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PREFACE

This Lecture Series No.103 on the subject of Non-Destructive Inspection Methods for
Propulsion Systems and Components is sponsored by the Propulsion and Energetics Panel of
_ AGARD and implemented by the Consultant and Exchange Programme.
\\

The safety in use of mechanical systems is dependent on the identification of possible
defects in their component parts. This particularly apolies 10 turbine engines, certain compo-
nents of which, especially turbine and compressor discs and blades, are subjected to
particularly severe stresses; creep, low cycle fatigue, thermal fatigue.

These potential defects must be detected, on the one hand when the parts are at the
manufacturing stage and, on the other, during periodic inspections in servics.

It is, therefore, essential to have available non-destructive inspection methods which,.
while they are accurate and sensitive, can be used in the workshop for the detection of even
minor defects and cracks.

A considerable amount of research work has been done throughout the world in this
field and has led to the development of various methods: ultrasonic, magnetometer, X-ray.
New procedures, which are complementary to these now conventional methods, are in process
of development or optimization; acoustic emission, laser holography, eddy current etc.

The aim of this Lecture Series is to survey the means currently available, with particular
emphasis on the intrinsic possibilities and present limitations of the non-destructive inspection
methods most widely applied to turbine engines, and to describe the state of progress of
research on more recent methods.

————

N
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INTRODUCTION

Cette Lecture Series N°® 103 est établie dans le cadre de l'activité
du "Propulsion and Energstics Panel”™, et du "Consultant and Exchange Programm"
de 1'AGARD,

Elle & pour but d'examiner et de commenter 1'état actuel de l'art,
ot les progrés prévisibdles ou attendus des méthodes de contrdle non destructif
appliquées aux pidces de turbomachines et autres moteurs thermiques,

La réalisation de ces turbomachines ou moteurs thermiques de hautes
performances nécessite la mise en ceuvre de matériaux et techniques de plus
en plus sophistiqués. De plus, le niveau de sécurité exigé sur les composants
de ces natériels exige des techniques de contrdle non destructif de plus en
plus évoiudes,

Les défauts 3 détecter sont de nature et d'origine diveraos s

- défauts de fabrication :

- géométriques : soufflures, porosités, retassures, manques de liaisms,
- métallurgiques : inclusions, précipitations grossidres ;

- défsuts spparaissant en utilisation : essentiellement criques ou fissurea de
fatigue, de fluage, éventuellement zones de corrosion,

Une unique méthode de contrdle ne peut prétendre 3 elle seule révéler
ou identifier avec la méme efficacité ces différents types de défauts ; il est
donc important de pouvoir disposer d'une gamme de méthodes, faisant appel A des
principes physiques différents, pouvant 8tre utilisées conjointement ou non
suivant le type de défaut A détecter, et le degré de sécurité exigé pour le
composant ; et ceci aans perdre de vue le coflt de ces opérations de contrdle.

Certaines de ces méthodes sont déji anciennes, mais font souvent
1'objet de perfectionnements incessants ; on peut citer en particulier :

- ultra-sons : si le principe général de cette méthode est maintenant bien connu,
des nouveautés spparaissent soit au nivean du palpeur : largeur de bande
utilisde, arortissement de 1'élément sensible, soit dans la définition méme de
la @éthod? te contrdle ; imagerie acoustique, diffraction ulira-sonore ;

= radiographie : cette méthode également triés ancienne connait différents
perfectionnements récents : amélioration du pouvoir séparateur par utilisation
de matériel microfoocal, sugmentation de la sensibilité des films.

D'autres méthodes sont apparues plus récemment, en particulier :
- émission acoustique : la difficulté essentielle de cette méthode réside dans

1'interprétation des signaux sonores recueillis ; un traitement approprié de
ces signaux devrait remédier an partie & cet handicap ;

veufons
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~ courants induits : cette méthode est de plus en plus utilisée pour ls
vérification des alésages ;

~ holographie laser dont la mise sn oeuvre en atelier reste encore délizate.

Dans le¢ cas deo défauts apparaissant en service, il serait évidemment
soubai table de pouvoir détecter leur apparition le plus t3t possible, afin de
réduire le risque de rupture par développement de la fissure, et également
dfalléger la frénuence des opérations de contrdle ; une analyse fine des
anomalies métallurgiques précédant 1'apparition de fissures macroscopiques
semble pouvair ouvrir une nouvelle philoscphie de contrdle.

BEnfin, le suivi en utilisstion de la dégvadation par usure des organes
mécaniques peut dtre effectué en snalysant la nature et la forme des débris
d'usure recueillis dans les circuits hydrauliquew et de lubrification ; cette
technique, gui pormet de privoir les ruptures d'organes mécaniques aprés un taux
d'usure determiué, est dé ) utilisée pour les boftes de transmission d'hélicop-
tares, ot psut dtre étendue aux pidcas de moteurs.

Il est évident que les procédés de contréle décrits dans cette Lecturs
Series ne s'appliquent pas seulement uniquement aux composants de moteurs, et
turbomachines, et peuvent présenter ou présentent de 1l'intérét pour d'autres
spplications, essentiellement dans le domaine adrospatial.

Leur efficecité et leurs éventuels progrés constituent un trés
important facteur de la sécurité d'utilisation de ces matériels.

L'Ingénieur en Chef de 1'Armement BESSONNAT
Lecture Series n* 103's Director.
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INTRODUCTION

Thie Lecture Series N°® 103 is sponsored by the "Propulsion and Ensrgetics
Panel" and implemented by the "Consultant and Exchange Progrsm™ of AGARD.

Ites aim is to examine and comment on to-day's atate of the art, and
the foreseeable or hoped progress of the non-destructive inspection methods
applied to the turbine or pistons engine., The manufacturing of thess kinds of
mechanical systems needs the use of mors and more sophisticated materials and
processes.

The defects it's necessary to detect are of various kinds and various
origins :

- manufacturing defects :

~ geometrical defects : blow holes, pores, shrinkages, voids ;
- metallurgical defects : inclusions, coarse precipitations ;

- defects occurring in use : mainly fatigue cracks, creep cracks, occasionnally
corrosion areas.

