mode trame.

b opTame aAE g ey
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. Chauffage 1inélque (flgure 2) ! \

La piéce A contrdler est déplacée 3 une vitesse constante successivement devant une source de
chaleur linélque (tube infrarouge, source laser avec dispositif de balayage ou d'étalement de
falsceau) et un analyseur thermique utilisé £n mode ligne.
La ligne d'analyse est paralléle & celle de chauffage. La distance entre les deux lignes et
choisie pour détecter les défauts au temps de contraste maximum qui est fonctlon de leurs
profondeurs dans le matériau.

- Comparalson des méthodes de chauffage

Par opposition & la méthode de chauffage 1inéique qul permet une déiection rapide des défauts
(30 & 70m?/heure), l1a méthode de chauffage surfacique permat une dGtection plus lente
(20m?/heure) mais une analyse quantitative. En effet, la pidce restant irmobile, 1'évolution
das températures dans le tesps peu. étre observée et enregistrée. Prur un défaut donné, la
mesure de la valeur maximm de contraste en température obienue entre une zone salne et une
zone défectueuse, ot du temps écoulé A partir de 1'impulsion du chauffage permettent son
identificatlion, son positlionnement en profondeur et son dimensionnement. La méthode de
chauffage 11lnélque ne peut étre envisagée que sur une installation a poste fixe en laboratolre
ou en usine, alors que la méthode de chauffage surfacique peut en plus étre utilisée

sur slte.

30 —~ CARACTERISATION
3.1 Caractérisation du matériel

La caractérisatlion des matériels de chauffage et d'analyse est un aspect essentiel de la
mise en oeuvre des méthodes de Contrdle Non Destructif par Thermographle Infrarouge. En
effet seule une bonne connalssance de tous les paramdtres entrant en Jeu lors d'un
contréle peut assurer la reproductibilité des mesures et autorise 1'utilisation des
modéles thermiques.

Des procédures d'étalonnage ont été définies pour les différents moyens de chauffage.
Elles permettent la détermination de 1'énergle de stlmulation regue par les pléces
contrdlées.

La caractérisation des analyseurs Infrarouges est effectuée selon les procédures définies
nar les normes expérimentales AFNOR A0S420 et AQ9421.

3.2 CARACTERISATION DES MATERIAUX

L'utilisatlion des modéles théoriques pour 1'alde au développement du contrdle non
destruct!f par Thermographie Infrarouge suppose la connaissance d'un certains nombre de
grandeurs physiques qul sont @

- la conductivité thermlque

la diffuslvité thermlique

la capaclté thermique massique
1témlssivité

L'Introductlon relativement récente des matériaux composites, leur évolution constante et
rapide et leurs proprlétés particulléres notamment d'anisotrople, font qu'll n'y a pas ou
peu de données disponibles. Des méthodes spécifiques ont d( étre développées. (3).

4o - MODELISATION

~ HomogénéTsation @

Les travaux d'Amazouz et Degiovanni (4,5) ont montré que, blen qu'inhomog@nes et anlsotropes,
les matériaux composites pouvaient étre traités du point de vue thermique come des matérlaux
homogénes & condition que le nombre de plis solt assez élevé. Nous pouvons alors définir des
conduct ivités thermiques axiale (suivant 1'épaisseur) et radiale (dans le plan des fibres),
et les diffusivités correspondantes.

- Modélisation des défauts

Les comparalsons entre modéle tricouche et modéle bicouche avec une résistance de contact ont
montré que les défauts du type, décollement ou incluslon isolante mince peuvent-étre
représentés par leur résistance thermique. Les Incluslions épalsses ou constituées d'un
matériau plus conducteur que le matériau composite, peuvent étre étudiées en prenant en
compte leur épaisseur et leur capacité thermique massique.

Le chauffage
Les deux méthodes de chauffage envisagées pour ie contrdle par TiS (thermographie infrarouge
stimulée) ont été étudiées et comparées. Le calcul des températures dans le matériau est

simple dans le cas du chauffage surfaclque,mais présente des difficultés pour le chauffage
l1inélque.

o e
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Nous avons cependant pu montrer que pour des vitesses élevées, les courbes de -empérature
en fonction du temps, en surface sont ldentiquos 3 celles obterues pour le chauffage
surfaclque.

Cecl est vral sl :

vb >> 10 et ve > 10
2a 2a
avec ! v - vitesse de déplacement dv la pléce a contrdler
b - dem! largeur de la ligne de chauffage
a ~ diffusivité themmlque
e - épalsseur du matériau

Une modélisation avec une source surfaclque est donc suffisante pour 1'étude de tous les
phénoménes thermiques rencontrés lors d'un contrdle,

- Etude des contrastes

Des modéles unidimensionnel bi ou tridimensionnel ont été developpés par le LEMTA pour
1'étude des contrastes en fonction du temps, de la résistance thermique, de la profondeur et
éventueliement de la dlmension des défauts.(5) Le mod2le unidimensionnel suffit pour mettre
en évidente la plupart des phénomdnes thermiques 11és & la présence d'un défaut. 11 a permls
de metire en évidence 1'existence pour chaque défaut de deux paramétres caractéristiques :
Tm, contraste maximum correspondant a 1'écart maximun de température entre une zone salne et
un zone défectueuse, et tm, temps nécessalre pour obtenir Tm (Filgure 3). Pour un méme
défaut, Tm et tm ont des valeurs différentes sulvant que 1‘'observation ait lieu en face
avant ou en face arriére, Ces valeurs dépendent non seulement des caractérlstiques du
défaut, mals aussi du matérlau et de 1‘'énergie de chauffage.

Le modéle unidimensionnel ne permet pas 1'étude du contraste des défauts de petite
dimension, ou plus préclsément des défauts pour ’esquels le rapport D/1 (plus petite
dimension sur profondeur par rapport & la face avant) est petit. Il faut alors utlliser un
modéle tridimensionnel, analytique ou numérique. Le modéle analytique tridimentlionnel du
LEMTA est applicable aux défauts circulaires ou rectangulaires et tient compte de
1'anisotropie éventuelle du matériau. Les résultats obtenus sont trés satlsfaisants et on
6té corrélés avec des calculs par éléments finls effectués aux AMD-BA avec le logiclel
ELFINI. (6D

- Evolution de Tm et tm en fonctlon de la profondeur du défaut

En face avant le contraste maximum diminue avec la profondeur alors que le temps de
contraste maximum augmente,

En face arriére, 11 exlste pour Tm et tm une symétrie par rapport 3 la mi-épaisseur,
profondeur 3 laquelle les contrastes et temps de contraste sont les plus é&levés.

- Evolution de Tm et tm avec la résistance thermmique du défaut

En face avant conme en face arrliére le contraste maximum est une fonctlon croissante de la
résistance thermique ; en premldre approximation on peut conslidérer qu'll y a
proportional ité,

Le temps de contraste maximum augmente légdrement avec la résistance thermique.

- Amélloration du contraste

Les différents modéles ont mis en évidence un phénoméne particuliérement intéressant : le
contraste maximm en face avant de défauts profonds est senslblement amélioré par une
augmentat ion des échanges thermiques 3 travers la face arriére (Figure 4).

Cette amélioration du contraste s'accompagne d'un allongement important des temps de
contraste maximum,

Deux logiciels TIRANA et TIREX, ont été developpés aux AMDBA A partir du moddle
unidirectionnel.,
Le premier est un logiclel d'aide & 1'analyse qui permet :

- la caractérisation d'un défaut 3 partir des contrastes mesurés sur les thermogranmes
-~ la simulation du contraste d'un défaut & par:tlr de ses caractéristiques.

Lte second est un logiclel d'alde au contréle. li a été congu pour déterminer les
conditions de contrdle permettant la mellleur détection des défauts dans une pléce en
matériau campcsite. A partlr des caractéristiques des matérlels de chauffage et d'analyse
et de la piéce A contrbler, le logiciel calcule tous les paramitres de réglage de
1'installation et Indique la méthode d'observation qul doit é&tre employée. Les deux
logiclels sont applicables au chauffage 1inéTque et au chauffage surfacique.

L AT AL T
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“ 50.

SYSTEMES DE DEVELOPPEMENT

Banc expérimental d'analyse 1inélque (Fig.5)

Le banc expérimental a été développé par les Avions Marcel Dassault - Bréguet Aviation pour
appliquer la méthode d'analyse 1inéique.

Le banc assure un déplacement longltudinal de la pléce & contrdler qui passe successlvement
devant le systdme de chauffage linéique puis devant un ou plusleurs analyseurs thermiques. La
scéne thermique est alns! analysée suivant une ligne perpendiculalre au sens du déplacement. La
surface contrélée en un passage de la pléce analysée est décrite par la comblnalson de son
déplacement et du champ optique de 1'analyseur thermique. La totalité de la pléce est contrdlée
par balayages successifs et déplacements verticaux d'un Incrément compatible avec le champ de
I'analyseur et la surface de recouvrement désirée. Un axe motorisé assure le posltlonnement
paralléle de 1'analyseur thermique & une distance préclse du systdme de chauffage.

Les exlgences de cette méthode Imposent de minimlser les variations de distance entre :
-~ le systéme de chauffage et la surface de la pléce afin de préserver 1'uniformité de flux ;

~ 1'analyseur thermique et la surface de la pléce afln de conserver 1a mlse au point et la
longueur de la ligne d'analyse constantes.

Cecl est notamment le cas pour des pléces de forme complexa, dont la courbure dans une
direction au moins est relativement falble. Pour ce falre, une comande numérique NUM 760
assure une interpolation linéaire entre les déplacements tongitudinaux de la pléce et latéraux
de 1'analyseur et du chauffage, sur le profil moyen de chaque zone & contrSler. Ce profil moyen
est déterminé par anprentissage préalable & 1'aide d'un capteur de type 'Renishaw! ou par le
module Informat,ique de CFAQ,

Systéme de chauffage 1inéique.

Une ou deux lampes sont pllotées par la commande numérique.

-~ gamme de puissance unitalre : 500 W/m a 8000 W/m
- longueur utlle de chauffage : 100 & 300 mm pour une variatlon
dtuniformité Inférieure & 5 %
obturat.ion mécanique et refroldissement 3 eau piloté par 1'automate de la commande nunérique.

- Le banc est tout a fait compatible avec un systéme d'snalyse surfacique. Dans ce cas, le
déplacement de la piéce est Incrémental dans ses deux directions.

Une configuratlon Idéale qul éviterait les phéncménes paraslites de convection, et qul
faciliteralt, 1o chargement/déchargement des piléces et le fonctionnement des émetteurs
Infrarouges, serait :

. piéce horizontale et Incrémentation latérale,
. systéme de détection et de chauffage verticaux.

Systéme d'Acquisition et de Prétraltement d'lImages InfraRouges-SAPIR

Le SAPIR est un systéme de traltement et de restitution d'images, 11 assure la numérisation sur
12 bits (512 polnts par 1lgne) des signaux regus des analyseurs ligne ou image, simultanément
sur 2 voies synchrones ou Indépendantes. Les llgnes ou les images formées sont ensuite
moyennées ou accumilées et des opérations arithmétiques d'une voie & 1'autre sont
effectuées.Les Images ou les lignes peuvent &tre visualisées ou stockées en temps réel avant ou
aprés le traltement, Le SAPIR est commandé et conflguré par 1'utllisateur au moyen d'un
terminal de dialogue, et est pourvu d'une llaison raplde spéclalisée pour le transfert vers un
calculateur héte, des informations stockées en temps réel. Le SAPIR est particul iérement adapté
aux différentes configurations de contrdle non destructif par thermographie infrarouge :

~ analyse llgne en face avant et/ou face arriére avec un ou deux analyseurs lignes,
- analyse trame en face avant et/ou face arriére avec un ou deux analyseurs trames.
~ contrdle de zones d'accés difficiles ou particuliéres,

- contrdle de pléces en matériaux trés Isolants.

Illuninateur 3 tubes & éclairs : Systéme A quatre tubes en silice dopée remplie de Xénon,

disposés en carré.Energle maximale par tube pour une tension de charge des condensateurs de
1000 V et pour une durée d'éclair de 10 ms : 5 KJ

Nluninateur 3 tubes Infrarouges : Systéme & quatre tubes diposés en carré, chaque é&lément est

camposé d'un fllament de Tungsténe sous atmosphére Argon dans un tube en quartz. Pulssance 2 KW
a la tenslon nominale d'alimentation de 240 V.
Un obturateur éléctromécanique assure des durées d'impulsions de 0,1 3 plusleurs secondes.
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Statlons de traltement d'image (Figure 5) : Deux systémes VINIX, 1'un dédié & 1'acquisition et
1'autre & 1'exploitation assurent 1'analyse des lmages acquises. Ces statlons spécialisées
effectuent tous les traitements nécessalres pour assurer la détection d'anomalles,
1'identiflcation des défauts et leur dimensionnement.

L!'Intégration en cours d'intelligence artificlelle fournlra un diagnostic autcmatique sur la
qualité des pléces contrdlées. Les traitements utilisés et développés font appel aux
processeurs spéclalisés des systémes qul effectuent en temps réel convoiutions, segmentations
et morphologlie mathématique,

- Systéme d'anaiyse surfacique de contréle non destruct!f par thermographie Infrarouge - MECIR

Le systéme MECIR a été développé en collaboration avec le SUE - Université de Reims et les
Soclétés SECA et MECICA (5).

Le systéme d'analyse surfacique MECIE e¢st un ensemble portable de contrdle non destructif par
thermograptile Infrarouge. Le systéme permet d'appliquer 1'analyse surfacique en contréle sur
site, en uslne et/ou en laboratoire, 3 des pléces en matériaux composites et métalliques, aux
ascemblages collés, soudés ou brasés et aux revétements minces.

Différents ensembles constituent ce systéme (Flg.7) :

- un appareillage de thermographie Infrarouge,
- un illuminateur,
- une unité informatlique.

Deux Illuminateurs sont dlsponibles en fonction du matériau et de 1'environnement (Fig.8) : a
tubes a éclalrs, A tubes Infrarouges.

Les i1luninateurs sont optimisés pour chauffer d'une maniére homogéne une surface de 300 x 300
mm, ce qui les rend portables et permet leur maintien par une seule personne, leur installation
sur un robot (Flg.l1) ou leur montage sur un banc de contrdle. Les applicatlons possibles sont
multiples :

En production : - retour sur défaut détecté en analyse linéique pour le caractériser,
~ contrdle de piéces de petites dimenslons (300 x 300),
Sur site : - détection d'impacts sur les matériaux composites,

sulvis d'endommagements.

En laboratolre: - suivl d'essais mécaniques.

PROGICIEL '""IRAQ"

Ce progiciel, écrit en langage C, est capable de gérer 1'examen non destructlf de piéces en
matériaux composites par les différentes méthodes de thenrcgraphie infrarouge (chauffage 1igne
ou surfacique, analyse face avant ou face arriére). Décomposé en modules spécifiques, 11 peut
alnsi étre adapté aux différents matériels utllisés.

Une base de données centralise les informatlons sur les pidces, les matérlaux, les systémes de
chauffage, les analyseurs themmiques, la machine de déplacements. Chaque module s'enquiert
auprés de cette base des informations qul lul sont nécessalres pour fonctlonner, et fournit a
cette base ses résultats.

Ce progiciel est constitué des modules sulvants; CFAO, robotique, métrologle, modélisation
thermlque, acquisition et exploitation.

Ce progiclel faclilement adaptable 3 d'autres .ypes de matériaux va s'enrichir de nouveaux
modules spécialisés, par exemple un module d'intellligence artificielle,

70 - DISCUSSIONS

P e~ e e g ot

Les résultats expérimentaux obtenus sur des pléces représentatives sont en trés bon accord avec
ceux donnés par les modéles mathématiques. Les avantages et inconvénients de la thermographie
Infrarouge stimulée sont malntenant blen mls en évidence. C'est une méthode :

- qualitative assurant la détectlon de beaucoup de défauts

- quantitative assurant )'identification et le dimensionnement des mémes défauts.
raplde, Jusqu'ad 20 fols les temp~ de contrdle par ultrasons

faclle 2 mettre en oeuvre, pas de couplant,

applicable sur site

applicable & tous les matérlaux, des trés conducteurs aux trés lsolants.
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Cependant la méthode @

- est peu sensible aux défauts de falble résistance thermique (porosité) situés au deld de la
mi-épaisseur dans un matériau. Une lame d'air de 10 wm (résistance thermique : 0,0004 Km2/W)
située avant le dernler pli engendre en contrdle face avant un centraste thermique maximum de
0,02° au temps (tm) de 2,15 s pour une densité d'énergle de 25 000 J/m?® dans un CFRP
T300/914 de 2 nm d'épalsseur, ce qul est pratiquement indétectable aujourd'hui.

- est 1imité au contrble de matérlaux de falbles épalsseurs, quelques nm pour les composites.

- est difficllement interprétable, variations d'émissivité, effets de bord, de forme,
d'épalsseur et d'asserblages qul s'ajoutent aux gradients thermiques 1iés aux défauts.

CONCLUSION

Les développements entrepris pour déterminer le domalne d'application de la thermographie
Infrarouge stimulée au contrdle des matérlaux composites font appel 3 de nombreuses technlques,
optronique, électronique, robotique, traltement du slignal et de 1'image, Iintelllgence
artificlelle. Ces développements nécessalres pour industrialiser les deux méthodes mises en
oeuvre, analyse ligne et surfacique, ont été facllitées par l'utilisatlon de modeles
mathémat iques analytiques et la caractérisation des matériels et des matériaux.

Des travaux sont encore nécessaires pour améliorer la détectivité et faciliter 1'interprétation
des thermogrammes tels que :

1'amélloration de 1a sensibliité de détection
1'augmentation de la densité d'énergie déposée
le traitement d'Images

1'intelligence artificlelle,

LI T B
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NEW ASPECTS IN AIRCRAFT INSPECTION
USING EDDY CURRENT METHODS

Dr. Manfred Tietze
INSTITUT DR. FURSTER, D-7410 Reutlingen

INTRODUCTION

High demands in safety at highest possible load of aircraft structures cause increasing expenditure
in development of testing procedures for production, maintenance and overhaul., Aircraft structural
parts which are generally designed to achieve minimum weight as well as high mechanical stability un-
fortunately very often have the disadvantages of low corrosion resistance and high susceptibility to
crack formation and propagation. Consequently the latitude for tolerable flaw sizes is very small.
Therefore, reliable, documented inspection is of increasingly vital importance.

Eddy current testing is one of the most effective tools to detect open or concealed corrosion and to
assess damage caused by fatigue or corrosion cracking. In respect of the different sources of corro-
sion and possible crack formation, to enable identification, evaluation and location it is necessary
to have appropriate eddy current units and sensors optimized to the expected inspection program. The
following describes the use of a meter type instrument (fig. 1) for inspection of surface defects and
a new impedance plane instrument (fig. 2) that allows static and dynamic applications for detection
of metal thinning due to corrosion, metal spacing, subsurface cracks etc. and for very quick fastener
hole inspection. Finally new signal processing techniques for displaying flaw dimensions ihrough
imaging procedures are discussed. All units described herein are portable and battery operated.

INSPECTION WITH METER TYPE EQUIPMENT

One of the most common meter type instruments is the well known DEFECTOMETER 2.835 (fig. 1), a micro-
processor controlled unit with automatic 1ift-off and zero compensation. The main field of applica-
tion is the detection of near surface cracks, such as in turbine blades or bladed wheels for instance
and of stress cracks or surface roughness caused by corrosion respectively. By using the 1ift-off
compensation defects can also be detected when located underneath protective coatings up to approx.
300 ym thick, This instrument is very well suited for testing materials with low electrical conduct-
ivity because of its high test frequency of approx. 2 MHz (NFe) or 4 MHz (Fe, Aust) respectively.

Using two fixed test frequencies results in an outstanding surface flaw sensitivity where under good
conditions minimum detectable flaw depths of approx. 20 ym can be achieved, because probes can be
fittet best possible to the resonant circuitry of the instrument. In addition only a minimum of ad-
Jjustment keys is necessary for an easy set-up and simple operation,

Fig. 1 shows a selection of new probes with a novel lay-out and special shieldings to stabilize and
to improve the possible flaw resolution. The special shielding decreases edge, wobble or tilt effects
and improves the 1ift-off compensation. Corresponding to the selected shield material (non-ferrous,
ferrous, austenitic) the influence of walls or other disturbing parts can be suppressed when inspect-
ing lobes, ribs, mounting supports, metal fittings etc. Sometimes when inspecting points where access
is difficult it is useful to connect a storage oscilloscope to the DEFECTOMETER analog output. This
overcomes the problems of moving the sensor on the surface and watching the meter display at the same
time. In some cases it is necessary to have tailor made sensors for very specific inspection tasks.
Thereby the optimum function is maintained if the impedance of the probe core is fitted to the reso-
nant circuitry of the DEFECTOMETER, otherwise overall sensitivity losses might occur. Therefore a
large variety of probe-kits is available to prevent damping of the signals when using metal housings
(see fig. 1 to the right),

The meter tﬁpe instrument DEFECTOMETER is easy to set-up and to operate with simple "go/no go" deci-
sions and therefore is very often used to perform routine inspections. Meter type instruments can
only detect changes in impedance but no phase shifts. Hence in test situations where different vari-
ables such as 1ift-off, dimensions, corrosion and flaws e.g. are mixed it is necessary to have phase-
analysis instruments,

INSPECTION WITH IMPEDANCE PLANE INSTRUMENT

As mentioned above impedance plane instruments have among others the advantage of distinct separation
between fiaw response and 1ift-off response. There is the new DEFECTOSCOP SD (fig. 2) for static and
dynamic applications that unites the functions of its predecessors S and D. It has a wide frequency
range of 100 Hz to 10 MHz (static) or 30 kHz to 3 MHz (dynamic) using signal conditioning filters

(LP, HP) to maintain a large bandwidth for both applications., Test freguencies can be varied contin-
uously to optimize the setting relative to the specific flaw problem or material to be tested. Further
benefits are given by the digital store for holding flaw signals permanently or continuously within
holding times of up to 32 sec., The operator does not need to continuously monitor the screen and can
concentrate on probe manipulation.

As a consequence that very often probes from various suppiiers are to be kept in stock when replacing

old equipments for further use all kind of foreign probes available for flying dot instruments can be
connected to the DEFECTOSCOP SD and D.

One tough problem is the detection of concealed corrosion in multi-layer structures as indicated in
fig, 3. Normally low frequency absolute hand-guided scanning coils are used. Fig. 4 shows test re-
sults obtained from two 3 mm thick Aluminium plates (f = 1,8 kHz) where phase shift was varied until
1ift-off was horizontal with nearly 90 degree phase angle to the corrosion signals. These signal
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amplitudes are given in fig. 5 as a function of thickness reduction at constant spacing where they
show a slightly parabolic behaviour. From fig. 4 can be seen, that all effects except corrosion sig-
nals point to the left side of the CRT and therefore movements can be interpreted in an easy way
relative to their last position, "Short" means electrical contact between two adjacent layers for
example,

Another application is the inspection of rivet rows where probes slide along the row and detect
cracks caused by corrosion for instance on the outer and internal skin. Fig. 6 shows crack locations
and propagation directions in an airplane structure. For the inspection of the internal skin a fre-
quency of 1,8 kHz is used and for the external skin the frequency is 12 kHz. Experimental results
have shown that cracks with lengths from 4 mm onwards can be detected (fig. 7).

In regard of the wide frequency of 100 Hz to 10 MHz, the DEFECTOSCOP SD can be applied for detection
of surface cracks using DEFECTOMETER probes and adjusting the test frequency exactly to their optimum
sensitivity when phase analysis is required. Fig. 8 shows, for example, the inspection of a cabin at
a military aircraft using a DEFECTOMETER dental probe shown in fig. 1.

The inspection of individual fastener holes using hand-held rotating heads (180 rpm, 800 rpm and

1500 rpm) is the fastest and most sensitive method in crack detection (fig. 9). A very complex struc-
ture is shown in fig. 10 with corresponding defect indications using high sensitive differential
coils.

4. DISPLAYING FLAW DIMENSIONS

In the last few years for example bolt hole testing has become a more and more common test procedure
and further increasing expenditure in inspection and documentation of test results can be expected.
In regard to this tendency in obtaining more detailed information about defects a new generation of
impedance plane instruments is under development. The essential innovation will be the application

of imaging procedures for improved flaw signal evaluation. Pattern recognition techniques are already
in use in the testing of semi-finished products.

Some arguments for automated image processing are the recognition of interrelated structures, the
distinction between different flaw types, the determination of defect size and orientation and there-
fore improved documentation and the possible tracking of flaw evolution by storing the whole test in-
formation,

Two stages of a two-dimensional analysis of the measurement signals are available andthat is first a
C-scan method to indicate flaws and second based on this detailed calculations of flaw parameters.
Fig. 11 shows experimental details in the case of bolt hole inspection using rotor scanner with im-
plemented indexer. The response of the surface layer in the bore corresponding to the penetration
depth of the eddy currents is then recorded track by track, where the inner circumference of the bore

is "unwinded" to a linear representation, The result of the C-scan is shown on the right hand side of l
fig., 11. The flow-chart of the corresponding test arrangement can be seen from fig. 12. When moving 1
the scanning probe into the bore, a personal computer (PC) records the EC-signals generated by the

tester DEFECTOSCOP, the distance z and the phase angle ¢ generated by the indexer and the rotor
scanner respectively using multipiexer (Muxg and analog to digital converter (ADC). A1l the data can
be stored, printed-out and displayed. During the test each track of the growing C-scan is displayed
in a gray-value representation (see fig. 13? where the actual recorded circumference is marked by a
pointer and in addition the running EC-signal is traced below. This visualisation aid gives a rough
aszignment in flaw location (depth, circumference) to the inspector and some hints to flaw extension
and orientation.

Detailled defect informations can be received by computer driven evaluation of measurement signals.

Fig. 14 shows in principle the assessment procedure using pattern recognition technics. Two thres-

holds generated on both sides of the signal zero 1ine named defect trigger level and defect tracing

level are used where the first is situated just above the noise level and the latter is set to the

noise level. Threshold crossings result in trigger events or in tracing events respectively relative
to the sampling pulses of the system (fig. 14). For defect size calculations only trigger events
start a certain search program for closed areas in the surroundings where trigger events occurred
(defect tracing). Solely occuring defect tracing events are neglected (see left hand bottom side of
fig. 14). After determination of the defect area, calculation of defect shape 1lines is accomplished
(right hand bottom side of fig, 14). Finally, the calculated defect characteristics are mean and
maximum flaw amplitude (Amit, Amax), mean and maximum flaw width (bmit, bmax), center point coordi-

nates referred to a reference point (xm, ym), flaw length (%) and orientation angle (ag with respect

to feed axis. If several defective areas were detected each defect is calculated and documented se-

perately. The subsequent evaluation steps from the bteginning C-scan to the final result are demons- l
trated in fig. 16 with (from top to bottom) C-scan, C-scan in gray-values, defect trigger area, over- ‘
all defect area, calculated shape lines and defect contours and finally print-out of calculated flaw

Pt

With the above results improved crack growth predictions are conceivable when comparing previous data
wjth now measured results regarding any changements in flaw parameters 1ike crack extension, length,
yldth and orientation, The relative signal height (Amit, Amax), for example, works as an indication
in crack depth changes, In addition flaw patterns give information about structural alterations when
for Exqmpéetsezegal single cracks have been documented earlier and now a coalescence to a long unique
crack is detected,
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CONCLUSIONS

Eddy current inspection procedures are going to obtain more and more importance because they are fas-
ter, no coupling media are required and test results are much more reproducible than other methods.

In order to optimize the inspection programs versatile eddy current equipment, which can adapt all
kind of probes, is a basic requirement. Imaging procedures will become an important tool for improved
flaw characterisation and documentation.

The best way for accomplishing a successful development of new equipments, probes and new inspection
procedures is discussion and co-operation between equipment manufacturer and user of the instruments.,

The INSTITUT DR, FURSTER is well prepared for intensive partnerships because of its worldwide repre-
sentation and its wide production range for probes, equipments and systems applicable in aercsgace
industries. For testing tasks like crack detection, material mix detection, conductivit; measurements
in the field, 1ab and production facility the capabilities come up from hand held units (DEFECTOMETER,
gggggigscogi SIGMATEST) to complete system equipments for automatic applications (STATOGRAPH S,

ST S).

Fig. 1: Forster DEFECTOMETER H 2.835 new shielded probes (left),
probe-kits (right)

Fig. 2: Impedance plane instrument Forster DEFECTOSCOP SD 2.832
with a selection of rotating probes, hand-heid scanning
probes (absolute, differential) and through-type coil.
A11 DEFECTOMETER probes and all current foreign probes
are connectable.
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LONATURmAL FATCUE CRACKS

crack free indication

= crack 6mm
- crack 4mm

Fig, 6: Crack locations and propagation directions in .. airplane
structure

Fig. 7: Signals from eddy current inspection of a rivet row
with sliding probe

Surface crack detection using DEFECTOSCOP SD and

Fig. 8:
DEFECTOMETER probe

Fig. 9: Inspection of individual fastener holes with hand-held
rotating head
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Fig. 10 Multi-layered structure for bolt hole testing and corres-
ponding CRT-signals from cracks in different layers
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depth(nm)

Fig. 13: C-scan in gray-value representation. The right hand
pointer shows last probe position and corresponding

EC-signal.
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Fig., 14: Evaluation steps for pattern recognition method
(for explanations see text).
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STENOPIC RADIOGGRAPHY: A NON DESTRUCTIVE TEST WITHOUT CONTACT

Gabriel Delojo, José M. de los Rios and José Miguel.
INSTITUTO NACIONAL DE TECNICA AERQESPACIAL (INTA)
STRUCTURES AND MATERIALS DIVISION

Torrejdn de Ardoz, 28850 Madrid, Spain

Summary

The Non Destructive Testing Laboratory of INTA, Is working now in experlences about
the practical applications of Stenope principle to obtain radiographic images from difuse
Compton Radiation.

Our experiments, until this moment, have showed that it is possible to have 2 photo-
graphic register from an object by its difunded Radiation when it is "illuminated" with
a very Intense 400 KV, X-ray beam.

So we can obtain information about nature differences and/or subsurfacial disconti-
nuities from one only side of the sample.

The first experiences have been made with a fine grain radiographic film and a high
velocity salt screens. Next experiences will be carried out with a high sensibility
electronic image intensifier assambled with a T.V. circuit, and, different energies ra-
diation. Results obtained will be exposed and discussed.

0. Introduction

The understanding cf the systems quality ctate and its tolerance to damage, while in
service conditions, estabtlishes new demands to the Non Destructive Testing. In some ca-
ses these demands cather to not all¢w the material contact wizh the tested object, as it
happens with the space technology, this excludes the application of certain methods obli-
ging to the modification of their applicable techniques. In some occasions they are real
new problems needing new testing wethods, The ion Destructive Testing Laboratory of the
National Institute of Aerospace Techniqua, Spanish Research Ceantre of the Defence Minis-
try, has Initiated the development aof a new testing method allowing the application of
X-ray in a different way to that of the conventional radiography, i'n order to acquire
information about discontinuities and irregulsrities existing in materials and structu-
ral assambles. This paper presents the method basis performed that demonstrates the
feasibility and potential utilization as detection of honeycorb cavities or subsurfa-
cial inclusions, or under protective coatings, as well as for the humidity detection in
honeyconb structures or similar.

Naturally, the obtention of an operative system, will require electranic units for
bright intensification and high power radiation generators.

1. Method Fundamental

The stenopic radiography allows the obtention of X-ray images by a teiLhnique, basi-
cally similar to the photographic one. So, while conventional radiography I> the "shu-
dow" of an object projected on a radiographic film with gamma or X radiation, a "steno-
radiography" is an image projected by a stenopic objective with X radiation propagated
from the object "illuminated" with an intense radiation beam.

This allows to obtain information on nature and discontinuities existing under the
object surface until a deepness depending on the radiation energy used. This informa-
tion {and this is the most important thing) Is obtained from the radiated surface; oppo-
site than in the ordinary radiographic technique, what requires to locate the film on
the opposite side. Also the thickness of the object is, obviously, irrelevant.

2. Image Geometry

Electromagnetic radlation, propagates In space in straight line. Consequently, a
point, cr point image, projected on a screen by a radiation source, punctual also, is
anotier point, or "shadow'". |If the radiation source is large, each point of the source
shall project the opaque point in different position of the screen, being motive of a
source dark image. These images are called "antistenoplic'.

1# the projected point is substituted by a pin hole perforated in an opaque material,
the described process reverses, and the projected image of extense radiation point is
now luminous. This is known as an "stenopic' image, and the pin hole as a "stenope'.

Though t“eoretically the stenopic and antistenopic images are equivalent (though with
values of reciprocal light), in fact, the latter are negatively Infiuenced by the lumi-

nous field surrounding them. The stenopic Instead project themselves strongly over the
In which the stenope is apen.

dark field of the shadow projected bY the material
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In the pra?tlce this effect is improved creating a closed ambit or 'dark chamber"
that avoids all 1{ght not coming from the hole.

An ideal stenope, that Is to say, without dimensions, is unrealizable. So, a real
stenope is always a circular hole of a determined radius: r. When this radius is small
enough when traversed by radiation, s created image perturbing phenomena, due to dif-
fraction. According to the distance at which is located the emitting radiation object,
the diffraction shall be conducted according to Fresnel or Frauhoffer's equations, and
its importance will be affected basically by the lengthwave ( A ) of the radiation.
When it Is very small, as in X rays, the hole diameter that would cause diffraction per-
turbations {s technically unrealizable. At the same time the need to obtain a radiation
dosis big enough for the achievement of the image requires much bigger diameters than
the minimum determined by the radiation lengthwave.

Actually the equation of conjugated focus for the stenope is:

1 1 2

ot = T ()

being D and d, respectively, the distances of the rad(ant object and the screen to the
stenope. By analogy with a thin lens, the foca! dlstance, f, of the stenope is:

fz Lo (2)
T2
For a distance D, big enough (D= ® ), of (1) equation is deduced that:

r =242 (3)

Applying this formula to radiation X of A= o0.1 X has a value of r = 1'4 x 10710 cm,
for d = 10 cm. It is evident that, the avafilable diameter are very high regarding
those that will produce diffraction perturbations.

Another question to have in mind is that an object~-point image Is projected as a
small circle whose diameter is:

Naturally for D » d, § —» 2r, tuat represents the maximum geometrical definition
attalnable in practice.
Theoretically, ry = r = 0'imm, and N =01 X, the focal distance, according with
(2) will be: 2
f= 2 500
2x 108

The short wavelength of the X-rays show that the optimum "focal' distance |is unrea-
listic, but instead, real stenopes are far to present any diffraction problems in the
images.

3. Difuse Radiation

As it has been indicated, the object strongly irradiated by primary X-rays beam, Is
changed into a secondary emitter, whose image is focused by the stenope on a sensitive
material or on a photomulitiplier device.

To know the diffusion is indispensable in order to understand the possibflirtiec and
limitations of the method.

Diffusion is a secondary effect of the radiation absorption. In both cases, If it
is a dx materlal thickness element; interposed to a radiation beam of 1 intensity,
dl intensity that goes through dx |Is proportional to 1 and My or attepuation lineal
coefficient.

dI=~-Ip dx
= JoemMiX =1, ¢~ PX? (5)
being L the masic attenuation coefficient and ¢ the material's density.
As [ changes with b , {5) is valid oniy {or monochromatic photon beams. If its
indlvidual energy is, according to Planck equation:
E=hy=hc/2 (6)
for Io = nhyv the energy loss will be
{
~AE=hY (To-I) \7)

that has to be somewhere.

Thr misspended energy changes into scattered radiation and, finally In heat, basica-
11y by four mechanisms:
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a) By Rayleigh Effect or coherent scattering, produced while the photon goes through

the negative electromagnetic field formed by electronic cloud surrounding the material
atoms.

b) Photoelectric Effect for photon energies in the range of those bonding the electrons
to its energetic level, in the material atoms.

In this case:
hy=¢
If it is bigger, the gone out electron gets the difference in energy.
hy-€=1/2 mevt (8)
In which m, is the electron rest mass and vy the acquired velocity.

Secondarily, the hole left by the electron is occupied by another one of bigger ener-
getic level with the emission of a characteristic X-ray, whose energy and wavelength are

1 by:
given By €4-€,=h¥Y=hc/A

he (9)

£-€;

¢) By Compton Effect in which the high energy photons interaction the electron, gi=.
ving relativistic velocities on them, consequently the p'oton losts the corresponding

energy in form of wavelength movements., It is deduced by Compton's examinations that
according to the scattering angle the increasing ¢f the wavelength A\ Is:

(10)

h
AAX=ZA=do= ————— (1-co5.9)
me C
being Y the scattering angle and me the mass in rest of the electron, as we have said.
This equation shows that the scattered photon will always have lesser wavelength and that
the difference of wavelength will be as bigger as ¢ have been.

d) By Production of Pairs (e-, e+) which we do not consider since it happens when the
radiation has higher energies than 1'022 Mav,, that s, much more high than those used
in our work,

k., The Real Scattering

The effects considered in (3) interinduce themselves. So, a Compton photon can be
re-scattered by photoelectric effect (the opposite Is less probable) or by Rayleigh ef-
fect. This way, the photoelectric photons proportion coming from processes of superior
range is increased, what explains, in fact, the abnormalities observed in the scattering
at low energies which will be commented afterwards,

Anyway, the scattering of a monoctromatic radiations beam produces a scattering
spectrum including in divarse proporticns photons of some wavelength lower than the pri-
mary. Logically a complax spectrum or a continuous spectrum as the one used in our
tests produces an anisotropic scattering of incalculable composition, theoretically. In
anycase, experience shows that scattered radiation intensity, is not undifferent to re-
lative positions of the primary radiation source and stenopic chamber.

For energies in the range of 1 Mev., or higher, in which Compton effect is conve-
nient, even for higher range processes, the scattering intensity Is proportional to the
atomic number ( Z ), since the Lompton interaction probability is given by the absorp-
tion coeficient due to this effect: LUg

e=9 N £ de (11)
where N is the Avogadro number and Oe the cross-section of the link for interaction.

However, at low energles, the main radiation percentage of photoelectrical origin,
coming mainly from interactions of higher ranges of Compton photons, combinated with
autoabsorption phenomena, as it is showed in papers from F. Wachsman, H. Tiefel and E.
Berger, to an Intensities distribution really amarchical. So, *he hydrogenerated com-
posites provided scattering radiation sources much more intense than metals, and among
these, not always are better scatters those of bigger atomic number.

5. The Stenopic Chamber

Basically it is a cylindrical chamber radiationtight, whose demountable par.s fit
themselves avoiding radiation to penetrate through the slots. Figure 1 shows the aspect
and construction details of the chamber whose walls are made of lead of 25 mm., thickness.
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Essential part of the chamber Is the ''stenope' or pin hole that is used as 'objec-
tive" of the chamber. Ideally, must be moved on a thin plate, but the need to stop ra-
diation makes necessary to give the plate a considerable thickness. A good stenope shall
be made by perforating with laser the bottom of a mechanized cone in a metal of high ato-
mic number and hard enough (what excludes lead or bismuth). For accurate beams + leass
than 350 KV can be made of tungsten or in a gold-platinum alloy. In order not to make
the device expensive and to be able of changing its diametre, the stenope can be on a lit-
tle screen that fits i{n a container located on the front surface of the chamber. To avoid
the lap of optical image of the object, the stenope is wrapped-up in a piece of black pho-
tographic paper. However, sometimes, the above mentioned lap may be useful in order to
link the inner radiographic image with the object aspect, in such case, the paper can be

removed once finished the exposure to X rays illuminating the object during some minutes
with a strong light.

We must indicate that the described chamber is a prototype whose aim, already achile-
ved, is to show the feasibility and usefulness of the method. At present, we are deve-
loping a chamber in which the radiographic film is substituted by photomultiplicable elec-
tronic devices which we hope will reduce the exposure times to operative levels.