Only one method cen't claim to detect or idantify all these kinds of
defects with the same effectiveness ; so, it is particulary important to have
one's disposal a large range of methods with different physical bases ; these
testing techniques must be used together or not according to the type of
defact, and the safety level required for the component ; last but not leasst,
it's opportune to take the cost of thesc oporsaticus into comsideration !

Some of these proceduces are already established, but are incessantly
improved upon :

- ultrasonic emission : this technique seems wellknown to-day, but is still in
improving, either the transducer : broad of the band, damping of the piezo- :
electric wafer, or the process itself : acoustic imaging, ultrasonic i
diffraction ; :

- radiography : this technique although very old is also continually being !
revised : improvement of the resolution, ‘n using a microfocal X-ray
equipment, and raising of the sensibility of the films.

Other methods have been born more recently :
~ Acoustic emission : the main difficulty ims not to listen, but to understand

the sound signals ! So, a probable new processing of the signals could add
to thia disadvantage ;
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- Bddy currents : this technique is more and more used for the inspection of
holes ;

~ Laser holography : the possibility to use it in a workshop still presents
some difficulties.

Concerning the defects arising in service there is evidence leading
to detection of defects as soon as possible, in the aim to decrease the

possidility of rupture after the growth of a crack, and also to reduce the
veight of the periodic inspections ; this seems possibie with a fine analysins

of the metallurgical phenomenal occurring just before the growth of macrco~-
scopics cracks,

At last, the control in service of tha wear damaging of the mechanical
components can be done in analysing the kind and the gecmetry of the wear
debris collected in hydraulic or ludbricant fluids ; with this technique, it is
possidble to foresee the bdreak of theso components after s defined level of

wear ; this procedure is already used about ths gear-boxes of .+licopters, and
seens to be extended st the engine components.

0f course, the N.D,I., methods descrided in ’his lLecture Series ars not
only available to the engine parts or pieces, but are sometimes applied to

othsr mechanical composents, mainly in the seronautical nr space techrology
field,

The future improvements in safety level of siroraft prupulsion

systeas will be gained throngh the efficiency and progress of these N,D.I.
materials.

L'Ingénieur en Chef de 1l'Armement BESSOENAT
Lectures Series H*® 103's Dirsctor.
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STATE-OF-THE-ART OF NONDESTRUCIIVE INSPECTION OF AIRCRAFT ENGINES
by
D. M. Comassar
Manager, Aircraft Engine Quality Technology
General Electric Company
Cincinnati, Ohio 45215
Mail Drop E-45

The continuing emphasis on high performance aircraft engines over the past 20 years has required that non-
destructive inspection methods keep pace with the resulting tnchnology srowth associated with the design
and manufacture of these power plants. The use of higher strength alloys, the need for longer life
compenents and the emphasis on lower life cycle costs all require thit the components in the power plant
be more fault free than past generation engines.

New and engine-run hardware requirements are such that not only is the detection of smaller flaws in the
range of ,010" (.256 mm) required, but also more reliable detection. This has both basic process as well
as equipment implications. It has been our experience that an improved understanding of the basic NDI
processes coupled with the {dentification of necessary technology extensions 1s required in order to
reduce the gap between the desired and actual flaw detection capabilities. Additionally, new manufactur-
ing technologies continually provide a motivation toward more effective NDI processes for hardware
quality control. This is the environment we are dealing with as an aircraft engine manufacturer.
Specifically, this discussfon is aimed at describing where we stand today in applying state-of-the-art
inspection techniques to engine components. Focus is on major engine components where the demands are
more stringent.

There are five basic NDI disciplines which are more commonly applied to enzine components, namely ultra-
sonic, eddy current, fluorescent penetrant, radiographic and magnetic particle inspection. There are a
number of recent advancements in the ultrasonic and eddv current processes as well as improvements in the
fluorescent penetrant process that will be discussed. These advancements are primarily in the equipment
area and in the automation of the inspection process both of which provide improved capability, more
reliable inspections and also a reduction in inspection costs. Major advancements have not been seen in
the application of radiographic and magnetic particle inspections as they apply to aircraft engine
hardware. Thus, this discussion will focus on improvements in the ultrasonic, eddy cuirent and
fluorescent penetrant processes. . Several nonconventional techniques used for inspection of development
hardware will also be discussed.

Ultrasonic Inspection

Typically, all major rotating hardware is ultrasonically inspected as it enters the manufacturing cycle.
This is done after the forging has been rough machined into rectilinear shapes with a specified envelope
to accommodate the inspection. Current production systems are designed to handle a 0.125" (3.2 mm)
envelope.

A typical system in use today is shown in Figure #1. liote that the basic motion control of the system is
provided by a numerical control machine. Experience has shown improved inspection consistency wita the
use of this equipment. Tke numerical control tapes which direct the system provide the following~
controls:

- Constant water path.

-~ Transducer angulation to allow longitudinal and shear inspection modes.
- Part contour following.

~ All required scans both In quantity and type.

All flaw indications are recorded for each part on a strip chart recording. Accept/reject decisions are
on the basis of signal amplitude. The svstem just described has been in successful operation since 1974,

Several innovative improvements have been intrcduced into these systems within the past year and one-half.
These include replacing the previously used APT (Automatic Programmed Tools) numerical control language
with one which better describes the ultrasonic inspection process. This new language is called WRIPP -
vhich stands for Wrenn's Interactive Parts Programming. Figure #2 shows a comparison between the APT

and Wripp systems. There are a number of features nf the WRIPP system which are shown in Figure #3.

With the APT approach, numerical control (N/C) machine programmers prepared the N/C tapes in a batch
process mode which took an average of one week. The tapes were checked-out wi.h the part in the tank as in
an inspection. Correction of the tape errors, which typically ran ~30%, were very time consuming.