6. The Exposure

The exposure times depend on:

a) The stenope diameter. So the exposure time is inversely proportional to its ra-
dius. squares.

b) The film. It is convenient to use films of the fast type (Il or 11l) since the
scattering produced by the stenope diameter is, up to the moment, more Important,
than the emulsion grain.

c) Intensifying screens. In order to avoid long time of exposure, it is indispensa-

ble to achieve image intensifyer screen system. In tests already performed, high
definition calcium-wolframite screens have been used.

Now we are working in the regulations of a reliable substance for previous examina-
tion calculations,

A semiempiric process that allows to economize a good deal of time consists in the
performance of a quick exposure with a big diameter stenope that provides an image qui-
te diffuse but allowing to evaluate the definitive exposure because of the law of radius
squares relation,

7. Examples of Experiences Achieved

Figures 4, 5, 6, and 9 show the resalts of the experiences that we consider illustra-
tive of our previous exposition.

Figure & Is very demonstrative of the different behavior of four materials, Uranium,
Lead, Copper and Paraffine, chosen by their dissimilar densities and atomic numbers of
their elements. Considering that the reproduction has the photographic density values
reversed, obviously diffusion Is more important in light materials than in the thick ones,
Figure 5 shows a lead cylinder In which four drills of 4 mm., 3mm., 2 mm. and 1 mm.,, dia-
meter have been mechanized. The surface hidden by an aluminium sheet and white paint,
the stenopic image shows with accuracy, besides the part's contour, the relative location
and size of the drills through the coating.

Owing to the remarkable diffusiveness showed by the paraffine, we verified if water
(as it can be expected) showed also thls property. Figure 6 shows the stenoradiography
of a halved bear can. There exists the possibility of using the stenope for the obtention
of a photography of the object. For this purpose, It is sufficient to take out the opa-
que disc illuminating for some minutes the object by means of a poweful light.

Finally, Figure 9 shows a practical application of these tests. It is a stenoradio-
graphy performed to detect water in a honeycomb structure.

8. Future Developments

Our main interest, at present, [s the design of an operative system allowing real
time inspections or, at least, in a short time. With this purpose our actual works In-
tend to obtain the adaptation of an image intensifier system of elevated cost chamber
and T.V. as well as digital system and image analyzer.

Also, the possibility to employ radiographic flash equipment of cold discharge, ligh-
ter than the conventional hot cathode one, and even isotopic sources.

Parallelly, the behaviour of diverse mz »rials must be studied as well as the infor-
mative "deepness' of the method on them.
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9. Conclusions

In view of all the exposed herein, can be said that Stenopic Radiography is a new
method for nondestructive testing, without contact, basically different from the conven-
tional radiography. So, this one gets its images (radiographic) by projection of the
object's "shadow" on a film or screen. On the contrary, the stenoradiography works as a |
real photography made with X-ray, what allows to investigate from one of the sides of
the object {ts structure up to a certain deepness. Thus, the stenoradiography does not
provide the same informatfon than the conventional radiography, consequently, can not be

used to solve the same problems. Now we are learning really, which are the new problems
that can be studied by this test method.

However, we hope to find applications that allow a more accurate acknowledgement of

the aeronautical materials and structures operative state, as well as other of a more
general character in the Industry.

Fig.1- Section view of the stenope Fig.2- External
camera.

aspect of the camera.

Fig.3- Elements disposition to make a Fig.h- Stenope response for different mate-

stenope radiography. rials.
(1) X-ray source (1) Uranium
(2) camera (2) Paraffine
(3) object (3) Lead

(4) Copper
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Fig.5-
(a) Lead cylinder with Al cover foil and paint

(b) The same one without Al foil
(c) Stenoradiography through Al foil

N

g
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Fig.6- Stenoradiographic image of a halved bear can. It is possible appreciate
the liquid level (white part). On the right the same one with optical
stenopic image superimposed.
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inside.

.7~ Photography of honeycomb structure with water contamination
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Noncontact Laser Thermomechanical Nondestructive
Evaluation for Advanced Coatings

by
H. 1. Ringermacher
Nondestructive Evaluation and Diagnostics Research
United Technologies Research Center
Silver Lane
East Hartford, Connecticut 06108
USA

SUMMARY

Unique photoacoustic microscopy techniques have been developed that permit the evaluation and visualization of
thermomechanical properties of advanced coating systems including evaluation of attachment to various substrates, coating
in-plane modulus, thickness variation as well as variation in thermal properties. The technique involves scanning a
component surface with a modulated laser beam while monitoring the induced vibration with a laser Doppler heterodyne
interferometer. The induced vibration level is strongly dependent on the near surface thermomechanical coupling, thus
making coatings an ideal application. Thermomechanical images of coatings along with physical modeling will be
described. Applications include silicon nitride and zirconia coatings for thermal barrier and oxide protection.

INTRODUCTION

Thermal imaging for the nondestructive evaluation (NDE) of materials appears to be of ever increasing importance for
industrial applications. The development of new materials, both metallic and ceramic, as thermal and oxide barrier coatings
present new challenges to inspection techniques. Thermal imaging methods seem ideally suited for such applications, being
particularly sensitive to surface and near-surface material thermal inhomogeneities that may be defect-related. However,
these same sophisticated materials can pose rather severe requirements upon the efficacy of any particular type of thermal
imaging. Typical problems encountered include rough, optically scattering surfaces, surfaces ranging from highiy reflective
to absorptive, complex surface geometry and microscopic to very macroscopic (practical components) imaging
requirements.

Thermal techniques include both photo-thermal and photoacoustic imaging. Infrared camera methods can image
subsurface defects in both metal and insulating coatings and have the advantage that fwrge areas can be covered quickly
(1, 2). These methods, however, fail to provide any indication of the mechanical coupling of the coating to its substrate.
Even a fully disbonded coating in good touch contact with its substrate will appear bonded thermally since the thermal
resistance at such an interface is very low.

For the reasons cited above, it is desirable to use noncontacting laser photoacoustic methods to evaluate the
mechanical bonding of coatings The laser photoacoustic methods generally involve scanning a laser beam over the surface
of a component in order to generate sound either in the air above the surface or in the component itself. The sound is then
monitored with a microphone, a transducer attached to the component or a noncontacting laser interferometer used for
vibration sensing.

Photoacoustics using noncontact laser interferometric sensing will be discussed in the present work.

Photoacoustics

Photoacoustics research is a new and still evolving area of NDE. UTRC is among the first to bring photoacoustics from
a basic laboratory environment into an industrial one. Photoacoustics is a technique wherein a chopped laser beam striking
an absorbing surface is converted to heat, which, via thermal expansion, is subsequently converted into sound at the
chopping frequency. The sound is detected by a laser Doppler heterodyne interfercmeter which senses the velocity of the
vibrating surface. The technique is fundamentally sensitive to changes in material thermal and mechanical properties
arising from the presence of subsurface voids, inclusions, defects and impurity concentrations at micron resolution levels.

Thermomechanica! Imaging

Recently, a new contrast mechanism, thermomechanical imaging, was developed at UTRC. This provides, for the first
time, the ability to visualize the mechanical properties of an interface and thus has application to coating adherence and
bonding of thin sheets and plates to substrates. Thermomechanical imaging can display a graded image of coating
adherence from good bond to total disbond. The method worhs by thermally stressing the surface with the input laser beam
and monitoring the resultant sound transmission, via mechanical coupling to the substrate, with the laser interferometer. A
weak acoustic response is representative of a poor mechanical coupling at the interface. Successful applications include
evaluation of ceramic coatings on metal substrates, aluminide coatings on metals, ceramic coatings on carbon, carbon
composites, subsurface defect detection in both metals and ceranmcs and thermomechanical evaluation of electronic
materials and components.




PHOTOACOUSTIC SYSTEM

Figure 1 shows the experimental arrangement of the laser heating source together with the Doppler heterodyne
interferometer detection and computer control system. A typical power level is 200-500 mW to the target from the argon
laser. The beam is modulated at the desired photoacoustic frequency up to 100 kHz. The modulated beam is then raster
scanned over the specimen with galvanometer mirrors at a rate of up to 10 mm/sec. A typical image coverage would be a
25 mm x 25 mm area with 50 micron resolution in approximately 10 minutes. Finer resolutions are achievable at the cost
of increased scanning time. As a rule, the resolution of thermomechanical imaging is approximately equal to the u.pth of
the imaged defect below the surface. For example, a 100 um wide defect located 200 um below the surface will appear at
least 200 um wide in the image. Thus, it is most efficient to scan at a rate providing this minimum resolution.

Beam
Laser scanner
heterodyne
interferometer i1 Argon
laser
F.M.
discrim.
Signal Reference #
Lbck-in Controller
amplifier Macintosh ||

Figure 1. Block diagram of photoacoustic laser scanning and interferometer
detection system.

Beam modulation can be either intensity or coordinate modulation. Intensity modulation is the standard technique.
Coordinate modulation involves dithering the beam slightly in the direction of the scan. This has the effect of produciag a
spatial signal-difference image. Its advantage is an improvement of image contrast and signal/noise ratio. Coordinate
modulation is discussed more extensively in Refs. (3, 4). Both techniques have been used in the present work.

During examination, the specimen is held at the edges so as to obtain, as closely a. possible, a simply supported
boundary condition. The interferometer can be focused almost anywhere on the back or front side of the specimen except
too close to support points. The interferometer is discussed in Ref. (5).

THEORETICAL MODELING

The thermomechanical mechanism has been observed (6) and verified both experimentally and using finite element
modeling with excellent agreement (7). Recently, analytic modeling has also been completed and compared with
observation on plate bonding applications such as examples shown in this work. Figure 2 shows the model used to evaluate
the thermomechanical response of a bonded coating platelet to a substrate. Some coatings on stable substrates tend to
fracture naturally. This model simulates such a response. A laser is scanned from one edge of the platelet to the other. This
heats a small spot on the surface which provides a time dependent thermal load to the platelet at the modulation frequency.
The platelet is modeled as being perfectly attached to an elastic foundation, here approximated as a beam. The thermal load
then bends the beam and this deflection is monitored by a laser interferometer producing the observed image as the spot is
rastered over the surface. The frequency is kept below any fundamental modes of the sample and the resultant response is
phase-coherently detected so that a static elastic model is adequate. The theory predicts a known deflection response for a
perfectly attached coating with known thermoelastic properties (8). This is then compared to the observed response in a real
specimen. A disbond or weak bond will show as a deviation from the predicted scan response. Figure 3 shows the modeling
results for a single scan line across a platelet. The stiffness constant K includes the knovn mechanical properties of both the
coating and substrate with K = 100 corresponding to a very stiff system and K = 1 corresponding to a very compliant system.
The K = 10 response corresponds to the sample evaluated in this work, namely a perfecily attached silicon nitride coating on
a carbon/carbon substrate. According to the assumptions of the model, a perfect silicon nitride coating response to the laser
beam scan would be the K = 10 response while a poorly attached coating would respond more like the K = 1 case.

APPLICATION AND RESULTS

Figure 4a shows a scanning electron microscope (SEM) image of typical silicon nitride platelets on a carbon/carbon
substrate. Figures 4a-4d show the results of a single laser bzam line scan through the large central platelet. Figure 4b1s a
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Figure 2. Thermomechanical model of a coating platelet attached to an elastic
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Figure 3. Thermomechanical modeling results showing the deflection responses of
the substrate to a single scan line over the coating.

laser thermomechanical image of the nitride platelets with a single white line superimposed where the single scan line data
was taken. This image is reversed left to right from Figure 4a. The experimental scan response from left to tight on the large
platelet (Fig. 4c) compares favorably with the K = 10 theory case (Fig. 4d) indicating a good bond and valid
thermomechanical modeling. Coordinate modulation (CM) was used in this example.
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A more recent #"plication is to zirconia thermal barrier coatings on nickel alloy substrates for aircraft engine blades.
Shown in Fig. 5a is such a coating approximately 0.01 inches thick on a one-half inch rod specimen which has been
subjected to a high temperature burn resulting in ablation and partial disbonding in places. The purpose of the
thermomechanical evaluation was to determine the extent of disbonding beyond the ablated regions and to follow the
progress of disbonding as the burn continued. The thermomechanical image of the same region obtained with the above
noncontact laser technique is shown in Fig. 5b. The ablated, bare metal black areas (A) and totally disbonded white areas
(B) are clearly seen. In addition, it is evident that at least two other regions stand out: areas (C) are well bonded and
remained intact during the burn while areas (D) show partial disbonding, indicated by white blotchy zones. These areas are
of greatest interest since, apparently, this is where disbonding initiates. The image clearly shows bond compliance variation
everywhere and thus can be useful in interpreting bond strength.

Figure 5. Thermomechanical imaging of a zirconia coating on a nickel alloy rod
substrate.

SUMMARY

Noncontact laser thermomechanical NDE provides a visual image of bondline mechanical properties. The observed
variation in bond compliance can be correlated to bond strength if the bonding failure mechanism is understood but at the
very least can provide a continuous indication of bond integrity from total disbond to perfect attachment.
Thermomechanical images generated by this method car be readily understood and interpreted since the supporting
theoretical modeling has been confirmed experimentally several ways. Recent applications are primarily to ceramic
coatings for oxidation and thermal barrier protection in aircraft engines. |
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ADVANCED NDE TECHNIQUES FOR QUANTITATIVE CHARACTERIZATION OF AIRCRAFT
by
Joseph S. Heyman and William P. Winfree
NASA, Langley Research Center, MS-231
Hampton, Virginia
23665-5225
USA

SUMMARY

This paper reviews recent advances in NDE at NASA, Langley Research Center and their application that have resulted in
quantitative assessment of material properties based on thermal and ultrasonic measurements. Specific applications include
ultrasonic determination of bolt tension, ultrasonic and thermal characterization of bonded lavered structures, characterizaticn of
composite materials, and disbonds in aircraft skins.

INTRODUCTION

Traditional Nondestructive Evaluation (NDE) emphasizes finding and sizing flaws. To that end, it has been very successfully
applied to improving the safety and reliability of aircraft structures. As the technology matured in the early 50's, new
instrumentation provided relatively easy access to the internal geometry of materials. This insight launched NDE as a profession
and created much of the infrastructure present in the technology today. Today NDE is on the threshold of another renaissance, that of
quantitative mensurement science combined with materials science. Metamorphosis is normal in most technologies, but has been
accelerated in NDE by the advent of fast computers, robotics, digitizers, and of most importance, scientific analysis.

As we moved from isotropic, homogeneous planer structures, to anisotropic, inhomogeneous, layered structures, NDE found new
challenges that required re-analysis. For example, are the same instruments developed for simple metals appropriate for
composites? A more important question raised focuses on the fundamental process of NDE: are we only looking for flaws?

For many cases, the answer is gtill yes. Of importance to the aircraft industry, however, NDE is growing up to the challenge of
assessing the condition of materials providing information critical to evaluating structural performance. To that end, NDE is
becoming a quantitative science, based on physical measurements of real material properties. In this paper, we discuss the use of
physical models for NDE analysis with broad applications for aircraft materials characterization based on thermography and
ultrasonics.

Thermal NDE, for example, has been practiced for many years with great success, yet has not achieved its full potential. The
early use of thermal NDE involved detecting “defects" by viewing an IR image generated after application of heat to the sample. For
the defects to be detected for this case, the subsurface heat flow needs to be impeded by the defect in such a way to give a surface

temperature contrast of at least ,3°C.

Currently high speed digital systems are in use for real time enhancements such as averaging of the IR digital images . When
properly used, these tend to increase the probability of defect detection and lower the mintmal amount of contrast required. Often,
however, such measurements enhance other artifacts such as uneven heating and emisivity variations which hide the presence of
defects or can be confused as defects. Therefore, to optimize the use of these new systems, physical models of heat diffusion are
required for interpretation of these IR images and their time evolution.

Such physical models have been developed for NDE which describe the interaction of thermal, ultrasonic, and magnetic energy
with structures to permit inversion of the data to give quantitative structural information. By using analysis based on physical
modols it has been poosible to optimize the NDE measurements and determine how to best reduce the data to maximize specificity,
resolution and contrast.

Examples will be presented of recent applications of quantitative thermal and ultrasonic NDE for diverse applications
including layered thermal control structures, composite materials, and aircraft skin disbonds.

PHYSICAL MODELS

In the past, the most commen approach to using NDE has been to "try it out”. For example, to determine if ultrasonics can detect a
certain condition such as an unbond, one would place a transducer on the object in question, connect the transducer to a commercial
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ultrasonic device, and look at the display to see if the condition expressed itself. The results were subjective, and did not necessarily
exercise all the capabilities of ultrasonics.

Today, if simple approaches are unsuccessful, one may model the part being tested and examine the interaction of the probing
energy with the part to more fully explore possible NDE methodologies. This is parallel to the philosophy of using modeling to design
new structures; where it is cost effective to use models to explore the efficiency of different designs before proceeding with
construction of the structure, In NDE, it is proving true that modeling not only saves money by focusing the NDE technology to the
task at hand, but it also improves the resolution and quantitative analysis capability.

Fer example, in one class of tests, thermal NDE was initially ruled out because it could not detest a specific built-in flaw. This
decision was based on many hours of measurement which proved unsuccessful in detecting a fabricated disbond in a layered
structure. The scientists involved felt that it would be appropriate to develop a model of the disbonded part, and use the model as a test-
bed for assessing the technology. After careful construction of a thermal model, a different computational method for reducing the
same thermal data was easily able to characterize the defective condition.

The success of many such tests have established a methodology for NDE that enhances the technology and its effective
application to well defined problems.

THERMAL NDE

There are two major classes of radiometric thermal NDE, passive and active. In passive thermal NDE, some condition of the
examined part is at a different temperature because of its geometry, heat capacity or thermal environment. For example, & thinned
pert will equilibrate to its environment faster than a thick part thus differentiating it from its surroundings. Therefore, if the object
is processed through an oven such as might be done for some painted parts, a passive thermal NDE test would involve a measurement
of the change in temperature as the part enters/emerges from the oven.

In active thermal NDE, a prescribed amount of energy is injected into the part causing a change in temperature with respect to
time. The dynamic thermal state of heating up as well as cooling down can be monitored.

ULTRASONICS NDE

Ultrasonics as a field has developed along two lines, NDE and physics. In NDE, most applications are related to geometry
effects such as finding cracks, delaminations, and thicknesses. In physics, however, the use of ultrasonics is very broad including
applications such as electron-phonon interactions, spin interactions with nuclei, and nonlinear absorption. Recently, many labs are
bridging the two fields introducing a new era for NDE,

As a result of such work, problems that were intractable for NDE are now possible. For example, the development of theory and
models of acoustic propagation in stressed materials has resulted in a major advance [1] in understanding the nonlinearity of
materials. Practical applications of this work have resulted in the ability to measure the stress profile of a loaded member, the stress
in critical fasteners, and residual stress in the bulk of some materials.

CRITICAL FASTENER PRELOADING

The conventional approach of tightening bolts using torque to control preload has proven to be unacceptable when bo: d
accuracy of better than about 20% is required. In such critical bolting situations, numerous solutions have been offered such «..

instrumenting bolts with strain gauges, and measuring bolt elongation using micrometers. These approaches can give acceptable
accuracy but are cumbersome.

In recent years, ultrasonics has solved some of these and other stress problems with success. One such approach, developed at
NASA Langley Research Center in 1980 (2,3,4,5), is an ultrasonic phase measurement technique. Other ultrasonic techniques such
as time of flight are in use but are not addressed herein.

To measure the change in length that accompanies tensioning in a fastener, ultrasonic waves are caused to propagate alor.g the
axis of the bolt and to reflect off the end. The phase measurement technique when locked, forces the ultrasonic phase to be constant by
changing the instrument’s output frequency. Therefore, as the bolt is tightened, an exact frequency shift proportional to the change in
bolt load results. This frequency change is due to load-induced changes in acoustic pathlength and sound velocity.