The WRIPP system utilizes a graphics terminal which has been linked to the electronic part definition in
the Compuicer Aided Design (CAD) and Computer Aided Manufacturing (CAM) systems. Through this linkage, the
numerical control tape, plus the inspection scan plan and complete operator instructions, are generated.
This is done interactively 1n approximately two hours. The WRIPP system features simple software routines
which describe the ultrasonic process as well as tape checkout routines as part of the inspection planning
package. Experience since introduction of the WRIPP system has been excellent with less than 1X of the
tapes generated requiring correction.

The system just described utilizes advancements in the manufacturing and design areas through Computer
Alded systems (CAD and CAM) and interfaces the inspection requirements to achieve maximum benefits.

In addition to newer programming techniques. such as WRIPP, advancements have been made in part contour
following techniques, which have allowed ultrasonic inspection technology to keep pace with advanced
material process technology. This material processin; technology is now presenting shaped (nonrectilinear)
hardware to the inspection process. From an inspection standpoint there are significant technology
implications. These lie in both the instrumentation and transducers required to achieve near surface

[P
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resolution in the range of 0.050" (1.28 mm) as well as improved process understanding which relates the
lens effects of the ultrasonic beam to part radii Jown to 0.500" (12.7 mm). Such an advanced system {s
currently under development and {s shown in Figure #4. This system features advanced instrumentation
and part following techniques as well as the following capabilities:

= Automatic
o System calibration.
o Distance amplitude correction.
o Correction for lens effects of radii.
o Plawv angulation technique to maximize signal response.
o 0.,050" (1.28 mm) near surface resolution.
o Contour following of ridil dowm to 0.500" (12.7 mm).

In addition to new inspection capability and the inherent benefits of an automatic inspection, there is
a projected reduction in inspection time of ~40% when this system is intrnduced in early 1980.

The advancements in ultrasonic technology coupled with computer technology have led the way for similar
advancements in other NDI processes. The visible gains from advancement of the ultrasonic process have
provided an impetus for similar work with both the fluorescent penetrant and eddy current inspections.

Fluorescent Penetrant Inspection (TPI1)

Probably the most widely applied nondestructive inspection in the aircratt engine industry is
fluorescent penetrant inspection. While this technique has not experienced the advancements in basic
process technology that ultrasonic inspection has, major improvements have been made. These improve-
ments have made this process a viable candidate for automatic inspection techniques.

One of the more recently applied improvements is in the area of hydrophilic removers. These removers
are now ir wide application in the aircrafc engine industry. Experience has shown the following
improvements through application of these removers.

- Improved process tolerance.
- Less background fluorescence.
-~ Cost effective dilute solutions.

The reduced background fluorescence obtainable with hydrophilic removers has contributed greatly =o
improved inspectability while enhancing the opportunity for automated inspection techniques.

Recent improvements in water washable penetrants have indicated their suitability for certain engine
components. These improvements include improved process tolerance which allows application in a 4
production environment.

Over the past several years, a number of studies were conducted to determine the best penetrant system
for different hardware types and materials., These studies were conducted on test blocks of different

material types containing a range of low cycle fatigue cracks generated for test purposes. The block

configuration is shown in Figure #5. Tests were run on iron, nickel and titanium based alloys. These
blocks were used to generate relative flaw detection capability over a range of fluorescent penetrant

systems. The following generic penetrant material types were tested.

- Penetrants

o High sensitivity post emulcification
o Ultra~high sensitivity post emulsificacion

- Emulsifiers

o Hydrophilic
o Lipophilic

- Developers
o Dry

o Nonaqueous

Figures #6 and #7 exemplify the type of data obtained. Figure #6 showa the relative effect of part base
material on detection efficlency using an ultra-high sensitivity penetrant system. Figure #7 shows the
effect of developers on detection efficiency by material type using an ultra-high sensitivity penetrant
system. This type of Information allows the best match of FPI system and part inspection needs.

Eddy Current Inspection

The two previously discussed inspection processes are broadly applied to newly manufactured hardware.
However, eddy current inspection has been found most suitable for service-run hardware. There are a
number of reasons why eddy current inspection has been successfully applied to service-run hardware;
these stem from differences in the basic requirements for nev and service-run hardware. Typical
differences include:
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NEW SERVICE~-RUN
~ Where the process is applied In-process shapes Final part shape
- The type and size of flaws Material and process Fatigue cracks - small
related flaws - cracks in compression

typically larger flaws

- Location of the flaws Subsurface and surface Surface flaws
flaws

-~ Inspection coverage required Bulk Local inspection of
~ Ultrasonic critical areas and bulk
~- FPI - FP1

In considering the requirements for service-run hardware, eddy current inspection has been found by
experience to be the most readily adaptable method to meet the majority of the requirements.

A number of more recent advancements have occurred in eddy current inspection. A major motivation for

these improvements has been the increasing widespread application of this technique to aircraft engine

hardware. This coupled with the continuing demand for improved flaw detection has provided impetus for
improved capacity.

Eddy current finspection has demonstrated relatively high flaw detection capability in comparison with
other NDI processes. Figure #8 depicts the relative capability of surface inspection techniques as
demonstrated cn low cycle fatigue (LCF) cracked specimans of titanium material. These cracked specimens
were the same as described in the FPI studies.

While eddy current is very geometry-adaptable as shown in Figures #9, #10 and #11, the signal response
can be affected by geometry. This geometry condition, which in earlier work impeded clear interpretation
of the signal response, led to advancements in the area of signal processing. Figures #12 and #13 show
signal response on several types of flaws before and after signal processing. Note the clarity of flaw
interpretation after the signal has been electronically processed to remove low frequency components.

The instrumentation found most suitable to our applications is the impedance plane type. A typical
vector diagram is shown in Figure #14. This type of instrumentation facilitates separation of flaw
information as shown in the two channel strip charts in Figures #12 and #13.

Like ultrasonic inspection, there are many opportunities for improvement of the eddy current process as
it is currently manually applied. Technology advancements are required to achieve these improvements.
These reside in such things as having a computer compatible eddy current instrument, automated motion
control, computer controlled steup, inspection and data analysis as well as a better understanding of
eddy current field and flaw interpretations.

Development Inspection Methods

Several development inspection methods used primarily on nonproduction hardware are laser holography and
infrared thermography. The holographic technique is typically applied as in Figure #15 to determine
vibrational patterns of development hardware. The infrared technique can be used as in Figure #16 to
determine unbond conditions. Also, microfocus X-ray and high frequency ultrasonic presents methods of
flaw detection for special cases where very small flaws (<.010", .256 mm) must be found.

In summary, over the past several years, nondestructive inspection has received ever increasing emphasis
at General Electric - Aircraft Engine Group. This emphasis is driven by new material and process
technology, the need for longer life engine components and the emphasis on lower life cycle costs.
Productivity provides another driver and further impetus toward automatic inspection features. While
automation endeavors are for the most part still in their infancy, significant advancements in
inspection process technology have been made. These advancements predominate in the ultrasonic process
with major gains in the eddy current and fluorescent penetrant processes.
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Fig.2 Comparison of APT and WRIPP in key areas
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Fig.3 Featuresof WRIPP system
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Fig.16 Nickel base alloy lap braze joint
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HIGH RESOLUTION RADIOGRAPHY IN THE
AERO-ZNGINE INDUSTRY

R.W. Parish, T.ENG.(C.E.I.) Member INST.NDT.

Manager, Advanced Application Unit,
Non-Destructive Testing Centre,
Material Physics Division,
A.E.R.E.,

Harwell,

Oxon. O0X11 ORA

SUMMARY

This paper examines the practical problem of achieving adequate resolution in
the broad field of radiography (x-rays, gamma rays and particle radfations) in the
aero-engine industry. The interpretation of any industrial radiograph is a
subjective process, involving the human eye and the experience and skill of the
viewer. Although many automated and programmed interpretation systems have been
postulated, there still remains a basic need to produce radiographic images which
are sharply defined, so that the information contained in them can be analysed
more readily by either man or machine.

Microfocal =x-ray equipment which 1in certain circumstances can achieve
considerably enhanced resolution is discussed and emphas:s in the paper is placed
on the application of these small x-ray sources to aero-engine components. These
newer techniques allow small defects to be resolved which hitherto have been
undetectable when using conventional x~ray techniques.,

1. INTRODUCTION

These lecture notes are concerned with the interaction between two successful scientific and
technological stories; the explosive developmert in aero-space design and the impact of x-radiography.
The former has developed from the crude beginnings of the flying machine at the turn of the century to
the technological achievements of supersonic flight. The latter concerns the accidental but brilliant
discovery of x-rays in the same era which, apart from providing a vital tool 1in medicine, now
contributes significantly in maintaining the low incidence of failure experienced with modern air
transportation.

Radiography was used on aircraft as long ago as [1] the 1914-1918 war when wooden propellors were
examined for the presence of cracking and other flaws. When i{n the 1920's aluminium alloys were first
used for casting pistons, cylinder heads and crank cases, radiography had arrived into the industry.
It was not until the 1940's however that radiography was rightfully acknowledged, by the inauguration
of written codes and standards, as a useful and practical technique to ensure the soundness of
components used in aero-engines.

In the UK a system was initiated in 1939 by the then named Aercnautical Inspection Directorate
(AID) now named Aeronautical Quality Assurance Directorate (AQD) which examined and approved those
engaged in the radiography of aircraft components, Part of the same approval scheme evoked the
requirement not only of assessing the man but also the equipment and facilities at his disposal. The
correct application of an appropriate and meaningful x-ray technique was realised even then to be
of paramount importance 1if castings and weldments are to be confidently examined for the presence of
internal flaws. Not only is assurance needed that the correct technique 1is applied but also that the
sanpling frequency is commensurate with the importance of the component.

For many components today a 100X radiographic 1inspection is mandatory. Modern practice in the
aerc—engine manufacturing industry is that radicgraphic acceptance standards are only established after
agreement has been reached by teaas comprising many disciplines within the industry., These include
representatives of the development, engine design, stress, quality control and production departments,
The wmetallurgial laboratory is also involved and (often belatadly) the non-destructive testing
department; this latter often, in the event, provides the best communication 1link between the
disciplines.

The inspection role of industrial radicgraphy in the manufacture of components is well known in
the industry but radiography has other lesser known but important roles, It features from the
conception of the design of an engine, through the many scheduled maintenance inspections and is often
used as an investigatory tool in the unhappy event of premature failure.

These stages which are presented in Table 1, are indicative of the scope and worth of radiography
in the aircraft industry.
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Table |

Scope of radiography in the aero-engine industry

Stage Applicacions

1. Design/Developament Dynaaic radiography of engines
Fluoroscopy of casting processes

2, Materials & Component Research Metallurgical saaples.

& Development Special welding techniques.

Assenblies

3. Manufacture Quality Control of weldments,
- astings and assemblies

4, Maintenance Detection of corrosion & cracking at
inaccessible sites within an engine

5. Fallure analysis Examination prior to destructive
tests etc.

A modern gas turbine consists of many thousands of individual components. These can be

manufactured in a wide variety of marerials, they vary considerably in size and complexity and are
built using many differing manufacturing processes. Many of the components are highly stressed and the
operating temperatures range from ~4{0°C to greater than 1000°C. Critical crack lengths can vary
from a few millimeters down to a few microns. Acceptable porosity levels or any other flaws in
castings and weldments can also vary considerably.

Many of these components are successfully examined for the presence of defects with standard x-ray
or other non-destructive testing methods but there are some that require more speclalised techaiques
and work is still continuing on their developaent and {ntroduction,

Other NDI methods of course play an {mportant part but the role of radiography s still a
considerable one despite the emphasis sometimes placed on the development of its alternatives. The
components that are radiographed during the manufacture of an engine are listed below so that the
extensive role cf radiography in this sphere can be appreciated.

Table 2

Aero engine components

Static Components

Casings Welds in structural members, large
complex fabrications, wrought and cast
materials.
Combustion Welded fabrications in nickel based .
chambers heat resistant alloys.
Guide vanes Cagtings and fabrication weldments,

Materials: Composites, aluminfum
titanium, steels, nickel/ccbalt alloys.