In practical use, the bolt monitor must be calibrated on the tested bolt or on a material with the same properties. Figure 1 shows a
typical calibration system in which the bolt is placed in a load cell. The ultrasonic transducer is bonded to the bolt and the ultrasonic
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as well as the load cell data are read by 8 vomputer as the bo.! is tighteaed. ‘a figure 2, the slope of the load vs. acamalized freauenc;”
shift curve is determined cad is used us the co'ibration factor, Bolt load is then dreternined in the actual field joint Ly measuring th:
frequency caift and applying the calibraticn facter

Figure 3 illustrates the ability ¢/ ultrssonic 2t monitor systeras to measuve load independerntly o1 fricticn. A fight whee’ bolt
was tightened in a foad cell using several different iabricants, each resulting in a d:¥erent craffident of friction. Torque and
ulvrasonic data wei~ recorded while tersicaing the bolt. The affect o [rictional variatio1s ix cleatly sho. 2 on preload for torque and
ultrasenic tension monituring systems.

Ultrasoni: techniques provide an ex-ellent means to achieve accurav: bolv preload and the reliability ol uitrasonic systems has
been demonstrated shrough numerous critical applications. The success oi these systems aemonstralos the evolution of NDE from
qualitative to quantitative information. The {i ’ utility of this technology is built on tiie developzient «f inst:umentation as well as
theoretical models of the propagation of scoustics in stressed matevial,

LAYERED BONDE?) STRUCTURES

A conventional application ot ultrasanics to NDE involves the use of broadbaad pulse-echo excitation to insonify tha tested
material. Normal analysis o’ che returning signals consists of establishing a time gate to include the sample region of interest and a
signal threshold level established from cest parts containing characteristic defects. Such tests were made on samples simulating
bonded layered complex material geometries such az are vypical in aerospace applications [6). Defects such as disbonds between
materials were easity frand for first layer flaws. However, it was not possible to detect deep internal disbonds between layers of
absorbing materials cased in metal. Muitiple ringing of the ultrasonic pulse in the low-loss metal case obscures energy coming
from disbonds buried behind more absorbing materials.

An ultrasonic computational model of the complex structure was developed to evaluate *“e performance of unconventional
approaches required by the complexity of the material. The model insonified the structur . . a long vone burst plane wave normal
to the metal surface. A transmission line impedance was calculated including ti:c effects of each reflecting interface in the
structure. The resulting reflected wave consists of the superposition of all reflected waves and was examined as a function of
frequency.

Figure 4 shows the calculated spactral response of the layered sample viewed from the metal side as a function of frequency. The
two curves represent a numerical evaluation of a good bond and an unbond, between an internal surface of the layered geometry.
The figure shows small differences between the two bond conditions with the average difference decreasing with frequency. The
decrease is caused by the high attenuation of the absorbing internal material preventing ultrasonic energy from penetrating into the
deeper structures. The difference betweer. the two curves depends strongly on frequency, with maximum contrast (difference
between the bond and unbond condition) occurring at resonance peaks.

‘The difficulty in examining the deeper bondline with pulse-echo is now clear. Pulse-echo uses a narrow pulse which comprises
many frequencies. Only those frequencies which lie in the narrow range of a mechanical resonance contribute to the measurement

of the disbond. ‘The other frequencies represent background noise through which the weaker bondline signals must be
discriminated.

The results of the numerical calculations point to the benefit of using a narrow band of ultrasonic frequencies near the
composite resonance of the structure involved. To verify the model, a sample was built consisting of a flat metal plate with multiple
layers of absorbing materials simulating the needed test geometry.

A block diagram of the experimental test is shown in fig. 5 with a spectrum analyzer used to measure the response of the sample
[7). The output from a tracking generator in the spectrum analyzer is gated and amplified to drive the insonifying transducer
coupled to the sample through a water delay line. The spectral response of a reflected wave time gated into the spectrum analyzer is
shown in fig. 6, in excellent agreement with the calculated response of fig. 4.

A realistic layered sample was fabricated by the industrial manufacturer of the part using the same materials, processes and
thickness as are used in production. The sample was 30.5 cm. (12 in.) square with a brass wedge shaped shim cured into the
sample at the bond interface layer in question. The wedge extended from the sample and was pulled after curing to create a disbond
in the desired location. The shape of the sample is shown in fig, 7.

An image of the sample is shown in fig. 8 obtained using the spectrum analyzer system to scan the sample with a coarse step size
of 0.2 cm. over the image area of 8 x 12 cm. A similar scan was made using a conventional pulse-echo system gating the signal for
the inner bond interfaco using peak detection and various threshold levels. The conventional scan could not resolve the disbond
above background variations in the signal. The image obtained with the tone burst system clearly resolved the wedge delamination
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shown in fig. 7. The improved ultrasonic signal to noise was made possible by using information obtained from the physical model
calculations. Such tests are providing the basis of practical solutions to NDE problems in complex bonded joints.

Although ultrasonics is a logical approach to examining bonded structures, different, complimentary techniques add
significant reliability factors to the inspection. In particular, thermal NDE also provides significant cost benefits for large area
rapid scanning. Traditional thermal NDE consists of surface heating while measuring the temperature radiometrically with an IR
camera, A near surface disbond would appear as a transient hot spot .

LaRC has developed OPTITHERMS (OPTlIcal THermal In{*aRed Measurement System) {8], a thermal NDE system composed
of a scanned modulated laser, an IR camera, an image frame grabber, and most important, a thermal model. Similar to
ultrasonics, the model is used to interpret the data and to point the way to improved signal-to-noise measurements.

The thermal dynamics are simulated using a computational diffusion (thermal impedance) model [9). The different layers of
the sample are represented by proper model elements with values determined to map the thermal diffusion physics into the equivalent
model analogues.

The results of the analysis show that the best signal-to-noise one can achieve is equal to the highest contrast, defined as the
maxiium difference in temperature, for the sample with and without a flaw. A more complex analysis of the thermal system
involves the determination of equivalent thermal sources and sinks that effect the flow of thermal energy. An example of the power of
this approach is shown in fig. 9a where the image shows one time increment of the temperature of the surface of the layered sample of
fig. 7. Note that the main visible feature in this figure is the effect of uneven heating of the surface of the sample. The wedge
delamination is hidden.

Figure 9b, on the other hand, was obtained from analysis results of the model using the same data base as fig. 9a. to extract
thermal sources. The wedge shaped delamination clearly stands out from the background. By imaging and processing data using
the physical model as a driver, we are able to differentiate delaminations from other processes in the sample thus improving our
ability to interpret the image.

CURE MONITORING AND NDE OF COMPOSITES

An important problem facing practical use of composite materials for aerospace is cost. Costs are driven by the raw material,
labor intensive fabrication, and by poor yield. The use of QNDE can reduce costs by permitting automation of processes based on
reliable sensors and by increasing yields through proceas control feedback in autoclaves for curing composites.

The autoclave process for curing composites first raises the temperature of the uncured part causing a decrease in the matrix
resin viscosity. Any excess resin is removed by bleeder cloths surrounding the part. Further into the cure cycle, the viscosity begins
to increase as the molecular length of the polymer chains increases. At this point, the pressure is increased in the autoclave to insure
compaction of the composite, to eliminate gas volatiles and reduce the size of any porosity. As the process continues, the viscosity
further increases until the polymerization is complete.

Usually, monitoring is accomplished by measuring the sutoclave temperature and pressure by placing sensors on the part itself.
Such monitoring procedures only measure the environment in which the part sits. It is more quantitative to measure properties of
importance, in the part itself, such as viscosity or degree of cure. There are physical relationships between the degree of cure and
ultrasonic parameters of the resin. These are possible inputs for feedback control of autoclaves improving the reliability, yield, and
cost effectiveness of composites,

The longitudinal velocity is related to the degree of cure using the principle of additive meduli, which relates the bulk moduli of
an organic liquid to a sum of contributions from its constitutive molecular groups. The concept was first found for liquids by Rao{10],
then expanded on by Van Krevelin[11) and has been shown to be applicable for solids[12]. The analytical expression for relating the
moduli (K) to the contributions of different molecular groups is given by the expression:

K(t) = p (EC| (1) Ry / (EC (1) v} )B (n

where C; are the concentrations, R, is the Rao function and V; is the molecular volume for each molecular group and the sum is
over all molscular groups. From this expression, the velocity as a function of degree of cure can be shown to be[13]:

V(t)=[(Sg+0(t) S3)8(1+ 43 A)-4/3 A So51/2 @),

where Sg and Sg are sums of Rao functions, A is an experimentally determincd constant, and a(t) is the degree of cure.
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An experimental approach was developed to verify the theoretical ultrasonic model of a curing composite. The experimental
configuration consisted of a parallel plate curing cell with a 20 Mkz ransducer bonded to one of the outside faces. An oven surrounds
the cell to control the temperature of the resin during the cure reaction. Resin and curing agents are mixed, introduced into the cell,
and raw data is obtained from digitized pulse-echo ultrasonic signals.

The data is processed to improve the signal-to-noise and to remove the effects of the transducer/cell from the measurements of
the propagation in the resin. The signal processing is based on a physical model of the test cell, which adjusts the acoustic propagation
parameters of the model to determine a best estimate of the velocity, the attenuation, and the frequency dependence of the attenuation.
Based on a criteria of least squares error, the processing uses all the data rather than just the leading edges or peak amplitudes, as is
usually done in simple time-of-flight measurements. This approach significantly improves the resolution and accuracy of the data.
Velocity as a function of cure time found for a typical run and the degree of cure as calculated by equation (2) is shown in figure 10.

The development of quantitative physical models was essentie! to the successful application of ultrasonics to monitoring
autoclave curing of composites, The models not ouly identified what parameters needed to be measured, but also resulted in process
insight such as the ability to determine reaction rates, their temperature functionality, and activation energys for cure of aliphatic
and aromatic amines/epoxy systems.

NDE of composites after fabrication is a complex and often misunderstood process. Simple delamination detection is typically
the only test performed leaving many questions unanswered. For example, the assessment of fiber condition is a critical parameter
to insuring performance of the composite. One technique of examination is based on quantitative thermal diffusion measurements.
An example of this approach is shown in fig. 11. This figure represents a vector diffusivity map as a function of fiber angle in the
part. From this informatio:, one can determine the uniformity of fiber direction and fiber condition.

Analysis based on these measurements has been used to detect broken fibers. For example, fig. 12 sh.ws a thermal diffusivity
scan across a composite material containing fibers that were dariaged prior to matrix curing. The change in diffusivity
accompanying the fiber damage is clearly visible.

NDE OF AIRCRAFT SKINS

The recent emphasis on NDE for mature aircraft has highlighted the need for detection and analysis of degraded conditions of
bonded lap-joints. Both ultrasonics and thermal technologies have been applied to characterizing that geometry. In particular,
thermal NDE has the attributes of being non-contact, remote, and able to image large arcas. Bonded lap-joints were obtained to
evaluate the direct application of thermal measurement techniques to the aircraft configurations.

The samples were constructed for NDE evaluation and contained built-in disbonds between the skin and the hidden stiffeners.
A simple heating protocol was used to provide a necessary heating pulse calculated to inject energy per unit time required to detect the
condition of the bonded interface. This was achieved with quartz lamps driven by a computer determined heating profile.

The temperature of the surface of the sample was measured radiometrically with an infrared camera video frame grabbed
directly to an image processor also under computer control. Signal averaging, processing, and analysis were done, for Lhe most part
on line, providing direct imaging feedback to the user.

Fig. 13a shows the processed thermal image of the skin over the bonded section. The stiffeners clearly show up as thermal sinks
and are uniformly bonded as determined from the diffus,' ity uniformity of the data. In contrast, Fig. 13b shows the region of the
panel with the disbonded stiffener. The thermal image differentiates the degraded condition from the background. At present, an
optimum inversion process of the thermal data is underway for generic application to thesc bonded geometries. The inversion
process is based on such parameters as the physical models of the geometry, the materials involved, the material properties and their
anticipated variations. Such advanced signal processing insures that spurious effects such as variations in heating, thermal
absorption, and emisivity can be minimized so as to produce images that can be quantitatively interpreted.

CONCLUDING REMARKS

The technolugy und svience of NDE is in a rupid state of fiux. The wadilivnal ruies played by NDE peopie are expanding w
include capabilities of providing quantitative information for analysis. The development of physical models, theories, and
computational techniques to simulate NDE are the backbone of these advances. The applications shown are broad and include recent
successes in NDE of bolt stress, space propulsion, composites, and aircraft.
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Solid Rocket Motor's Frequency Response
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Figure 6. Spectral response of the layered metal sample showing the computatior. model resonance peaks. Detection of internal
disbonds is optimized using ultrasonic frequencies corresponding to the high contrast predicted by the computational model in fig. 4.
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Figure 8. Grey scale ultrasonic image of reflection amplitude at the resonance frequency of the
layered sample. Image clearly shows the wedge disbond in the internal bonded layer.
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Figure 9b. Thermal NDE image showing the wedge disbond. The image is derived from an
inversion of the data combined with the physical model of the sample geometry.
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SAMPLE WITH NO DISBOND

Figure 13a, Thermal NDE image of an aircraft skin showing a good skin stiffner bond.
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Figure 13b. Thermal NDE image of an aircraft skin showing a skin stiffner disbond.
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ACOUSTIC EMISSION FROM A GROWING CRACK
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SUMMARY

A dynamic crack growth event is modeled using =2n integral equation method to develop an analytical
expression for an acoustic emission wavefcrio at any point in front of a crack propagation source. An
xperimental procedure is under development for investigating the important characteristics using a simple
precracked compact tension specimen. A laser interferometric apparatus is used to measure displacements
and velocities normal to the specimen surface. Crack propagation gages are used to determine the crack
velocity., These experimental results are then used to verify the analytical model,

INTRODUCTION

Separation of crack growth signals is of fundamental importance for detecting, locating, and
determining the significance of an internal flaw, The difficulty assocfated with modeling acoustic
emission is not only in providing an accurate representation of the source mechanism, but also in
determining the effect of the specimen geometry and the sensor on the acoustic emission signal,

An influence function is used to develop an integral equation to model the near tip dynamic stress
due to a prescribed crack growth event. The propagation of the crack greatly influences the stress field
in the vicinity of the crack tip, causing stress waves to radiate into the body and on the crack surface;
it is the displacement caused by these stress waves that is being modeled. Acoustic emission testing
detects stress waves at the body”s surface and relztes these back to crack propagation events. An
advantage of the analysis presented is thet che source for the acoustic emission signature is an actual
crack propagation event and not a simple point source model.

The velocity of the moving crack tip and the time dependent displacement due to the crack growth
event are measured using a crack propagation gage and an interferometric displacement/velocity sensor
respectively. The displacements being measured are acoustic emissions from the dynamic crack growth.
These displacements are the benchmark comparison to the analytical model. The velocity measurements ave
input parameters for the analytical model.

In the next section, the analytical method is developed and discussed. Then the experimesial
procedure is explained, and these results are ccmpared with the analytical model in the last section.

ANALYTICAL METHOD

Pirst, the dynamic Mcde I stress caused by 2 scmi-infinite crack propagating with a prescribed
velocity is determined, and tnen the displacements at any point are calculated. The method for
determination of the stresses, summarized in [1], uses an influence function (or Green”s function) method
to formulate an integral equation in two variables, a spatial coordinate (x) and time (t). The influence
function U (x-x",t-t”), obtained in closed form using the Cagniard-de Hoop methud, 1s the vertical
displacemexx of an elastic half-space subjected to a unit conceatrated impulse acting at a point normal
to ite edge,

Assume that a crack exists at time t=0 with fts tip located at x=a(0) and y=0. Por time t>0, the
crack tip moves from x=a(0) to xwa(t). The two relevant boundary conditions are that the newly formed
crack faces are stress free and that the vertical displacement in front of the moving crack tip is zero.
These boundary conditions are satisfied by:

(a) Removing the existing known static stress, g = P(x), and assuring that a new unknown time-dependent
stress, °}y' ?(x,t), develops. yy

(b) Requiring that this new stress distribution be developed such that thece i3 vertical displacemernt
~ontinuity in front of the moving crack tip.

The continuity boundary condition can now be expressed in terms of the influence function, Uyy(x-
X", t-t”) as:
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fo.l':P(x )Uyy(x x',t-t!)dx’dt
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The above expression ig a Volterra integral equation of the first kind In the variables x and t. To
provide a simple solution of this integral equation, assume some spatial form of the unknown stress
distribution, F(x",t”), that contains a square root singularity at its tip location, a(t”). This unknown
stress in front of the moving crack tip is assumed to have the spatizl form of a static crack with {ts
tip located at a(t”), multiplied by some unknown time function, K(t"):

F(x',t') = K(c')/ J2x Jx'-a(t)) (2)

It should be noted that the assumed spatial stress distribution exists instantaneously for all values of
x">a(t”) for any time, t”.

For the steady state case of a crack propagating with a constant velocity, the calculated value of
K(t”) 1is a constant that is only a function of the crack tip velocity. As the crack tip speed increases,
the corresponding constant value of K(t”) decreases. The results for the case of a crack that suddenly
stops after propagating is that the calculated value of K(t”) discontinuously jumps to the value of the
corresponding static stress; there is no transition zone and the stress never increases above the value
of an equivalent static crack. The dynamic stress results computed here compare well with those
calculated using the Wiener-Hopf Technique (Freund [2] and Rose (3]).

The displacement at any point in the infinite body is determined using the above dynamic stress,
P(x",t”), and the influence functions, U, (x~x",y,t-t”) and U__(x-x",y,t-t”). These influence functions
represent the displaccment u_ and 2 at “any point (x,y) in atVelastic half-space. The solution for
these influence functions is again chomplished using integrel transform techniques. Using the
previously calctlated dynamic stress distribution, convolution integrals can be written to calculate the
vertical and horizontal displacement as a function of time for any point (x,y) within the body., For
numerical simplicity, the displacement is determined at a point, x, in the plane of the crack (y=0). At
any point on this plane, the displacements are given by:

uy(x,t) = 0 (because of symmetry) (3)

U x,€) = =[5l )U, (xox y=0, £ Yo d

GO B30, (k! =0, £t ) drde @)

The proposed solution procedure is illustrated for the case of a crack tip that instantaneously
reaches a constant velocity, c¢,, propagates for a length of time, t_, and instantaneously stops. Figure
1 {llustrates the time dependent displacement at a point, x, causedcby a crack that propagates at a
velocity of approximately 20% of the Rayleigh wave welocity (c_,) for a short time duration. The effect
of the arrival of the longitudinal wave fronts from the starting and stopping phases of the crack
propagation (t, (start) and t (stop)) is clearly seen. After the arrival of the transverse wave from the
stopping event (t, (stop)), tke displacement reaches a quasi-static value larger .han the original static
value. The small non-zero displacement prior to the arrival time of the fastest wave from the initial
crack tip (t (start)) is due to the assumed spatial stress distribution of Eqn., (2). This assumption
implies the phyeically unrealistic case that an instantaneous stress exists in front of the moving crack
tip. The stress distribution assumed fn Eqn. (2) contains a square root singularity at the moving crack
tip ~hich dominates the dynamic stress field while the stress values away from the moving crack tip are
neg.igible In comparison. Except for this discrepancy in arrival times, the assumed stress distribution
accurately models the actual dynemic stresses. Figure 2 shows the change in displacement due to
variations in crack velocity while Figure 3 illustrates the effect of the duration of crack propagation.
The results indicate that the maximum displacement increases for increasing values of constant velocity
or duration of propasgation and that the displacement gradients increase for increasing values of constant
velocity.

EXPERIMENTAL PROCEDURE

The experimental procedure examined the Incremental propagation of an existing crack in 2 medified
compact tension specimen. Polymethyl methacrylate (PMMA) material was used to fabricate one-half inch
thick specimens that have varying length and width dimensions. The materfal”s low fracture toughness and
nearly brittle failure mode allowed cracks to be easily propagated, Optical transparency permitted the
size, geometry and location of cracks to be readily determined. The crack propagation gages were located
at the initial crack tip to measure crack tip velocities. A high sensitivity heterodyne interferometer
was used to detect acoustic events resulting from crack growth in the specimen. A schematic of the
instrumentation is shown in Figure 4, The devize used in these studies permits high fidelity localized
measurement of displacements resulting from acoustic emission events arriving at various locations on the
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sample surface, Since this type of measurement does not acoustically load the sample, the event being
observed is undisturbed by the measurement process.