Dynamic Components

Turbine Investment castings with complex cnoling
blades channel configurations.

Auxiliary Components

Auxiliary Welds and brazes in fuel and hydraulic
Components systems. Cast tee and elbow joints.
Electrical assemblies etc.

X-rays and gamma rays have established themselves 1in industry because of their ability
conveniently to penetrate solid objects and to produce a two dimensional pictorifal record. Their wide
acceptance for inspection In the aircraft Industry is not only due to this recording ability but, for
many applications, they can be more economic than complementary techniques. As, for ({instance, an
alternative to stripping down an assembly to allow visual inspection; thereby saving many manhoure,

When the simple arrangement of radiography is considered (i.e. a radiation source, an object and a
film) there is little wonder that radiography 1s acclaimed as the foremost method of examining
interiors. Although to produce a radiograph is a relatively simple operation, the demands of cbtaining
a radtograph of adequate defect sensitivity are such that a large number of variables (Fig.l) has to be
considered and where possible controlled. Radiography also demands a knowledge of the components and
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the processes that are used in manufacturing the component to decide on the type and the possible
locations of defects that may occur. In maintenance inspections the conditions that may lead to wear,
corrosion or cracking also should be known so that the sites are identified where defects may be found.
Without a bdroad knowledge of these problems the conditions of the radiographic technique cannot be

properly optimised.

The quality and standards of radiographic inspection used in the aircraft industry are such that
it could be claimed that high resolution radiography i{s the norm rather than the special case. All
radiographs must obviousiy be of an adequate quality to allow sensible interpretation., The resolution
therefore must also be adequate for the purpose intende’, f.e. it must be capable of resolving the
desired details in the component or assembly. Another definition of resolution will be given later in
photographic or radiographic terms, but in general terms resolution can also mean simply the resolution
of a flav {n a component. Achieving adequate resolution in all aspects of aero-engine radiography is
both an art and a science and should be recognised as such., These notes will therefore review and
comment on the general problem, but emphasis will be on the application of minute sources of radiation
and the results that have been obtained using thea. It must be realised that there are many
applications of radiography both in the production, and particularly in the maintenance, of aero
engines when the results achieved are anything but high resolution, but can be useful nevertheless. A
few examples will be yiven where radiographs need sometimes to be taken under unfavourable conditions;
even so, with due consideration to the principles involved, adequate resolution can often be achieved
thereby making radiography a viable technique.

High definition radiography will be specifically discussed because it is an x-ray technique which
has recently emerged and is gaining ground as a viable inspection tool used to ensure the quality of
some aero—engine components, ‘

2.  PRINCIPLES

At this stage some of the well known (and relevant in this context) principles of radiography
should be briefly reviewed and also some of the terms that are used should be defined to allow the
problemas of producing high resolution radiographs to be explained.

Electromagnetic radiation (such as x and gamma rays) travel in straight lines, they are attenuated
by aatter depending on the types of materfal and the thickness of the material and they can be
detected, usually by film. When the latent image on the film, caused by the photons emerging from the
sample, is developed by a chemical process a radiograph is produced. The radiograph is then a two
dimensional array of varying photographic densities revealing structural details within a solid
specimen. The sharpness of the shadows thus produced depend on the effective size of the target (focal
spot) within the x-ray tube (or, in the case of a radiographic isotope, the effective size of the
metallic pellet).

fot——88au cunagnT .

A care.. ot



http://www.abbottaerospace.com/technical-library

The sharpuess (Fig.2) also depends on the relationship between the ratioc of distances a/d where;

a8 the distance frow focal spot to object
sod b the distance for object to film.

S

Unsharpness (Ug)
b £

Figure 2

1t {s desirable therefore for the designers of conventional x-ray equipmsent to minimise the effective
size of the focus but this can only be achieved by a subsequent reduction in intensity. Limits on tube
loading are iaposed by the melting temperature ! the target material. Using excessive distances
between the focus and the film (FFD) to improve sharpness leads to longer exposure tiwes, as the
intensity (1) decreases inversely with the square of the distance. Conventlional x-ray sets for
industrial use normally have effective focal spot sizes of between (1.5 mm x 1.5 ma) to as high as
(6 ma x 6 mn)., Radioisotopes froa (0.5 om x 0.5 mm) to (17 mm x 17 om).

Sharpe [ 2] has pointed out that “slthough the maximum current of electrons which produce the
x~ray beam is necessarily lower with extremely swall spots the current density, or brilliance, of the
source can be made very much greater without damaging the target by overheating™, The loading of a
wide range of x-ray tubes is graphically presented in Fig.3.
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Figure 3
Relative power ratings to focal spot diameters for various types of X-ray tube.
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2.1 Magnification

Enlarged images can be obtained by placing the specimen away rrom the f{lm, at some poeition
between the focus and the film. The magnification (m) is given by:

a+b
n .

a
As the distance from the fila to the specimen increases so also does the unsharpness (Ug) due to
geometry increases. As a consequence the limit on the degree of projective enlargement, whilst
retaining good definition of detail, is imposed by the liarge foci of conventional x-ray tubes.
Therefore the smaller the focal spot can be made, the greater the amount of primary magnification
possible (see Fig.2).

2.2 1lmage quality

In the field of optics, resolution is used as a term to describe the ability of & system to
separate sioilar adjacent objects, The British Standard which defines radiographic terms { 3] quotes
specific resolution as:

“The smallest distance between recognisable images on a film or screen., It may be expressed as
the number of lines per millimeter which can be seen as discrete images.”

Definition 1is another term that 1is used in radiography. It is used qualitatively and refers to
the sharpness of image detail on a radiograph.

In industrial radiology circles, rvadiographic contrast 1s understood to be, the relative
brightneas of two adjacent areas in & radiograph. Whereas film contrast is the effect of the fila's
characteristics on radiographic contrast, which is given by the slope >f the characteristic curve of
the film at the relevant density.