The polished face of the specimen, opposite the crack, serves as one mirror of the interferometer.
The beam striking this face is approximately 1.5 mm in diameter and samples the average displacement over
this reglon, which is much smaller than the wavelength of the acoustic events being observed. The sauple
is designed so that initial acoustic emission events leaving the crack tip will arrive at this face prior
to reflection from other faces of the specimen.

It should be noted that the analytical procedure being developed describes events prior to the
arrival of stress waves reflected from the test specimen”s boundary and is invalid for the time period
after the fastest reflected waves interfere with the direct signal from the crack propagation event.

The operation of the heterodyne interferometer fs similar to that described elsewhere {[4]. Briefly,
single frequency iaser light 13 split into two components using an acousto-optic modulator. These two
components, which are separated in frequency by 40 MHz, are gzent along two arms of an interferometer one
of which contains the sample to be monitored. The beams are recombined on the surface of a photodetector
producing a beat frequency of 40 Mz, Phase shifts in the light reflected from the sampie surface result
in proportional phase shifts in the beat signal. As a result the 40MHz signal acts as a carrier that can
be demodulated to determine the time deperdent displacement occurring st the sample surface, The signal
from the photodetector was demodulated In real time using an FM discriminator with a bandwidth of 10MHz.
The demodulated output signal is proportional to the normal surface velocity of the specimen and can be
integrated to determine its time dependent displacement,

The initial crack velocity is determined by measuring the change in resistance of the crack gage as
a function of time, Both the acoustic emission waveform and the crack velocity profile are acquired on a
pretriggered dual channel, digital oscil'sscope. The time diffurence between the start of the crack
growth event and the arrival of fts signal at the cobservation point is easily determined with the
pretriggering feature of the scope.

DISCUSSION AND CONCLUSIONS

A characteristic crack emission is shown in Figure 5., Here, a delay of 1l.4usec exists between the
start of the gage and acoustic emission signal, which compares well with a calculated time lag of 11,2
sec, The first reflected wave from the specimen boundary 1s calculated to arrive 10.4usec after the
arrival of the initial signal. By using an estimated velocity prcfile for the final stage of growth, the
last transverse wave should arrive approximately 7Qusec after the arrival of the starting eveat. The
velocity profile, curve fitted from the crack propagation gage data, is shown in Figure 6, while the
integrated acoustic emission signal is shown in Figure 7. This integrated signal represents the measured
displacement at the observation point, x, due to the actual crack propagation event. This displacement
curve is needed to verify the analytical results being developed, In the early time period, Figures 1
and 7 show fairly good qualitative agreement between the analytically predicted and experimentally
measured displacements., The two curves begin to deviate from each other at later times as the finite
specimen geometry dominates the experimentally obtained signal.

Anomalies in the fracture behavior of the specimen included out of plane growth and crack tunmeling.
Tunneling was caused by tle stress gradient through the specimen thickness. In some cases crack growth
as inftiated on the surface opposite the propagation gage and there was a reduced time lag betweeu the
start of propagation and the arrival of its signal, More experimental development is necessary to reduce
the influence of the specimen geometry on the measured acoustic emission waveforms. The analytical model
must also be refined to diminish the effect of the assumed spatial stress distribution.

REFERENCES

1. L.J. Jacobs and M.P. Bieniek, "An Integral Equation Method for Dynamic Crack Growth Problems,”
International Journal of Fracture, in press.

2. L.B. Freund, "Crack Propagation in an Elastic Solid Subjecte' to General Loading,” Journal of the
Mechanics and Physics of Solids, Vol., 20 pp. 129-152, 1972,

3. L.R.F. Rose, "The Stress~Wave Radiation from Growing Cracks,” International Journal of Fracture,
$Hl. 17 pp. 45-690, 1981.

4, L.J. Jacobs, W.R, Scott, D,M. Granata and M.J. Ryan "Acoustic Emission from a Crack Growth Event,”
Review of Progress in Quantitative Nondestructive Evaluation, Vol. 8B, pp. 1811-1818, 1988.

ACYNOULENGEMENT

This work was performed while the first author was a participant in che Navy/ASEE Summer Faculty
Research Program,




23-4

Displacement, upu,(x,t) (meters)

000004 I ] L] | L]
1 tc = 10x1076 sec
Xx=02m
0.0003- (0) = 0.02 m
Ca/CR = 0.207
v = 0.340

1 # = 2.65x109 N/m?

L 4 L] I L4 L 4 " ¥
t, (stop) t, (start)

- - - —— A th W e o e e aey - e - a -
pe e o o e e - - — - — . - — -

0.0002- .
0.0001 ~ -
. t, (start) :
OOOOOO ¥ 1 L] l L ] ) ¥ L ' ¥ 1] ¥ l]* ] ) v
0 2E-05 4E-05 6E—05 .
Time, t (seconds)
Figure 1: Displacement in Solid Due "+ .-,
Abrupt Crack Exter ~"~r
/EJ.\ 0.0004 T T T T T T T T "'"""T—""_?
O
)
o ;
£
~  0.0003 tc = 10x10-® sec
~ x=02m
+ ] X
Re) a(0) = 0.02 m
= 0.00024 M = 2.65x10° N/m? -
3‘: ) C/C, = 0.207
-+ /, \‘\ h
C ’ Se
o / N
£ 0.0001- / S -
S C,/C, = 0.104
2 .
2
D OQOOOO T ) L 4 l T 1 ] l )
0 4E-05 6E-05

Figure 2:

Time, t (seconds)

Variation of DisF cement with

|
Crack Velocity (c,




23-5

000003 ) ¥ ¥ l v ¥ ) l L] ) ] l ¥ LI T

C/C, = 0.104

4 x =02 -
0.0002 a(0) = on:)2 - \\‘tc = 20x10-* sec

] u = 2.65%x10* N/m?

0.0001 4
= 10x10-* sec

Displacement, uu,(x,t) (meters)
|

OoOOOO T T T { T T T T T T T
0 2E—-05 4E-05 6E-05

Time, t (seconds)

L] L T

'BE-05

Figure 3: Variation of Displacement with
Duration of Crack Propagation (t,)

oM MIRROR

D— N\

Argon LASER

< %
DETECTOR

14

SAMPLE

Figure 4: Interferometer Schematic

|

I

Lam*nm R A T T T S R T N T L R TS Ry o




23-6

/_O\ O:O4 T T T T l T T 1 1 L { ] T T L} T 1 T T T T T
C 1 o
o)
0
o ]
2
? 0.024
o T !
9
Q
\gj ]
0.00 ~Aramnmtmtmnom ey e — — o = — H—{—
.+_>_-:\ o
%)
0o ]
3
> —.024
Q J
Q
O
o |
3
U) "'.04 T T T T T T T T T T 7 T T T i l— T T T T
0.0 2.5E-05 5.0E-05 7.5E-05 1.0E-04
Time, t (seconds)
Figure 5: Characteristic Surface Velocity
from a Crack Emission
£00

T LB ' T L) ¥ ¥ l‘lil ¥ ¥ l L1 L) ¥ ] l 1) |

FITTED CURVE:

4004 V) = 410.3 — 52.36 t + 4.258 t2
~0.1174

Velocity (meters/second)

| ALY L L B L FL LR AL R S

0 5 10 15 20
Time, t (u—seconds)

Figure 6: Crack Tip Velocity Through Crack Gage

(Initial time, t=0, occurs when the
first gage wire is broken.)




237

Displacement (meters)

- 1.0E""07 T T T Lo T T T T T T T T T l T T
0.0 2.5E-05 5.0E-05 7.5E-05

Time, t (seconds)

1.0E—04

Figure 7: Displacement at Surface
Perpendicular to Crack Path

R P T sV S L T U T S e S i




P I T Y i p o g

24-1

STUDY OF FAILURE PROCESSES IN FIR:R REINFORCED COMPOSITES
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SUMMARY

Static and fatigue failures of composite materials are dominated by the initiation, growth and
propagation of typical damages, up to some catastrophic condition. NDE techniques are used to detect
and monitor the progressive development of damage and therefore they contribute profoundly to fur-
thering the understanding of damage growth and its effect on the material response. With few excep-
tions, most of the presently used non-destructive evaluation do not possess a real-time, in situ capabil-
ity. Fortunately, acoustic emission (A.E.) techniques show promise for monitoring structures in service
and to assess damage at various stages in the life of a composite structure.

This paper describes new directions in the study of damage growth in composite specimens sub-
jected to cyclic loading. A part of the paper assesses changes in the rate of damage accumulation in
GFRP during cyclic Mode II loading using traditional A.E. techniques. Typical damage growth patterns
are identified and represented on a S-N fatigue curve highly significant to the composite designer.

The other part of the paper attempts to identify the microfailures in CFRP during uniaxial fatigue
testing by applying advanced signal processing techniques on the actual event wavefor:»s coupled with
pattern recognition analysis. The data analysis procedure has evolved from our earlier work analyzing
acoustic emissions fiom the discrete components of a CFRP laminate, Pattern recognition analysis using
the reduced waveform features on independent groupings of the data and training sets resulted in dis-
criminating between A.E. and noise signals and in distinguishing signal classes frora damage related
sources.

INTRODUCTION

Ideally, the understanding of the damage capability of a composite system coraprises, first that
changes in the condition of the material that influence the structure's mechanical performance can be
assessed non destructively and, second that the major damage modes in the composite under load can
be identified. Due to the complexity and variety of defects and failure mechanisms in composites, con-
ventional inspection methods have shown severe limitations with respect to monitor the growth of a
region of damage arising from impact or manufacturing flaws, to warn of potential fa;lures of structural
components or possibly to identify poor design or installation. Therefore to ensure fuller utilizavion of
life cycle capability of composites an economical NDE method of detecting, locating and assessing
damage and its effects on the composite response is necessary.

Fortunately, acoustic emission (A.E.) techniques show promise for monitoring structures in service
and to assess the damage at various stages in the life of a composite structure. Advanced A.E. signal
analyses can be used to extract detailed information on the mode and state of damage present in a
composite in real time thereby potentially providing continuous monitoring of the heaith of a structure.

In this paper, the approach to implement this capability is described. The first part of the paper
is concerned with Mode II delamination analyzed in glass fiber/epoxy "DCB" specimens subjected to
cyclic loading. The understanding of this failure mechanism lends itself to an evaluation of the damage
tolerance of the composite and to the identification of the microfailure nodes causing it. The second
part of the paper is concerned with the identification of microfailures in a carbon fiber/epoxy laminate
subjected to uniaxial fatigue loading using signal processing techniques of the actual event waveforms
collected during the test rather than monitoring the numbers of events and their ring down properties.
When combined, the data can be used to evaluate the damage tolerance properties such as delamination
fracture toughness of a composite, and to obtain a one to one correlation between the microfailures and
the detected A.E. signal sources.
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METHODOLOGY

The overall concept of the work in progress can be represented by the flow chart shown in Figure
1. On the left hand side, an acoustic emission: scenario unabling to depict the occurrence of damage in
glass fiber/epoxy subjected to cyclic loading and to quantify the life cycle capability of a composite
system up to delamination is summarized. On the right hand side of the chart, new directions in the
field of acoustic emission testing and analyses are outlined to provide greater understanding on the
nature of the defects developing in CFRP during fatigue loading.

The Delamination Problem in GFRP Composite.

Knowing the brittle nature of the current epoxy matrices, delamination constitutes a major
damage in composite structure since its reduces the stiffness, strength and the fatigue life of the struc-
ture.  Interlaminar stresses develop between layers of different fiber orientation due to high
anisotropies of the laminae and these can lead to interlaminar fractures or delamination at free edges,
holes or -existing defects in the laminate. Therefore the composite designer not only has to contend with
the computation of the stress distribution in his composite structure but with key damage tolerance
properties of his composite such as the delamination fracture toughness.

The interlaminar toughness of composites is commonly characterized by the so-called Mode I ten-
sion test and Mode II shear test. Energy release rates Gj and Gjy obtained from these tests provide the
designer with a valuable measure of the interlaminar fracture energy for his composite laminate but

- this is only a minor part of the story of a major interlaminar fracture problem.

Generally, Gj and Gy values are determined with double cantilever beam (DCB) specimens con-
taining an artificial delamination therefore generating a fracture energy value for stable and unstable
crack growth conditions, In fact the most important initiation stage (matrix microcracking, fiber
disbond,...) leading to delamination is neglected although the extend of this period can represent the
most significant time interval of a component useful life.

In the present study, the emphasis is placed on distinguishing the various stages of fatigue life
damage: initiation, progression, and delamination. S-N fatigue curves and residual life prediction are
derived entirely by the A.E. signatures recorded during fatigue testing.

o ate

Identification of Failure Modes in CFRP.

Composites materials can fail in some different modes depending on their fabrication and
mechanical loading history. The failure modes consist of an accumulation of many microfailures
(matrix, fiber, interface debonding) before a catastrophic failure occurs. Therefore it is most important
to know which type of microfailure is about to begin. So far it has been difficult to use A.E. data to dis-
criminate efficiently between signals associated with different microfailure mechanisms. In principle,
because the A.E. signals are originated by microfailure process which convert a portion of their elastic
strain energy into waveforms, the shape of a propagating pulse must depend on the particular micro-
failure mode, the physical properties of the composite material and the response of the piezoelectric
sensor. Therefore the A.E. signals which originate from different sources must differ also in their time
characteristics and frequency content [1]. Since the signals detected by a sensor include the effects
from the propagating composite medium and the A.E. sources themselves, it is imperative to eliminate
the contribution of these effects on detected waveforms so that A.E. source can be identified.

Recent advances in computing power now makes complex signal analysis possible thereby
enabling the extraction of much more information about the A.E. signals previously not available
particularly in real or near-real time. In recent studies [2-5], signal processing coupled with pattern
recognition techniques have been successfully applied to the problem of classifying several types of
non-destructive evaluation data including A.E. waveforms. The transient digitizers and fast microcom-
puters used can only collect subsets of the total number of emissions thus at this point in time pro-
hibiting real-time processing of all NDE data for on-line monitoring applications. This can be attributed
to the fact that descriptors that characterize the signals are important in the recognition process and
these have to be calculated in the time domain and frequency domain via transforms such as the fast
Fourier Transform (FFT) [6]. However with the modern techniques based on data modeling procedures
such as the autoregressive (AR) [7] and the autoregressive moving - average (ARMA) (7], spectral anal-
yses can achieve increased spectral resolution (8], particularly for short data records. Representative AR
and ARMA coefficients are evaluated and then employed as the features in the pattern recognition
analysis,
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The second part of this paper deals with: i) the analytical procedures to which the A.E. signals,
collected during fatigue loading of CFRP, were subjected in order to extract the waveform features that
are related to the microfailure mechanisms, ii) the pattern recognition techniques that exploited the
above signal features to classify and recognize A.E. signals from damage related sources and spurious
A.E. sources present during fatigue testing [9].

A schematic of the A.E. analytical process utilized in our laboratory is shown in Figure 2. The
pattern recognition algorithms used here were created from the software "STATISTICAL ANALYSIS
SYSTEM" (SAS) [10]. The main objective of pattern recognition is to classify a pattern, in our case the
digitized waveform, into one of several possible signal classes. A second objective is to obtain possibly
certain discrimination of the A.E. data. A key problem in pattern recognition is the feature extraction,
i.e. the determination of the best features that can discriminate A.E. data from different classes of
physical phenomena and to correctly identify samples from the same classes.

Generation of a feature file

The A.E. signal features are measurable scalar quantities extracted from the time domain and the
frequency domain for each waveform. Previous studies on discrete components of a composite material
system i.e. neat epoxy, carbon fibers, and delamination (DCB test) of simple laminate [5] have been used
to correlate repetitive spectral characteristics to damage muchanisms which are known to be working
within a CFRP composite during selected experiments. Therefore the reference waveform features gen-
erated from A.E. signals collected durig these experiments provide an excellent base of A.E. sources
since they relate closely to the micro'«iiure mechanisms operating in the composite. The method of
measurement of the waveform feature: utilized is illustrated schematically in Figure 3. Each set of
features constitutes one variable X in a multidimensional space. Considering the values of the combined
features for a specific A.E. signal, one can represent the signal with a point or a vector in the
multidimensionai space called pattern space.

The pattern recognition analysis

A pattern recognition routine includes (Figure 4) first of all, a learning stage (from the training
samples for feature selection and classification) whereby a set of decision rules is assembled and
second, an automatic classification of unknown signals collected during a fatigue test. Essentially it
allows:

- dimensionality reduction, i.e. it searches for the optimal subspace of a given feature space;

- cluster analysis, i.e. for unknown classes of signals it consists in finding natural groupings of set of
data by searching the similarity between their vector representation;

- discriminant analysis, i.e. it separates one class of signals from another in the feature space fol-
lowing certain classification processes such as the quadratic discriminant function and the K-near-
est neighbors;

- classification, i.e. it sorts out new unknown signals based on the relative discriminatory power of
the variables used, and following supervised classification rules.

TESTING PROGRAM
The Composite Materials

The delamination study was carried out on S-glass fiber/epoxy (CE 9000-9) developed by Ferro
Corporation. The laminated panels which were fabricated by Bell-Helicopter Textron Canada consisted
of 26 plies [t 45, 04, * 45, 04, 45, 04, £ 45, 04, £ 45] giving a thickness of 5Smm. The DCB speci-
mens (295 mm long by 20 mm wide) were cut from the panels.

The actual event waveforms were collected from standard tensile specimens cut from (x 45)25s
carbon/epoxy (Hercules AS4/3501) panels 1.1 mm thick. These were fabricated by Fleet Industries, a
division of Fleet Aerospace Corporation.

The two types of composites were C-scanned and found to be free of detectable defects.
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Fatigue Loading and Acoustic Emission Monitoring

The details of the experimental procedures and the dimensions of the GFRP specimens for shear
loading were reported earlier [11}. Summarily, the double cantilever beam specimen was subjected to
cyclic Mode II forward shear as shown in the loading configuration (Figure 5). An AET-5000 B comput-
erized system in conjunction with three resonant piezoelectric transducers mounted on the DCB speci-
men was used to detect and locate the acoustic signals originating from either of the two shear zones.

The fatigue loading of the CFRP tensile specimens was performed on a closed loop servo hydraulic
testing machine under load controlled mode. Spurious acoustic emission noise due to hydraulic loading
was eliminated using a polyiaer (Delrin) insulating material between the specimen and the loading
grips. The A.E. waveforms were detected by a broadband piezoelectric sensor (B & K 8312) mounted
onto the tensile specimen. This sensor had a built-in preamplifier (40 dB gain) and was characterized
by a nearly flat frequency response over the range 0.1 to 0.8 MHz [12]). The A.E. signals were digitized
and processed in a self-contained system (Data Precision-6000). Software routines have been devel-
oped to facilitate rapid transfer from the digital storage of the Data-6000 to a PC/AT. In addition, pre-
cautions were taken to mitigatz any adverse consequences of the signal distortions introduced by the
detecting system [12). This was achieved by identifying the inherent problems in the system causing
the distortion of the signal and secondly by devising a methodology allowing us to eliminate the defec-
tive components of the distorted signal.

The fatigue loading characteristics for the two types of exper-ments are summarized in Figure 6.

RESULTS AND DISCUSSION
Cyclic Mode II Loading of GFRP Specimens,

The results of the static Mode II tests to determine the interlaminar shear strength, 1y, for this
material have been reported previously [11]. Seven identical specimens were tested to yield an aver-
age interlaminar fracture stress of 56.6 MPa. The results of the fatigue tests realized at different stress
amplitudes are summarized in Table 1. In terms of A.E. activity, the data clearly differentiates three
stages of the fatigue life identified as:

Stage 1 defined as the number of fatigue cycles below which there is no A.E. activity in the com-
posite. It represents, for a given level of cyclic stress, a threshold leading to irreversible damage in the
material.