2.3 Radiographic contrast

X~rays and gamma rays are both electromagnetic radiation having wavelengths shorter than 107 cas.
X-rays are extranuclear in their origin, and they are produced by accelerating a stream of electrons on
to various metal targets (usually tungsten) thus producing photons by deceleration and other inter-
actions with electrons that orbit the nucleus of the target atoms.

Gamma rays however are emitted by atomic nuclei in a state of excitation and often occur in
association with the emissfon of alpha and beta particles.

Thus, on the one hand we have x-ray machines and on the other hand gamma ray sources (radioactive
isotopes), which are small encapsulated metallic pellets which have been irradiated with neutrons and,
so excited, give off gawma rays.

There are various scattering and absorption processes which account for the total attenustfon of

these radiations but 1t {s only necessary here to consider that both x-rays and gamma rays are
attenuvated by matter exponentially and that the intensity (1) is usually written:

1= 1 SHPPx

Whea 1, = intensity of original beam

and 4/ p = mass attenuation coefficient (cnz/gn).
p = density (ga/ca’)
x = section thickness,

The x-ray spectrum can be considered continuous Fig.4 and the nminimum wavelength ( A min) can be
varied, through the operating range of the x-ray device, by varying the potential (kilovoltage) between
the cathode and the anode (electron emitting filament and the target). Therefore, attenuation
coefficients can be varied, thus affacting the intensity differentials with small incremental thickness
variations - introducing either an increase or decrease in radiographic contrast,

The energy spectrum from a radioactive source unlike that of the x-ray source spectrum, is not
continuous Fig.5 . Each radioactive isotope is characterised by spectral lines of fixed energles.
Therefore it {s only possible to alter the radiographic contrast by changing the film (or the
processing technique) or more fundamentally, by selecting a different isotope within a limited choice,
Table 3. Gamma-ray sources are also less intense than x-ray sources and exposure times can be
considerably longer than x-ray exposures.

By the foregoing it is obvious that the contrast obtained on a radiograph depends on the energy of
the radiation. With the normal range of thicknesses encountered on engine components greater
radiographic contrast can usually be attained using x-rays. The energy can be conveniently varied to
suit the particular thickness at hand. .

[
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Figure 5
Energy spectra of 3 g enitting radioisotopes used
in industrial radiography
Table 3
Isotopes available for industrial radiography
Radioisotope Cobalt 60 Iridium 192 Thulium 170 Ytterbium 169
Balf 1ife 5.26 years 74 days 127 days 31 days
Geuma energles 1.17, 1.33 0.3 - 0.61 0.052 - 0.084 0.063 - 0.3
(MaV)
Thickness for
radiography
Steel (mm) 50 - 150 10 - 70 2.5 - 12.5 2.5~ 25
Other materials g/ca? 40 - 130 8 - 50 5 ~ 12,0 5~2

The imsge contrast in a radiograph can be vritten as:

0.43 (ul - uz) 8x.G

Contrast =
1+ 13/1D

P e
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Vhere ) = attenuation coefficlent of sample
$2 = attenuation coefficient of defect
8x = thickness of defect in direction of beanm
G = film gradient.

The bduild-up factor (1 + 1,/1p) 1is non-image forming scattered and secondary radistion generated.

within the sample.

3. ADVANTAGES OF PROJECTION RADIOGRAPHY

The case for projective radiography is made by Reynolds [4] in which the increase in radiographic
contrast, vhich is attained by increasing the distance between specimen and the film, is expressed as a
quantifiable tera.

The smallest separation x resolvable is limited by the penumbral effect and in a sample irradiated
by a sourceé of diameter f is given by
b

I-IE

where the focus to object distance is a and the object to film distance is b. Thus the highest
attainable resolution is achieved for the case of b——0, i.e. for a contact radiograph. In fact the
resolution can be made as fine as we please by increasin. a to the limits ilmposed by the strength of
the source and the time allowed for the exposure.

Por projection systems where a— O, the penumbral effect limits the resolution x to the value of
f and the use of microfocus sources becomes necessary. What requires further explanation 1is that
projection radiographs frequently reveal more detail than enlarged contact prints.

Two factors at least are involved. The resolution which can be attained in the contact case is
also limited by the grain size of the film. Details which cannot be resoived in a contact radiograph
may nevertheless be revealed in profection because of the magnification factor atb/a which increases
the apparent size of the whole sample and 1its structure.

A second effect occurs through the related medium of contrast. General discussions of absorption
and scattering processes [5] show that most of the scattering in the energy range of interest is due to
the inelastic Compton effect, and that much, if not most, of this scattering is in the forward
direction, as described by the Klein-Nishnia Law.,

1

2
2

4

1d (8) = K(6) deé

where the intensity Id(8) is measured at a distance r from the scattering centre at angles between
0 and 6+ dO0 to the straight through direction. K(8) is a function called the differential scattering
cross section. The behaviour of the coherent scattering is somewhat similar.

Thus, for a contact exposure, much of the scattered energy will still reach the film and serve to
blur the image and reduce contrast. In projection systems, only those x-rays scattered at angles small
enough to intersect the fila will be available to reduce the effective contrast in this way, and a
large portion, depending on the energy of the beam and the angle of collimation, will be completely
lost. Thus, other things being equal, a projection radiograph of a given defect can provide better
contrast than a contact shot and fine details will appear to be more highly resolved.

In terms of the well known expressidn for contrast (see Page 6) the value of 1Ig/Ip is
effectively decreased and the value of contrast enhanced accord_ingly.

4, IMAGE QUALITY INDICATORS

Numerous methods are currently used to evaluate the image quality of a radiograph. These include
devices incorporating a series of wires of varying diameters; others use drilled holes in stepped
wedges, or plaques with holes of differing diameters (Fig.6). They are known as image quality
indicators (IQI's) or penetrameters in the US, These devices are placed on the weld or casting at a
position nearest to the source of radiation and the radiographic sensitivity is usually expressed as a
percentage, thus;

Thinnest wire or step hole visible X100
Thickness of specimen

Sensitivity 2 =

A small percentage sensitivity therefore indicates a radiograph of high image quality.