Stage II corresponding to the progressive growth of A.E. activity during a fatigue test. The extent
of this period (i.e. the number of fatigue cycles) is strongly dependent on the stress amplitude or the
rate of damage generated by the cyclic loading.

Stage III corresponding to a sudden burst of A.E. activity in the material and analogous to the
very large count rate of events recorded at the instant that the delamination occurs during a static test.

A typical histogram showing the distribution of A.E. events with increasing the number of fatigue
cycles in the two shear zones of a specimen is shown in Figure 7. As the test progressed higher A.E.
activity appeared first in zone 1 (left of center) then in zone 2 (right of center). Nevertheless the
delamination occurred finally in zone 2 at cycle number 1667 as indicated by a sudden outburst of A.E.
events, which was also confirmed by a microscopy analysis performed on the damaged specimens [13].
Figure 8 is an example displaying how the damage progression monitored through acoustic emission in
the composite during fatigue loading can be represented graphically by a conventional S-N curve. This
unigue method of analysis unables us to estimate the period of the damage growth preceeding the
delamination process as a function of the fatigue stress amplitude, up to the fatigue limit of the
composite (i.e. 0.4 7, for an endurance limit corresponding to 1.5 « 106 cycles).

From a practical point of view, a knowledge of the damage evolution in a composite subjected to
cyclic loading is highly valued to assess its damage toicrance capability. Since the A.E. activity mea-
sured during a fatigue test allows us to follow the material degradation as:

Na+ Np=Nf
where
Na = number of fatigue cycles to initiate the damage in the composite (Stage 1)
Np = number of fatigue cycles to propagate the damage in the composite (Stage II)
Nf = number of fatigue cycles leading to delamination (Stage III)
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it is highly significant to quantify the relative importance of the two periods of the fatigue life,
(initiation and growth of damage) with respect to the entire life of the composite and the effect of the
stress amplitude. For this composite subjected to the preseat conditions of cyclic loading, it may be
concluded (see Table 1) that at high fatigue stress the period of damage initiation (Stage 1) accounts for
a small proportion (~ 8%) of the fatigue life whereas at low cycling stress amplitude (around the fatigue
limit) the period of the damage initiation can reach up to 45% of the fatigue life. In line with this
methodology, it is possible to measure the residual static shear strength of the composite at any life
fraction, B = Ni/Nf (Ni = the number of fatigue cycles registered), on the S-N curve.

The analysis of the internal microfailures relating to damage progression in the composite was of
particular significance in this study since the C-scan images failed to reveal any microstructural changes
in the composite until delamination had set in the shear zones of the specimen. The damage features in
the composites and their relationship with the cracking mechanisms were reported earlier [11]. One of
the major damage modes was matrix microcracking: shear failure showing propagation from one to an
adjacent 45° or 0° ply and coupling, interlaminar cracking and cyclic cleavage striations.

Classification of Acoustic Emission Sources in CFRP

A very large number of A.E. waveforms are acquired during a fatigue test and as it was men-
tioned earlier the transient digitizer can only collect subsets of the total number of emissions. However
the acquisition of the signals accounted for a small but representative fraction of the total number of
acoustic events emitted during the entire test. Furthermore, it must be recognized that the rate of
acoustic emissions varies not only according to the damage progression generated in the composite but
also can be due to fretting amongst fracture surfaces that are created in the composite during fatigue
loading {9].

To facilitate the analysis of the fatigue data, the test was divided in stages corresponding to time
of A.E. event occurrence and position on the load cycle where each event was emitted. Table 2 presents
a typical record of a fatigue test. Early in the test (~ 1300 cycles) the specimen emitted few A.E. signals,
but after the 3360th fatigue cycle the acoustic emission was characterized by a large number a high
energy signals thus suggesting rapid growth of damage in the composite. Later in the test, repetitive
low amplitude waveforms appeared amongst the many signals recorded. These odd signals were
attributed to friction and were eliminated from further analysis by adjusting the threshold setting on
the trigger in the DATA 6000 A acquisition -module. Typical waveforms collected at various stages of
the fatigue test are presented in Figure 9. Visually, these waveforms cxhibit distinct features
(amplitude, frequency, duration, etc) yet it is impossible to link these to any damage mechanisms in the
composite until the signals are processed and analyzed using advanced analytical techniques. Indeed
analysis of the classical A.E. parameters (counts, events, energy and peak amplitude) can only provide
qualitative information about the damage evolution in a fatigued specimen. An example of the charac-
terization of the damage in the composite at various stages of the fatigue test using the energy param-
eter is shown in Figure 10. The energy distribution envelope exhibits three stages of defect avalanches
possibly reflecting the nature of the main modes of damage progression in the specimen. In fact, this
type of representation provides only a qualitative information and a trend in the damage evolution in
the composite under fatigue loading.

The results reported so far relate to global analysis of the A.E. activity in the composite. To take
into account the distinct features of the individual AE. waveforms, pattern recognition techniques were
applied to the experimental data in order to assign the A.E. signals to appropriate microfailure sets.
However the performance of the discriminant rule is dependent on the quality of the feature sets used
in the training process, tbus much attention must be given to deciding which set of features should be
used, The discriminatory power of the four most relevant features selected from the frequency domain
have been calculated in a previous study [3].

The reference signals from the discrete components of CFRP were discriminated through these
features using the STEPDISC procedure of SAS [10]). Figure 11 displays the separability power of the
selected features to distinguish signal classes. The canonical variables spanning the subspace in which
class separability is maximized were calculated enabling the training data to be projected in a plane.
The same classification rules have been applied to the A.E. fatigue data displayed in Figure 12 together
with the reference signals from the discrete components of the composite. The fatigue pattern appears
to exhibit three separate data groups that compare favorably to the classes obtained from the discrete
components of the composite. It is known that during fatigue loading, most of the emissions seem to be
generated by microfailures and fretting between fracture surfaces. However to distinguish emission
due to fretting from the actual emissions generated by the damage progression, a new set of features
extracted in the frequency domain (see Figure 3) improves the recognition rate. The first feature, Si, is

e e e e Sm eETITeaFe ok . SEn o konSuSeSig o prenil




24-6

related- with the shape of a peak in each zone-of the spectrum, the second, RFi, to the ratio of the fre-
quency difference in each zone selected and the third features, RAi, to the ratio of the area in each zone
to total area of the spectrum. Figure 13 displays the results of the classification in the feature space. It
shows that these new features increase the degree of separability of the classes of A.E. Sourci, Thus it
appears that a characterization of different damage proces~es CFRP is possible, but obviousiy further
experimental work is necessary for this to be firmly assessed.

CONCLUSIONS

The complex damage formation that develops during fatigue loading of composite maierials, the
sensitivity of the A.E. techniques in depicting the occurrence of damage and in identifying microfailures,
the need for establishing appropriate testing procedures and data analysis, all make the investigation
into the applicability of acoustic emission extremely challenging.

This study comprises two parts both of which are related to damage accumulation in composite
materials, In the first part, emphasis was placed on distinguishing the various stages of fatigue damage
in GFRP; initiation, progression and delamination, A S-N curve was constructed entirely on the A.E. sig-
natures recorded during fatigue testing enabling the damage tolerance capability of the composite to be
evaluated.

In the second part, advanced signal processing of A.E. waveforms were coupled to pattern recog-
nitions techniques to identify the microfailures in CFRP during fatigue loading. A methodology was
proposed to classify the recorded waveforms so that feature extraction and classifier development could
proceed. The current approach shows promise for A.E. waveform analysis to determine the type of
emission source and could be extended for use "in real time, in situ non-destructive evaluation of com-
posite structure”.
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TABLE 1 - FATIGUE DATA FOR MODE I LOADING OF DCB SPECIMENS. R =-}

Specimen] tmax/tu No of fatigue cycles 10 No/N¢ Np/Ng
No. (%) Damage Dclamination (%} (%)
initiation N Nr

F 17900 75 34 415 8 92
F 18900 15 27 436 6 9
F 19900 70 109 600 18 82
F 20900 70 148 873 17 83
F 28900 70 102 614 17 83
F 32900 70 136 1 000 14 86
F 21900 60 51 2 898 18 82
F 30500 60 455 2 500 18 82
F 31900 60 511 2273 23 m
F 36900 60 545 2932 19 81
F 22900 50 S 114 20 455 25 75
F 29900 50 5 682 25 568 22 78
F 33900 50 3IMm 15 000 27 73
F 35900 45 306 818 852 213 36 64
F 34900 40 527 21 1072 7127 49 sl
F 26900 40 530 909 1 312 500 45 55
F 24900 30 1345670 | = ccc.-.

F_25900 30 1283730 § -....-

TABLE II - TYPICAL FATIGUE DATA WITH A CFRP SPECIMEN

DISK. FATIGUE RECORDED OBSERVATIONS
CYQE SIGNALS

1300 47
2160 94 Low rate of AE cmission

1 2640 141
3080 154
3360 201 Emission of increasing
3660 248 cncrgy AE signals n

2 3960 295
4200 302 High proportion of repetitive
4570 358 AE signals (Adjustment of
4830 402 threshold  setting)

3 5110 449
5380 462
5610, 509

4 5930 556
5930 556
6190 603 High

5 6450 650
6700 663
6200 210 Rate
11170 151

6 7420 _804
1660 817 of AE Low amplitude
7900 864 AE signals
2080 211

7 8320 958 Emissions Satured AE
8500 971 signals of low
8700 1018 frequency
9010 1065
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INSPECTION SYSTEM FOR IN-SITU INSPECTION OF AIRCRAFT COMPOSITE STRUCTURES

par
P. BLONDET - I. MOLINERO
AEROSPATIALE - CENTRAL LABORATORY
LOUIS BLERIOT JOINT RESEARCH CENTER
12, rue Pasteur
92152 SURESNES France

1. INTRODUCTION

The intensive use of composite materials in aircraft primary structures has led to
the setting up of special inspection systems for the detection of any defects which may
be produced during the 1ife of the aircraft. The main defects which are investigated
during maintenance are, in general, delamination defects produced by various types of
impact (stones, lightning, effects of maintenance tools being dropped).

Until more global techniques (thermography, holography) are developed, the most sui-
table method for this type of inspection is ultrasonics. The problem involves applica-
tion of these inspection procedures to an aircraft under maintenance conditions while
scanning the areas to be inspected and obtaining a real time diagnosis.

The SIAM R-theta system has been especially designed to meet the requirements of
this type of inspection. It is capable of both assessing the damage aiter detection of
the defect (visually, for example), and detecting defects within the framework of gene-
ral inspection.

2. GENERAL DESCRIPTION

: The SIAM R-theta system can be broken down into four parts (see figure 1) as fol-
ows :

1) The ultrasonic probe and probe holder especially designed by Aerospatiale's Central
laboratory for the inspection of composite materiais.

2) The mechanical device locating the position of the sensor in the inspection plane.

3) The computer unit (hardware and software) comprising ultrasonic transmitter/receiver
cards and digitizing cards. Control, management and display software has been espe-
cially developed for the inspection of composite materials.

4) Ancillary equipment.
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{a) Ultrasonic probe

A 9 MHz center frequency wideband relay-type ultrasonic sensor is used. Figure 2
shows the echo response on the relay/air interface with ihe characteristics of the
electrical excitation pulse. The thickness of the relay allows up to 128 plies of
composite to be inspected.
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Figure 2a : Sensor excitation signal (50 ohms) Figure 2b : Relay echo ultrasonic signal

The sensor is installed in a support providing local coupling by a film of water
(the sensor 1is not in direct contact with the part) which allows initiation of
measurements and inspection of a perfect coupling. Water is fed by means of a valve
which opens when it is applied to the part to be inspected.

Figure 3 : Sensor and sensor holder
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(b)

(c)

The mechanical device (figure 4)

The mechanical device provides sensor position in polar coordinates {hence the name
R-theta) using two sensors :

- an angle sensar (accuracy : 1 milliradian)

- an incremental sensor based on the magnetostriction phenomena : torsional deforma-
tion undergone by a magnetic material when subjected to an abrupt magnetic field
variation {magnets are in the tactile sensor holder).

Figure 4 : Mechanical device for locating the sensor position in polar coordinates

This position sensor operates up to displacement speeds of 50 m/sec and provides an
accuracy of 1/10 of a millimeter. The assembly is installed on a pivot which also
provides vertical displacement of the order of 20 degrees. A vacuum suction cup ena-
bles the device to be secured in a vertical, horizontal or oblique position. The
total weight of the assembly is about 4 kg. The scanned area is 640 x 400 mm which
corresponds to a maximum definition of 1 x 1 mm for one screen pixel. The advantage
of such a system is that it provides a guide permitting more methodical scanning,
and thus time saving in the mapping as compared to contactless sensor type devices
{acoustic triangulation).

Ancillary equipment

Housed in the same rack is the 40 litre water tank, the water pumps and the vacuum
pumps for the attaching suction cup.
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(d) Hardware section (figure 5)
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The characteristics of the transmitter-receiver-preamplifer card are as follows :

excitation pulse width adjustable from 30 to 640 msec in steps of 5 msec,
fall time : 6 msec,

voltage adjustable from 30 to 250 v/30 V,

receiver passband : 0.5 to 100 MHz,

general gain from 0 to 40 dB.

A signal processing card (varfable gain) provides in addition a total dynamic range
of 45 dB. These are 4096 gain segments with a duration of 100 msec. These curves are
stored in memory from measurements on standard parts.

Figure 5 : Upper part : microprocessor and screen
Lower part : ancillary equipment
Finally, the digitizing card which operates according to two principles.
- Sampling is initiated by the maximum levels of the input signals which permits the
caracteristic values of the echoes (amplitude and time) to be stored in memory and
used for map representation. The maximum sampliing frequency is 34 MHz.

~ Sampling is initiated by a shifted time base permitting an A-scan display up to a
virtual frequency of 200 MHz (basic frequency 25 MHz) over 256 points.
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(e) Software

The software makes use of a linked menu screen presentation. A main menu provides
accessdto sub-menus enabling the various parameters required for mapping to be pro-
grammed.

Mapping is accomplished using the distances or amplitudes acquired and results in an
efght colour representation of the various thicknesses (or amplitudes) measured. A
depth)zones is assigned to each colour (for example : 8 plies = red, 12 plies =
green).

Each depth zone of this scale of colours can be expanded or compressed to produce a
zoom effect. A flashing cursor indicates the position of the ultrasonic sensor in
the area explored. A coupling error (or incorrect measurement) does not affect the
mapping or measurement file.

Changing over from the distance representation to that of amplitude and vice versa
is accomplished by simply pressing a key. During a mapping operation, the operator
at any time has the possibility of displaying an A-scan representation (oscillos-
cope) in order to check the validity of measurements.

A1l the acquired data are stored in a measurement file in a read/write memory.

It is possible to store this file on a hard disk and recall it subsequently for
processing.

One pixel displayed on the screen represents an area of 1 x 1 mm. The maximum area
which can be inspected has been set to 640 x 400 mm.

It is possible to change the vertical or horizontal dimensions of the acquisition
zone (1, 3, 5, 7 mm) in order to locate a defect in the part to be inspected, by a
rapid 7 x 7 mm scan. Once the defect is located, it is possible to detect its shape
more accurately by selecting a 1 x 1 mm resolution.

3. RESULTS

Figure 6a, 6b shows A-scan representations of an ultrasonic sequence performed on a
sound composite consisting of 33 and 66 plies using the DAC curve.

Figure 7 shows distance mapping of a self-stiffened standard part with a thickeness
varying between 16 and 65 plies and having porosities or delaminations at various
depths.

The time required to obtain this mapping is of the order of 10 minutes, at a screen
resolution of 3 x 3 mm.

Processing software 1is then used to perform a ply-by-ply analysis in order to
visualize the exact position of the defects in the part.
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Figure 7 : Distance mapping on a standard part

4. CONCLUSIONS

The prototype system proved entirely satisfactory from the ultrasonics and utiliza-

tion point of view. It was thus possible to inspect composite components (wings, fins,
tailplanes).

The simultaneous amplitude-distance operating capab3lity makes it possible to over-

come to a large extent the problems posed by varfable thicknesses (reinforcements -
stiffeners).

The most serious problems now concern exact knowledge of the manufacturing drawings
of parts and possible exceptions which make it necessary to provide interconnections of
the R-theta inspection system with manufacturing test files obtained from computer-aided
design and manufacture.

A SIAM system dediczted to inspection during manufacture already operates according
to this principle. Diagnostics are then performed by comparing the measurements with the
standard files of sound or theoretical parts. This configuration provides for great
rapidity and ease of operation in areas which are saometfimes complex.

The SIAM R-theta system will therefore evolve with tnis end in views.
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USE OF ACOUSTIC EMISSION FOR CONTINUOUS
SURVEILLANCE OF AtI)RCRAFl‘ STRUCTURES
y
M. Nabil Bassim, Professor of Mechanical Engineering
University of Manitoba, Winnipeg, Manitoba
Canada, R3T 2N2

SUMMARY

Since its inception as a technique of nondestructive evaluation, acoustic emission has held great promise for its
ability to provide monitoring of structures.on a continuing basis. Equipment development, however, has emphasized
periodic testing and a lack of adaptation to the specific conditions of a given structuie, such as aircraft, in terins of
operating conditions, noise, vibration....etc. Because of these factors, the use of acoustic emission for continuous
monitoring of aircraft structures has been lacking. Recently, the author of the present paper has approached the problem
from two angles. Firstly, he has developed a predictive approach for using acoustiz: emission to monitor fracture and
fatigue of materials. In this approach, the relationship between acoustic emission and fatigue life (expressed as stress
intensity factor or the number of cycles to failure) is defined both theoretically and experimentally. It is then possible,
using techniques of dynamic pattern recognition, to obtain the status of a structure with respect to its remaining lifc.
Acoustic emission maps for different materials failing by fatigue are produced. Secondly, he has patented a new
acoustic emission system which relies on using intelligence and expert system software, as well as "rules" for defining
fatigue damage. The combination of *+~ . «wo approaches produces a significant development in using acoustic
emission for continuous monitoring ot ....raft and other structures and fulfills the promise held by AE in that direction.

INTRODUCTION

Acoustic emission, which describes the method of detection of propagating stress waves in a material or a
structure due to application of a load, has gained impaortance in the past two decades as & method of nondestructive
evaluation. The occurrence of acoustic emission is due to the release of elastic energy when the material undergoes
plastic deformation or when a crack is initiated or propagates in the material.

The present state of knowledge in acoustic emission parallels that what was experienced with ultrasonic testing
when it started over fifty years ago. Thus, research in understanding the phenomenon has concentrated on three major
topics (I) understanding the microscopic (and atomic) nature of the source, (II) determining the role of structure
geometry on the propagation of the emission from the source to the transducer 2nd (III) investigating the effect that the
transducer and the electronic equipment has on the final observed signal.

Together with these studies, relationships on the behavior of different materials subjected to loadings varying
from monotonic tensile loadings to fracture and fatigue loading of precracked specimens have been established. A
summary of these studies is included in Reference 1.

What distinguishes acoustic emission from other nondestructive testing techniques and establishes its potential
for use as the physical phenomena which can be monitored in continuous surveillance systems is the fact that it is
passive. Thus, when a loading causes the emissions to occur, they propagate 1o a transducer (sensor) located at a fixed
position on the structure. Compared to ultrasonics, there is no need for scanning the structure with a transducer to
detect the defects present. The transducer can be left for a long time in a particular Jocation and it would wait for the
events to occur. Furthermore, because of this characteristic preperty of acoustic emission, several transducers can be
pos.itigncd[ émst]he structure and the different times of arrival to these various transducers used to locate the source of the
emission [2, 3].

. The conventional acoustic emission system, shown pictorially in Fig, 1, can operate in the time and/or frequency
domain to determine characteristics signal parameters such as total count, count rate, peak amplitude, risetime, pulse
duration, root mean square of the amplitude (rms), energy....etc. in the time domain. In the frequency domain, the
system can effect & Fourier transform to determine the power and frequency spectra. Further post test analysis include
auto and cross correlation and triangulation to determine the location of the emitting source.