As an attempt to separate the radiographic effects of the image forming characteristics of
contrast and unsharpness a duplex system of 1Ql has been designed [6]. Two components are required,
one incorporating a series of pairs of wires, each wire in each pair being separated dy the diameters
of the wires in that particular pair. The diameters increase in a geometrical progression and to

37
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establish the image quality one selects the smallest wire pair visible, that does not merge into one
imsge wvhen vieving. The percentage sensitivity is calculated using the dismeter of this pair sad the
method described above. The contrast element is cslculated by reference to the second component of the
system, which is a plain step wedge.

TR l

|

!

L1

7 L

Figure 6

A radiograph of a collection of Image
Quality Indicators (IQl's)

The relationship between the sensitivities obtained by using the various types of IQI device is
complex., In practice it therefnre is best to use the correct one specified and quote the sensitivity
and the type of 1QI used otherwise the information 1s confusing.

5.  UNSHARPNESS

When considering the resolution of a radlographic system the causes of unsharpness need to be
established and the relationship between the causes and the image quality accounted for.

Unsharpness of the radiographic imsge can often be caused by vibration of the equipment during
exposure. The unsharpness here will be directly related to the amplitude of the vibration and
particular care should be taken when small sources of radiation are used 2nd when large projected
enlargements are made, as this blurring will increase with amagnification (m). This, and the
unsharpness due to bad film/screen contact can usually be remedied and in all cases should be dealt
with, There remain the other three contributors to unsharpness of a sharp edge feature, which sre:

1. Geometric unsharpness (Ug)
2. Film unsharpness (ug)
3., Screen unsharpness (Us).

The total unsharpness which could be a combination of all three is generally abbreviated to (Up).
5.1 The geometric unsharpness (Ug) is identical to the penumbral effect in 1light, which is the

imperfect shadow cast of a sharp edge and arises from the finite size of the source. This is also
{llustrated in Fig.2 and the magnitude of (Ug) is calculated by simple geowetry

Primary x-ray enlargement is possible by moving the sample nearer to the source, with the source of
radiation and the film remaining in the same positions. As the magnification is incressed, so the
attendant increase in (Ug) becomes apparent when a large (f) is used.

5.2 Fila unsharpness (Uf) is caused by the scattering of the photon-induced electrons in the film
enulsion, and with the normal range of conventional films used in industry this uncharpness is
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dependent on the eacrgy of the radiation irrespective of the speed of the film., The unsharpness at 100
kV is approximately 0.0l mm increasing to 0.06 ma at 200 kV,

S.3 Screen unsharpness (Us) which is due to the scattering of light by the crystals of- the
fluorescent materials used in intensifying screens, It has bean suggested that this may be partly due
to the shadows of crystals at the layer nearest to the film, as cast by fluorescent light from crystals
behind the first layer.

Quantum mottle resulting from the spatial fluctuations of photon quanta absorbed on the screen has
been postulated as also contributing to the loss of definition.

Typical unsharpness values are froam 0.2 mm for high definition medical salt screens to 0.4 mm for
similar high speed screens and both would be totally unsuitable for the radiography of engine
components vhen conventional x-ray equipment is used. According to Klasens [ 7] the combination of two
causes of unsharpness relate to the total unsharpness (U-r) thus

3
Up = (U} + “3’*

Unsharpness values calculated in this way have been compured with experimental unsharpness curves and
for most practical cases provide the basis for optimising the radiographic conditions.

6. FOCAL SPOT SIZE

The literature abounds with theoretical and experimental data on the subject of the measurement of
focal spots [8,9 & 10]. This topic 1s so relevant to the potential resolution of a radiographic
system, that a brief resume of the methods and the problems involved 1in obtaining meaningful
measuresents is worth relating.

Pinhole radiography is used throughout the medical and industrisl fields to establish a practical
appreciation of the size of focal spots. What is obtained however, is an image of the spatial
distribution of the intensity across the spot. A small pinhole in an opaque material is placed usually
midvay (to arrive at a simple 1:1 relatfonship) between the focus and the detecting film and an
exposure made. The size of the pinhole affects the enlargement of the image and must be accounted for
(Fig.7).

f
Diameter of a
Pinhole (p)
\ Size of Focal Spot
—— —— = Image Size - 2p
[}
n\
Iy
. !y
Film 1,

image on Film Figure 7

How disappointing to the novice radiographer when the result is an overexposed btlur or an
underexposed (some would say correctly exposed) image varying in density across the image. Where is
the measurement to be made? This i{s analogous but not identical to the measurement of the unsharpness
of a radiographic edge image. Exposure times for imaging through a pinhole are prohibitively long when
small foci are to be compared, but for foci of approximately 0.5 mm and above, a working result can be
obtained. The image of the focus can be traversed with a microdensitometer for a graphical film
density/distance curve or displayed for comparison using an electronic image analysis systea.

Comparative measurements of foc{ can also be made by inference from the shadow cast on the film by
a sharp opaque edge; two edges at 90° in the plane of the film when radiographed simultaneously
conveniently provide information of the focus dimensions in two directions at 90°, This is a useful
method for evaluating the dimensions of foci of approximately 50 um and when fine grained film is used
with large projective distances and therefore when the inherent unsharpness of the filam (Uf) is
minimal.

7. MEASUREMENT OF RESOLUTION

Unsharpness gradients at edges can be also displayed graphically (Fig.8) by a microdensitomer of

© e et comsng
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Pigure 8

A microdensitometer trace of a radiographic image of an edge, illustrating Klasens
equivalent blur. The granularity of the film, which shows as noise on the trace,
can be measured by calcularing the standard deviation of a numbetr of microdensity readings,
by traversing a measuring spot across the film.

the Joyce-loebel type. The instrument produces a film Jensity/distance curve, with the distance axis
greatly amplified (typically XS00). Much information can be obtatned from these curves on the
performance of the {maging system and can conveniently provide the means of comparing one system with
another.