The conventional system can be equipped with a microprocessor (computer) for data acquisition and analysis.
._Also;ffor sg)irage of signals, analog recorders were used and presently, storage on diskettes using a digital oscilloscope
is performed.

The conventional acoustic emission system, as with all other NDE devices, relies heavily on the presence of 2
skilled operator for setting up and running the test. More importantly than other NDE methods, this operator is required
to make judgements in interpretation of the data (on-line or post test analysis). This is a major consideration in the
success of acoustic emission as a means of evaluation of the performance of structures on a continuous basis. Another
consideration is the limited capacity of the equipment to handle large amounts of data making the use of acoustic
emission periodic in nature,

APPLICATION OF ARTIFICIAL INTELLIGENCE TO ACOUSTIC EMISSION

The trend in computer technology is presently towards using the computer to replace human intelligence in
solving problems where decisions have to be made. The definition of artificial intelligence (AI) is {4]: "An area of
computer science that uses models of human reasoning to solve problems. The problems have enough elements of
uncertainty to preclude use of specific algorithms”. While the whole area of research in Al is at a young stage, it lends
itself to the field of acoustic emission testing.
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Fig. 1. Representation of a conventional system.

Referring to the skilled operator in Fig. 1, his (her) knowledge of acoustic emission allows him/her in the first
instance to interpret what he sees on the screen of an oscilloscope and to determine that what he is seeing appears like
acoustic emission signals,

For an operator who has no knowledge of acoustic emission, the series of signals shown in Fig. 2 have no
particular significance. He would not be able to determine that the signals in line (¢) look like acoustic emission signals
compared to lines a (sine wave), b (triangular wave), ¢ ( square) and d (white noise).

The first skill of the opcrator is then to identify that signals like those in line (e) are important (they look like
acoustic emission signals: fast risetime, almost sinusoidal decay, peak amplitude...etc ). He would know that they are
AE signals because he may have seen them before in a controlled laboratory experiment or from a book or a paper.

The role of the skilled operator is not limited to just identifying AE signals from other dissimilar signals (¢ven
though this is his most important role), he has to relate what he sees on the screen to what the electronic equipment at
his disposal “reads” as far as characteristics such as counts, events, ....etc. Also, he is required to distinguish between
various shapes of emissions which are present in a complex test, including background noise, machine noise, artifacts
such as shown in a fatigus test in Fig. 3. The measured results, using the electronic instrumentation, is meaningless if
the skilled operator is not able to interpret his observations or if he cannot distinguish between real acoustic emissions
from either signal-like emissions and background noise.
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Fig. 2. Different types of signals (a) sine wave (b) triangular (c) square (d) white noise and (¢) typical acoustic

emission signal.




Fig. 3. Real acoustic emission obtained in the ascending part of a fatigue cycle.

It is interesting to note the following: (I) tht e skilled operator relies exclusively on his human sense of vision
(sight) to effect this analysis (discrimination). (II) in notmal conditions in a test, he is allowed to make minor mistakes
or errors of judgement in interpretation of the signals from a perindic test, (III) the human brain of the operator does not
process the signal which he sees numerically, but that a natural logic is applied intuitivcly 1o identify the signals and
make decisions and. (IV) counting ard analyzing the signals with electronic instrumentation is a step which follows the
identifying process which the operator applies mentally.

The development of a system which does not rely on the presence of a human skilled operator and thus is able to
perform continuously the monitoring of acoustic emission in structures has thus to take into consideration the above
arguments. The most difficult of these arguments is that replacing a skilled operator by a computer requires.firstly,
processing the signals logically while computers are geared for numerical processing, and secondly, requires the
elimination of the human vision sense so that the computer "sees" the signal and processes it logically. After this,
counting and trending, which is performed by conventional systems, will be implemented.

The problem then is to represent an acoustic emission signal to the computer. The first step is to describe
acoustic emission signals to the computer in a language which it understands (and does not use vision to see). The
approach used here is of "windows™ where the composite picture of the signals is given in terms of limits that
parameters should have to describe a valid signal. T parameter windows are basically the risetime, the peak amplitude
(adjusted for gain), the total duration of the signal, a.. - the energy of RMS of the envelope of the signals. These limits
are shown in Fig. 4 (which does not resemble a signal as we know it). Any signal which will agree with these limits
will be a good signal (accepted) and any signal which does not agree with these limits is a bad signal (rejected). The
limits are adjusted using a calibration procedure (basically, they fit the decisions of the skilled operator). Accepted
signals are next counted and analyzed to detect whatever trends which are required in a specific situation (fatigue,
corrosion, leaks....etc.). The algorithms of the computer in this part are impiemented using the specific cases of the
structure (geometry, material, crack length.

THE NEW ACOUSTIC EMISSION SYSTEM

The new acoustic emission system, has been patented by the author of this presentation (U.S. Patent 4609994
and Canadian Patent 1224867). It addresses the analysis described earlier and tus takes acoustic emission into the realm
of use for continuous monitoring of large structures. The details of the system have been described eariier 5,6} and
will be further discussed here briefly.

The configuration of the system is shown in Fig. 5. It consists of surveillance units which, in effect, are smart
sensors equipped with a microprocessor and which are software operated. These surveillance units are positioned on
the structure an. accept all the signals (and noise and signal-like emissions). They analyze the signals logically by
extracting relevant parameters and comparing these parameters within the windows previously established. Further,
they analyze the signals to detect patterns of behavior which have been established as signs for failure,

The surveillance units are linked to a central Control Unit which is basically a dedicated computer capable of
monitoring the performance of each of the surveillance units, programming each individual surveillance unit, trend
analysis, diagnostic checking of the surveillance units, analyzing the data to obtain "Performance vs Time" information
about the structure, and finally, communication and networking of all the surveillance and control units.

The new system is programmed for a given structure (aircraft, bridges, pipelines, offshore rigs, nuclear
reactors, pressure vessels, . .. etc.) and can handle the data on a continuous basis. The systein, as it is configured in a
distributed-tiered approach, allows continuous monitoring of structures without the need of a skilled operator. A
pictorial drawing of the new system is shown in Fig. 6.
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EXAMPLE OF APPLICATION: FATIGUE

Fatigue, which claims over 90% of the failure of structures in service, is a suitable candidate for demonstration
of the Al approach. While numerous studies have been performed on characterization of AE from materials subjected to
farigue loading, the transportation of these results to large structures has generally been lacking.

Fatigue studies are generally classified in terms of crack initiation or crack propagation. If we concentrate on

crack propagation, we notice that a crack with subcritical crack length grows to reach a length such that the remaining
ligament of material cannot withstand the applied stress. This leads to final fracture.

da
Plot of the rate of progress of a crack as a function of time (or number of cycles) g7 versus the stress intensity

factor Ak = -Ac v/ma where A is the applied stress gives a curve characterized by three stages, the most important of

da
which is Stage I which is linear, when g7 and k are on a logarithmic scale. This is Paris Law of fatigue crack growth
and is given as

& = ACaKpe D)

where A and o are constants and characterize the behavior of materials or alloys such as steels or aluminum alloys
generally varies between 2 and 6 for most materials.

In numerous studies [7], it was found that a similar relationship exists between an acoustic emission parameter,
namely, count rate N' and AK:

N'= B (AK)B @

Furthermore, there are direct relationships between o and B (8], such that B may only be equal to o or ot + 2
depending on the material and on the type of fatigue loading imposed (tension-compression or tension-tension). Thus,
it is possible to develop a predictive approach to determine quantitatively the extent of fatigue damage, and the
remaining life of the structure, using acoustic emission monitoring.

The general representation of the variation of any acoustic emission parameter as a function of time, material,
stress, and structure geometry is shown in Fig. 7 and can be expressed mathematically as

P(N) = (¢, 0, material, geometry).

For a given material and geometry (e.g. aluminum alloy in the shape of an aircraft wing), this equation reduces
to Equation 2.

It is noticed in Fig. 7 that, with acoustic emission, there is a certain element of randomness in the parameter
P(N) at a given t. Thus, to establish and follow Equations 2 or 3, it is required to average out the behavior at time t;,
and at subsequent ty, t3,... This is the equivalent of applying dynamic pattern recognition techniques [9].

This process, now performed in the surveil* . signals which have been accepted using Al concepts
allows accurate, quantitative determination of fat:.,c .-« « large structures from trending of acoustic emission

parameters. This confirms the scope of the appr = . -« 1se acoustic emission as a passive technique for
monitoring.

Parame, . ©,

4
/ }——range of parameter, P,
/ fime
< » geomelry
siress (strain,crack length)

Fig. 7. Variation of a signal parameters P{N] with time, material, geometry and stress in a fatigue curve.
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Specialist Comments
Applied Point of View

Thomas D. Cooper
Chief, Materials Integrity Branch
Systems Support Division
Materials Laboratory
Wright Research and Development Center
Wright-Patterson AFB, Ohio 45433-6533
USA

Thank you, Mr Chairman. It is indeed a pleasure and a distinct honor to have

‘ been invited to serve as a Rapporteur for this Specialist's Meeting. It was, of
course, necessary for me to establish clearly in my own mind just exactly what was
expected of me in my official role as Rapporteur. The only help I was able to obtain
was from my Webster's New Collegiate Dictionary, which defines a Rapporteur (Fig. 1)
as onc that "gives reports (as at a meeting of a learned society)." The latter part
of that ac®inition certainly is appropriate for this distinguished gathering. I must
admit, however, that I may stray somewhat from the traditional role of a reporter,
who normally only reports the facts as presented, because I will surely start pre-
senting some of my own opinions mixed in with the facts.

The discussion I have planned (Fig. 2) will include some introductory comments,
and then a presentation of what I consider to be the most important issues that have
appeared as a result of the papers prepared and the presentations given during the
courss of the meeting. I will then end my report with a summary and concluding
remarks.

I would like to begin (Fig. 3) by thanking the Organizing Group of the Struc-
tures and Materials Panel of AGARD for recognizing the growing importance of the NDE
area and allowing this meeting to occur. Dr Bill Wallace from Canada is particularly
to be acknowledged for all his efforts in working the many details necessary to bring
us together.

Professor Bond and I have agreed that we will divide the technical content of
the meeting into the applied or near term applications aspects, which I will cover
and the fundamental or longer term research aspects, which he will address. We
agreed to this at a brief strategy meeting held in London in May of this year, but
since we have not had the opportunity to meet since then, I think that it is fTair to
assume that there will likely be some overlap in ocur comments. We hope that our
overlaps do not turn out to be disagreements, however.

Sometimes it is interesting at the outset to take a step back and look at the
overall content of a technical preogram. Assuming that the selection of presentations
made by the organizing committee Jasically reflects the total efforts underway in the
various NATO countries, such a breakdown can be informative as to what are recognized
as ihe current major problems or areas of concern and where the important opportuni-
ties are seen to exist. Figure 4 reflects such an analysis which 1 made, along with
some assistance from my staff. Fecognizing that some perhaps arbitrary decisions were
made and that some papers fit into more than one category, it is seen that of the 25
papers that discussed specific techniques or methods, they were fairly evenly divided
between conventional techniques and advanced techniques, which I consider to be a
very healthy and well balanced program. The one type of material that obviously
attracted the most attention was composite materials (13 papers). Ten papers
addressed in-service inspection of hardware, five made at least some reference to the
reliability of the inspection methods, which I thought was disappointingly low, as
was the apparent lack of interest in the inspection of gas turbine engine components.
I will have more to say on some of these topics later.

In reviewing the papers that were available prior to the meeting and listening
to the presentations, there were five major issues that attracted my attention from
the applied point of view. These are listed in Fig. 5. While there were many in-
teresting aspects of applied NDE brought out in the conference and I would like to
acknowledge alil the exceiient points made by tihe autihors, I am forced Ly the limited
time avallable to focus my comments on these toples, admittedly arbitrarily selected.

Composite Materials Inspection. There was obviously a very high level of
interest in composite materials inspection (Fig. 6) since fully half of the papers
addressed that subject in one way or another. It reflects the fact that most new
major systems are incorporating these materials in their design and construction.
After reading the papers and listening to the presentations, however, I feel that the
NDE communities in other countries are reacting in a manner similar to the US
community in that Inspection methods are being developed under pressure from the
users to detect certain types of flaws with little or no guidance concerning the
sizes of the particular defect that must be detected in order to protect the safety
of the structure. Generally, specific quantitative inspection criteria were not
mentioned in the papers and I assume that the c¢riteria actually in use are
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workmanship in nature, i.e. how well can the materials be fabricated as opposed to
how well must they be fabricated. Ultrasonic inspection was the favored method being
developed with significant progress being demonstrated in systems that will allow on-
alrcraft inspection to be conducted. The ARIS system in the US, the system being
developed by DREP in Canada and the Aerospatiale system in France have already been
demonstrated on aircraft in a hanger environment while prototype systems being
developed by CASA in Spain and Aeritalia in Italy have been applied to composite
structural components. Although there are some differences in the systems, parti-
cularly in the method being used to determine the spatial location of the transducer,
it would seem that development of additional systems intended to provide a field-
generated C-scan of composite components will result in unnecessary prolliteration of
equipment at a time when the resources could be better utilized elsewhere. Other
similar systems are being developed that were not reported upon at this conference.
Therefore, those who feel the necessity of having such a system would be well advised
to shop in the marketplace before undertaking costly development programs. In fact,
the ARIS system, as described by Tracy, Hardy and Fechek may well provide Lt Stoermer
of the German Air Force, with most of the demanding capabilities that he described.
Infrared thermography was presented in the paper by Tretout and Marin as a method
suitable for use both in manufacturing inspection and for in-service inspection.
While the approach apparently offers some significant potential for easy application
and rapid scanning, the data presented raises questions about the sensitivity of the
method. Finally, the paper by Roy, Maslouhi and El Ghorba proposed acoustic
emission, combined with artificial intelligence technology, as a method for
monitoring a structure. However, based on the information presented, it would seem
to be a topic better addressed by Professor Bond.

Another very important aspect of composite materials technology that received
attention was the question of the detection of impact damage, primarily because of
the insidious nature of this mode, where little or no outward evidence of damage may
be visible. Once again, there seems to te a difference of opinion as to whether non-
visible or barely visible damage can endanger the integrity of the structure. A very
interesting and unique optical approach is proposed by Komorowski, Gould and
Pastorius that can detect the "barely visible" type of impact, if such detection is
necessary. That is a system that may well merit additional evaluation. Ultrasonic
methods were also proposed for this problem.

While several of the papers discussed the applicability of their method for use
in the field, essentially all of the examples, with perhaps three exceptions, (US,
Canada and France), were for demonstration purposes only. This strongly suggests that
while there is significant momentum to develop such methods, little actual field use
is being made of the systems. This means that either conventicnal inspection
methods, which are accepted as being woefully inadequate, are being applied to those
composite structures which are already in the field, or that no field inspection is
currently being conducted.

Damage Tolerant Design. One of the major differences between the various
countries that has emerged very clearly as a result of this conference (Fig. 7) is
the extent to which damage tolerant design is being used. This was also apparent
from the earlier workshop. While the NDE community in itself may have little or no
control or influence over the decision to use such an approach, the impact once it is
invoked is dramatic. It results not only in greatly increased pressure to develop
more sensitive inspection methods to limit the size of flaw that can go undetected
during a manufacturing or depot inspection, but requires that the reliability of the
methods be clearly established. During the course of the Specialist's Meeting, very
few presentations addressed the subjects of damage tolerant design or demonstrating
inspection reliability on a statistical basis, and those were from the US and the UK,
including one collaborative paper dealing with qualification of engine compcnents.

As noted in the paper by Taylor, Cooper and Vukelich, in the US, damage tolerant
design is one of the key elements of the Structural Integrity Programs that the US
Air Force has adopted as the keystone for increasing the reliability and safety of
its systems. It has been incorporated in the design of airframes since the early
70's and has been applied to gas turbine engines for the past ten years. Aircraft
and engines that were not designed to these requirements have all had after-the-fact
analyses completed to allow them to be maintained in a similar manner. Application
of this technology has not occurred in the Eurcpean countries yet. Consequently, the
development of the NDE technology required to support this approach has not been
undertaken. Future activities in the US may impact that, however, since, as Mr Taylor
reported, the Federal Aviation Administration (FAA) in the US is considering
establishing a Commercial Aircraft Structural Integrity Program in response to the
aging airliner problem that is now facing the commercial aviaticn community of the

world. That, of course, would effect all countries as well.

As these new requirements evolve and as more joint efforts are developed between
US and European engine and aircraft companies, the time will surely come when every-
one will have to satisfy some form of structural integrity program requirements. It,
therefore, seems prudent to start jointly developing the inspection procedures and
demonstration protocols that will be required. The paper by Rummel provides an
excellent overview of the considerations involved in assessing and demonstrating
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inspection capabilities, while the paper by Taylor, Cooper and Vukelich recommends
that a common AGARD approach be considered at least for the analytical method-
ology, based upon a draft Military Standard being prepared by the US Air Force. That
would be one very positive action that could result from this meeting.

Engine Component Inspection. One of the surprising and perhaps disappointing
aspects of the Meeting (Fig. 8) was relatively the little attention that was given in
the Specliast.st’'s Meeting to the application of NDE to gas turbine engine components.
The critical nature of many of these parts, particularly because of the catastrophic
results of a failure, drmands that the best NDE technology be applied to their manu-
facturing and service inspection. Moreover, since many of the shapes lend themselves
to rotational inspection, they are ideally sulted for automated inspection techniques
that allow the development of inspection systems that can be made essentially inde-
pendent of operator influence, greatly increasing the rellability of the inspection.
The paper by Rasmussen, Pohlenz and Hoeffel illustrated that point very effectively.
It has to be assumed that much more technology is being developed for these
applications than was reflected by the content of the meeting. For reasons
previously mentioned, the application of damage tolerance design and structural
integrity life management will certainly put more pressure on the development of
appropriate inspection technology for this area.

As was pointed out in the RAF overview paper by Dalziel, new materials are being
introduced for advanced engine applications that will further challenge the inspec-
tion community. Such materials as thermal barrier coatings to help handle high heat
flux on blades, advanced ceramic materials which border on being absolutely brittle
in behavior and therefore intolerant of even the smallest flaws, carbon/carbon
composites, powder metallurgy components, intermetallics and ceramic fiber/inter-
metallic matrix composites are all on the horizon for application in advanced
engines. Some of the new inspection technology reported upon during the meeting will
undoubtedly be useful for these inspection requirements and hopefully will be
reported upon during the next Specialist's Meeting.

Application of New/Improved Methods (Fig 9). Computed Tomography (CT) - The
outstanding advances being made in CT technology were presented by Moran. This new
technique has been implemented into both production and service use, with a large
boost from the medical technology field. It is an excellent example of a method that
is complementary to existing methods as well as one that is quantitative.

Acoustic Emission (AE) - AE is still struggling for implementation as a
monitor for in-service aircraft structures. 1In spite of many efforts over many
years, this method continues to fall into the regime of requiring still additional
long-range fundamental efforts if it is to overcome its shortcomings for real in-
service monitoring of critical structural elements in aerospace hardware. These
shortcomings include extremely low amplitude signals from crack extensions and a low
quantity of signals from the "safe" or stable crack growth portion of a structure's
life. A number of papers were presented on work in this area. I am sure that
Professor Bond will consider this work and its status.

Eddy Current (EC) - A highly sophisticated and fully automated applica-
tion of this technique was presented by Rasmussen, Pohlenz and Hoeffel. The program
described in the paper has conducted a full scale assault on the signal-to-noise
ratio problem with impressive victories as a result. The paper by Tietze outlined
advances in instrumentation with a wide range of illustrative applications to
demonstrate the continuing potential of this mature but very versatile technique.
Harrison's progress at RAE in developing the Eddy Scan system for detecting cracks
under installed fasteners continues to show promise. Many are looking forward to
being able to obtain an engineered system by an equipment manufacturer based upon his
work to determine its effectiveness.

Radiography -~ Neutron radiography. This is another technique that has
become an applied and relied upon NDE tool. The paper by Mast and Schutz discussed
both potential applications and a potential solution to the major hindrance to this
method - the low flux levels of thermal neutrons from most currently available
neutron sources.

Stenoptic raciography - If you think neutron radiography has a problem
with low flux levels at the detector, consider this technique! Obviously this
technique of imaging with back-scattered radiation is still in the stage of long-
range fundamental efforts and it will be some time before practical applications are
seen. will leave further observations to Prof Bond.

Real-time Radiography - Although this technique (with x-ray
radiation) was only mentioned in passing in one paper, it has become a standard
technique in both the manufacturing and in-service inspection arenas. While it has
yet tc demonstrate either the spatial resolution or the contrast sensitivity
routinely available with film radiography, the versatility of the technique coupled
with applications where high spatial resolution or contrast is not a requirement has
made this a widely used tool, both in the US and Europe. I am somewhat surprised
that it did not receive more attention.
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Infrared - Tretout and Marin presented a completed package on thermal
inspection as applied to composites, starting with the basics, a model of the
physical process, and then specific applications. Heyman and Winfree continue this
approach in their paper. Infrared, once touted about 25 years ago as the greatest
development of mankind's since sliced bread, finally is being successfully intro-
duced, although somewhat cautiously, in both production and in-service usage. The
technique discussed by Ringermacher can be viewed at least partially as a thermal
technique and is an excellent example of what advances in this area hold as a
promise. It is another area, however, that needs additional longer range research.

Optical - The only serious discussion is the paper by Komorowski, Gould
and Pastorius for the detection of surface deformation (i.e. impact sites). Notice-
ably absent is discussion of holographic techniques of any nature. Perhaps the
glamour has worn off in the light of practical realities. .

Artificial Intelligence (AI) - This was discussed in several papers,
almost as a panacea for advancing the usability of a technique such as acoustic
emission in the absence of a sound theoretical base. Obviously, this is a tool for
the future, and of uncertain potential usefulness. Once again, I am sure that Prof
Bond will have much more to say on this topic.

Adhesive Bond Inspection (Fig 10). The old problem of evaluating the adequacy
of bond strength, either adhesive or cohesive, is still with us and has yet to yield
to a solution via nondestructive evaluation methods. Only the paper by Fahr and
Tanary confined itself to this subject end it certainly does not offer promise of an
effective solution in the near future. There certainly is no argument that areas of
zero bond strength (disbonds) can be readily detected with a variety of methods. It
is those areas with strength between zero and that which is required that pose the
challenge. This problem has been in existence for so long that one starts to wonder
if a solution is necessary.

SUMMARY AND CONCLUSIONS (Fig 11). Considering the Applications side of the
Meeting, the following comments are offered:

- There was a very strong emphasis in the meeting on the inspection of composite
materials, still with only a bare minimum of clearly defined, quantitative inspection
requirements.

- Efforts to support Structural Integrity are limited to the US. We heard early
in the week, the alternative approach - "process control" - which is a somewhat vague
phrase not defined in quantitative terms. It requires heavy emphasis on NDE at the
outset, followed by careful control of all processes that could lead to the intro-
duction of flaws. The biggest question is whether such an approach can be made
sufficiently reliable for critical parts.

- Quantitative NDE is a firm requirement for the application of Structural
Integrity in design or even for the use of damage tolerance. An opportunity was
identified for a cooperative effort under AGARD to all countries to participate in
the development of a concensus document that would define standard procedures and
analytical methods to be used for qualifying inspection processes on a quantitative
basis.

- Engine component inspection was given relatively little attention during the
meeting. There are many new complex and high temperature materials being developed
that will require concerted effort for the development of acceptable, reliable
inspection methods.

- Of the new techniques discussed during the meeting, CT is the only one that
stands out as being sufficiently mature to be used in real applications. Other new
ones show promise, but are not yet ready to be applied.

- The measurement of adhesive bond strength by nondestructive methods still has
not been achieved. It should continue to be a research objective.

Finally, I would judge this Specialist Meeting to have been an outstanding
success. It is not possible to measure success just by the number of papers included
or the elegance of thelir presentation. What also counts greatly is the personal
contact that occurs during the breaks and at lunch time. The interesting mix of
representatives from government and industry from such a significant number of
countries is further evidence that the subject of the meeting is of great importance,
1 know that we will all take home not just new information, new thoughts and new
ideas, but many new friendships as well.
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IMPACT OF NDE-NDI METHODS ON AIRCRAFT DESIGN, MANUFACTURE AND
MAINTENANCE, FROM THE FUNDAMENTAL POINT OF VIEW.
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NDE Centre,

Department of Mechanical Engineering
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Torrington Place
LONDON, WCIE 7JE
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SUMMARY

This paper presents a rapporteurs comments on the impact of emerging NDE-NDI methods on aircraft design,
manufacture and maintenance. In particular fundamental aspects of recent developments are considered,
together with current trends and future prospects. The meetings presentations and discussion are
reviewed in terms of the philosophy, the physics, and the technology involved. NDE-NDI is shown to
require to be considered as an integral part of the design, manufacturing and operational condition
monitoring process, for all parts of an aircraft. Various areas of NDE are highlighted and these include
the importance of high performance quantitative NDE, the impact of new materials (e.g. composites),
changes in manufacturing processes (e.g. diffusion bonding) and the importance of mathematjcal modelling
for inspection optimisation and also for the identification of novel NDE inspection techniques.
Automation of the implementation of NDT and both the recording and the display of the resulting data is
seen to be necessary in many cases to schieve the required sensitivity and level of reliability of
ingpection, Global inspection techniques are being sought which highlight suspect zones that can then be
investigated using other techniques, to provide detailed local examinations,

1. Introduction

My co-rapporteur Dr Cooper has provided a detailed summary of the scope and contents of the 25 papers
presented at this meeting, including a review of the current state of implementation for various NDT
techniques. It now falls to me to try and look at the more fundamental aspects of the topic of this
meeting; the impact of emerging NDE-NDI methods on aircraft design, manufacture and maintenance and
especially to try and look towards the future, Such predictions and extrapolations are always risky: NDT
is driven by economics and problems which relate to safety, so that if the industry faces a problem
which is serious enough, the pace of innovation and development in any of several areas rould then well
be faster than current trends indicate.

In reviewing the material presented the contents of each paper was considered in relation to its impact
on design, manufacture and maintenance or some combination of these areas. However before turning to
congider the fundamentals and future developments in NDE some basic background information is given.
This is followed by a review of the field in terms of the contributions made to the three areas of the
philosophy, the physics and the technology of NDE-NDI.

2. Background

Given the current mix of aircraft in service with NATO countries, inspectors are faced with a wide
diversity of designs, materials and inspection requirements, For any structural element or corponent its
life can be estimated by considering the combination of the operational parameters (temperature and
stress), material properties (fracture toughness) and defect population (flaw size) all combined in the
context of a suitable failure model. Such life estimation concepts are at the heart of Damage Tolerance
and Retirement-for-Cause (RFC) [1].

In any aircraft in service structural degradation may be due to wear, corrosion, impact damage or
fatigue [2]. An aircraft may also experience changes to its typical mission profile after its
introduction into operational use, which can also result in modifications to loadings such as through
the introduction of new weapons or instrumentation systems, These factors all combine to influence the
remaining life of an aircraft and these effects all require evaluation,

If the remaining life of an aircraft is to be estimated it is necessary to provide detailed data with
regard to its current condition. For most aircraft fleet operators the inspection gituation is a classic
case of, "If you are looking for the place to start; don't start from here!" Older aircraft were
designed to safe-life codes, they used mostly metals and conventional jointing technology, they were not
designed for testability and now, in many cases, operators are required to seek life extension. The
capital investment in aircraft is quite simply such that older types of aircraft can be expected to
remain in gervice for many more years and this complicates the requirements for inspection technology as
each type of aircraft pregents its own particular problems,

Modern aircraft, such as the EAP demonstrator, McDonnell Douglas/BAe AV-8B (Harrier) and Airbus A320 are
all being considered in terms of new design philcsophies and they are also using increasing quantities
of new materials including composites. The growing interest in composites and its inspection was
reflected in many of the papers presented at this meeting, There is also a growing interest in advanced
jointing techniques using adhesive bonding and various forms of solid-state bonding.

W.en one looks further into the future, subsequent generations of aircraft can be expected to use a wide
range of different materials and manufacturing techniques, including new composites, ceramics and
ceramic coatings, metal-matrix composites, powder metals, diffusion bonding and also smart structures,
with thelr own integral condition monitoring systems, Such trends will present many new NDT
requirements, some of which cannot be expected to be met using current conventional NDT technology.

o = e e e = S




R2-2

The current capability of NDT was considered recently [3] and it was also discussed extensively in
vacious papers at this conference, The causes of the limitations on NDT performance have been
identified as being due to [4];
i, The physics of the fundamental interactions.
ii, The instrumentation which is used.
iii.The irspection techniques employed, including human factors.
iv. The defect population; its range of types and sizes,
base material properties and the component geometry,
Fron an engineering point of view the problems associated with current NDT technology have been
summ.rised as [5];
i. Lsck of NDT considerations at the design stage.
ii. Inadequate ‘'engineering' of the NDT techniques.
iii,Nefect detection requirements which are often too close
to the detection threshold.
iv. Human factors in the inspection cycle,

The various causes of limitation on NDT capability, however they are expressed, have important
implications for the main subject of this meeting; the impact of NDE-NDI on design manufacture and
maintenance and also implications for future trends in the development of the field., For example
reliable inspections cannot be expected to be performed to levels that are close to, or better than, the
limits set by the physics of the phenomena employed., The effect of flaws on the structure and necessary
inspection requirements must be considered at the design stage of a project if realistic inspection
levels are to be set, The implementation of the inspection goals should then be achieved using the best
available technology, snd traineu staff, which can then be expected to give systems with a quantifiable
level of performance.

3. Philosophy

A range of lifeing philosopliz3 are now well established. The traditional concept of 'Safe Life' is
still important and it will re.sain so in many areas, There is however now an increasing use of Damage
Tolerance and Retirement-for-."use (RFC) [1]. An integrated design and life cycle engineering approach,
Unified Life Cycle Eh?ineerim_, (ULCE) has also been proposed and this has many useful features to guide
designers thinking [6]. NDE .nd the various life models in all their features are by the very nature of
the situation statistical and this must be taken into account in the design/life estimation process.
From an NDE point of view when considering NDT capability the critical aspect of component life is the
population of flaws and the critical flaw size, the inspe:tion detection threshold and the probability-
of-detection (FOD) in a particular part,

It is however all well and good to have an adequate design/life philosophy, but it is then necessary to
ensure that it is smplemented, The whole area of RFC/ENSIP and process control and the drive for a new
NDI reliability standard was consi“ared at this meeting by Taylor et al [7]. There are interesting
contrasts between the European and !™ approaches, but which ever was considered it is seen that there is
a need to have high quality quantits!ive NDT, which can either be & part of process control or form a
final inspection.

In summary the necessary philosophy to ensure NDT requirements, limitations and capability are
considered as an integral part of design and its subsequent implications for manufacturing quality
control (QC), component life and maintenance are available [1,6,7]. In this area a common AGARD approach
is strongly recommended, particularly for the analytical methodology employed [7}. The implementation of
codes which ensure such a design approach is then a customer and a management responsibility. In some
NATO countries NDT is already having a significant impact on component design and life decisions and new
codes and standards are currently being prepared.

4, Physics

It is the fundamental physics of each particular inspection technology which in almost all cases sets
the ultimate limits for the best achievable perfurmance for NDT detection capability in the

laboratory [4,8]. A summary of the limits for detection capability for various NDT technologies is given
as Table 1 [4,8]. Such a single number, the detection limit, is not however an adequate parameter for
the characterisation of the performance of an inspection technology; a series of probability of
detection curve is better as this can take into account many more inspection parameters and gives a
better guide to probable detection performance [4]. When the data given in Table 1 is considered there
are important differences to be seen between the best performance that is achieved in the laboratory and
that in manufacture or in maintenance. The causes of the failure to achieve laboratory level performance
in manufacture and maintenance are many, but they are not usually due to the physics (See section 2).
The data given in Table 1 may be considered to be somewhat old (1974) but since it was collected it is
prob{a)blll:y on%ylin eddy currents that there has been a significant improvement in field inspection
capability [4].

The physics of NDT is of particular importance to the understanding of system performance. Modelling is
now central to many studies to optimise inspection and in the determination of performance limitations
and many examples of studies which included modelling ware to be seen in the research papers presented
at this meeting., The selection of the basic NDT phenomena to be employed must give a method which is
suitable and which can be optimised in the laboratory before it is automated, if expensive modifications
or re-design of the final inspection system is to be avoided.

NDT remains a technology which is seeking to give the data needed to solve illposed inverse problems: to
provide material and flaw characteristics, which can then be used in a suitable failure model to
determine the components remaining life. One of the weak links which remain in the NDE and RFC process
is providing data from NDT flaw characterisations which ig in a form such that it can be used directly
in fracture mechanics calculations, Inversion schemes are required to extract defect characteristics and
this then requires bridge-building, at a fundamental level, to draw together NDT and fracture mechanics
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to give compatibility of the data that one field provides for the other. An agreed degree of flaw
characterisation is required, for example is it adequate to give a flaw's location, its type, dimensions
and orientation to some level of accuracy?

5. Technology

Wwith the aging aircraft fleet both civil and military operators are faced with many problems due to
corrosion and fatigue. Current NDT inspection practice has been staied as not being adequate to meet all
these n~eds [2]. However techniques do exist in the laboratory [3} and in prototype systems such as
those reported at this meeting to meet many of the current range of new inspection requirements.

I do not wish to repeat here comments about the detailed contents of the various papers made by

Dr Cooper in his review of che rurrent state of NDT technology, so I will restrict myself to saying
that various NDT technologies were considered at the meeting and a range of systems demonstrated that
are available today. These systems included an optical global inspection scheme "D-sight" {9], as well
as a range of ultrasonic and eddy current systems; the RFC ‘NDE System (US Kelly AF Base) [10] for disc
inspection, the US system ARIS and prototype systems from DREP (Canada) and Italy for on-wing C-scans.
Various eddy current developments and systems were reported including a UK system for detection of
cracks under fasteners in wing skins, Powerful neutron radiography systems are also now available for
use on aircraft systems which can detect some forms of corrosion, as well as a range of conventional
radiography developments including CI, microfocus and real time displays that are being used in the
laboratory and which will no doubt receive much more attention [13). There are also a range of
thermography systems available for composite inspection, one of which was discussed., Performance, in the
medium term in a maintenance environment, is unlikely to be improved significantly on that achieved by
the various systems reported at this meeting.

Several good papers considering fundamental aspects of acoustic emission (AE) were presented, AE was
shown to have a useful role to monitor parts in the laboratory and restricted sections of aircraft
structure in flight tests. I consider that although progress is being made acoustic emission has yet to
be demonstrated to be a technology capable of being the global aircraft structural monitoring tool that
some appear to hope it will be,

It has been shown at this meeting that NDE is starting to have an impact on the design of both engines
and airframe [7} and this is in turn being related back to NDT capability and its quantification. Much
has been done to start to measvrc NDT performance with the POD and reliability of characterisation (ROC)
curves [11]. However, more work is required to expand the data base for quantified NDT performance. In
Burope the EFA presents new challenges and there is o need to prepare the inspection capability that
will need to be available for its introduction into service in the next decade [12]. It is important to
recognise that the development of modern high performance NDT capability requires high grade staff and
it can be expensive to establish, as in many cases the automation of NDT will be required if the desired
levels of sensitivity and reliability of performance are to be achieved.

When the longer term future for NDT is considered several technologies can be identified as being of
potential importance, but little was said about these at this meeting. For non-contact ultrasonic
inspection EMAT's and laser ultrasonics will be considered. For detailed material characterisation
studies various forms of acoustic microscopy have considerable potential. There are also inspection
schemes which employ non-conventional wave modes such as leaky Rayleigh waves, leaky Lamb waves and
interface waves. In radiography - in particular CT, thermography and eddy currents, sensor and
instrumentation further developments can all be expected [4]. Within the field of technology further
progress in the use of automation and robotics, signal processing, automated data recording and improved
displays, defect characterisation using inversion schemes and AI can all be expected to grow. In all
technologies employed in NDE there remains considerable scopz for research and for many there are
significant areas of potential application that should be investigated. Areas in several of the topics
listed here can be considered to be to a large extent technology transfer as much of the necessary
capability is already available in other fields of study.

6. Discussion and Conclusions

The integration of NDE-NDI into the complete life cycle of a part and system is crucial if the full
technological and economic benefit is to be made of the available range of NIT technologies. There can
be expected to be a move to integrate NDT into process control and to see it being used to monitor and
characterise material properties [14] as well as locate and characterise isloated flaws or groups of
flaws. As NDT capability is upgraded flaw characterisation will move to be more quantitative. In
relation to this if the same flaw is found several times the manufacturing process can be expected to be
changed to seek to minimise the possibility that it is produced again. The result will be tbar in many
areas of routine aero-space production, such as for engine discs, NDT will be considering only "random”
flaws and the statistics are such that when a process is under control only a small numbers of
gignificant NDT indications will be detected.

For the condition monitoring of structures in service there can be expected to be increasing interest in
the use of optical systems, such as D-sight, thermal methods for composites and the introduction of
smart structures using optical fibres to monitor a wide variety of parameters.

To give a balanced picture of current NDT capability and recent trends it is necessary to look oitside
the scope of this meeting and into the wider literature. The field of acoustic microscopy, which can
give material characterisation and inspection in both the laboratory and in the production facilities,
is now available as a routine tool {15]. New bonding methods, including both adhesive and solid state
bonding technologies are topics of considerable research interest [16,17]. For some years eddy current
theory in NDT has received much less attention than the theory for ultrasonics, but recently more
attention has been focused on eddy currents with encouraging developments to be seen in the necessary
theory {18]. Central to many developments in quantitative NDE is mathematical modelling which can be
used to consider both forward and inverse problems [19,20], and the role of modelling in NDE research
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can be expected to grow as conventional NDT techniques are no longer able to meet new inspection
requirements. One final area is that of signal processing and data display which is building on the
enhanced computing capability that is now so readily available. This area is a topic in its own right
and it can be expected to have a continuing major impact on developments in FDE [21]. If one source of
information is sought which will give an overview of trends and developments in quantitative NDE over
the past 10-15 years, with particular reference to the aero-space industry, then this is the series of
volumes "Review of Progress in Quantitative NDE" {22].

One of the most significant and encouraging developments at this meeting was to have the economics of
NDE being considered. The USAF RFC system was reported to have given savings of approximately $80
million todate, with over 8,000 F-100 engine discs inspected between October 1986 and July 1989 [1l].
Such data can only serve to highlight the impact that NDE can have on aircraft design, manufacture and
maintenance,

NDE-NDI requires to be considered as an integral part of the design, manufacturing and operational
condition monitoring process for all parts of an aircraft. In the area of fundamental design/life
philosophy a common AGARD apprecach is strongly recommended, particularly for the analytical methodology
employed. A common AGARD approach to NDT system performance evaluation, standards and clear presentation
of the statistics used to determine parameters such as probability of detection would greatly ease
problems currently encountered in performance comparisons, Increased information exchange on NDE topics,
as encouraged through this meeting, and within AGARD can only be to the benefit of all groups involved.
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TABLE 1, Estimated variations in filaw detection limits by type of inspection.
(Plaw size in mm; Pettit and Krupp [8]).

NDT Technique Surface cracks Internal flavs
Processing Fatigue Voids Cracks

Test specimens, laboratory inspection
Visual 1
Ultrasonic 0
Magnetic particle 0
Penetrani 0
Radiography 0
Eddy current 0

O PN

Production parts, production inspection
Visual 2
Ultrasonic 3
Magnetic particle 2
Penetrant 1
Radiography 5
Eddy curreat 2

LN R IR 4

Cleaned structures, service inspection
Visual 6.0 2
Ultrasonic 5.0 5
Magnetic particle 6.0 10
Penetrant 1.2 1
Radiography 12,0 *
tddy current 5.0 6

L IR 2 B 2
.

+ Not applicable. + Use with magnifer. * Not possible for tight cracks. (Based on 25-mm ferritic steel,
surface 63 RMS.)
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