However, for analytical purposes, s method that separates the effect of the aany variables
iavolved in the radiographic process may be desirable. Such a method of assessing the image foruing
capabilicy of a complete radiographic system has been intoduced into Industrial radiography by Halashaw
[11]). This application of modulation transfer functions (MTF) which came to industrial radiography via
the electrical communications industry via researchers in the medical radiologicsl circles, has now
been adapted to suit the photographic materials used in industrial radiography. A modulation transfer
curve describes the ability of a system, and more importantly, any part of a system, to transait
information in terms of amplitude, phase and spstial frequency. For instance, the MIF of a focal spot,
the film, and the microdensitometer can be evaluated independently. In the case of the total
radiographic system Halmshaw used the line spread function (LSF) of a& radiographic image of s slit
(approx. | pa) in an opaque msterial. By a mathematical process known as convolution this can be

.transformed to determine the result that would be obtained of a bar/space object which 13 usually used

in determining MTF.

An MTF of 1.0 indicstes that all the information is correctly transaitted in terms of phase,
amplitude and spatisl frequency. These principles were used by Halmshaw to establish values for a
number of film/screen combinations that are used in industry and he concludes that because they do not
take full sccount of the effects of film granulsrity or the performance of the human observer, they do
not yet provide the complete answer to enable the detail recording capability of a radiographic system
to be specified.

MNhen high resolution systems are to be evaluated in the practical situacion, reliance is still
placed on the well-tried comparative techniques using details within the specimen, images of fine
vires, meshes, step holes etc. As the wire diameters of standard IQIs are too large for high
definition work on turbine blades, which is described later, one has been constructed with four wires
measuring; 0.025 mm (0.001 inches), 0.05 om (0.002 inches), 0,076 mm (0.003 inches) and 0.1 mm (0.004
inches) and sowetimes smaller individual wires are used.

8.  RADIOGRAPHIC FPILMS

Radiographic film, unlike photographic film, usually has light sensitive emulsions coated on both
surfaces, which effectively reduce x-ray and gamma exposures to one half. Single-sided emulsion filrs
are available and can improve resolution when the resultant increase in exposure time is acceptable.

All photographic filas are extemely convenient detectors of x-rays and gamms rays, they can be
used with low intensity sources simply by iIntegrating the image through larger exposure times. They
are available with a wide variety of characteristics of speed, contrast and graininess (Fig.9). In
general, when fine detail 1is to be resolved it 1s achieved by using a fine-grained film with high
contrast, Conversely high-speed films are relatively coarse-grained and are of a lower contrast,
Gradients in excess of 6 (density/log exposure) can be achieved 1if the radiographic conditions are
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Figure 9

Characteristic curves of radiographic films.
Curves 1, 2 and 3 are fast salt/screen films, whereas
4, 5, 6 and 7 are curves of non-screen films of differing speeds and contrast

correctly selected, resulting in the recording of small changes in radiation intensaity as large
differentials in light intensity when the film is viewed. The high gain in sensitivy of film is
achieved during the chemical development process which ideally ensures that the film provides sharp
images of wminimal incremental thicknesas changes of the specimen which is the objective iIn wmost
radiographic tasks. Radiographic films can be broadly divided into two groups.

8.1 Non-screen films, although so named, are rore often used with lead screens (typically 0.1 mm
front and 0.15 mm back) particularly on aero engine parts when energies of greater than 120 kV are
used. Lead screens have an image intensifying effect above this energy and exposure times are reduced.
The screens also reduce the effects of the non-imaging forming scattered radiation of lower energy,
whih emerge from the specimen.

8,2 Screen films

These films are used with fluorescent intensifying screens, (salt screens) and have wide
application in medical radiography where there is a need to reduce the x~ray dose to the patient., They
are extremely fast.

Until recently, the role for these film/screen combinations in the aero-engine industry was
infinitesimal. Since the advent of dynamic radiography and high definition radiography the use of
these materials have increased, in particular when large numbers of specimens are involved where the
advantage of the reduced exposure time can be exploited. The speed advantage could not be utilised for
conventional x~ray work when fine detail is to be resolved because of the unsharpness (Us) sttributable

to the film/screen combination.

By using high definitfon projective techniques however, the lack of photographic resolution due to
the screen unsharpness (Us) and that caused by the particulate nature of the phosphors need not be a
serious limiting factor. Indeed the screen and film unsharpnesses remain unchanged with an increase in
projected enlargmenet when a virtual point source of radiation 13 used, thereby reducing these
unsharpnesses in comparative disensional terms, relative to the enlarged imsage, until they become
insignificant.

Silver halide emulsions are normally used for radiographic films and the film images are made up
of a number of developed grains, and when viewed, s granular structue is apparent. This granularity is
the result of the ‘clumping together' of individual grains and can be eviluated by using a
aicrodensitometer., (See Fig.8).

Within a year of the discovery of x-rays, it was known that calcium tungstate (CaW0,) was an
effective phosphor for intensifying x-rays. Up to the present time (CaW0,) has maintained 1its lead
in medical radiography. The light emitted is predominantly in the bdlue region of the spectrum (420 rm)
and films have evolved over the years that are spectrally sensitive to the blue emissions. More
recently, new phosphors have become available which are terbium activated rare earth oxysulphides based
on the rare earths, gadolinium and lanthanum {12]. They have high photon absorption and x-ray-to-light
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conversion characteristics and when coated on thin cards make very efficient intensifying screens for
x-radiography. Screens made from these new phosphors emit mainly green light and matching films that
are green sensitive must be used to gain the speed advantage (Fig.10).
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Figure 10 )
Spectral characteristics of rare-earth intensifying screens !

8.3 Darkroom practice

Methodical and correct darkroom practices are essential for high resolution results, particularly
vhen extremely fast film/screen techniques are used. Correct lighting, cassettes which ensure good
film/screen contact and careful film handling are areas that need special attentfon. Automatic film
processing equipment alsoc ensures that counsistent results are attained. This {s particularly important
when large batches of components, such as turbine blades, are to be examined for micro details using
high definition projection radfography.

9. DYNAMIC RADIOGRAPHY OF AERO-ENGINES

In the main, the wide range of standard x-ray equipment that is available coumercially fulfil the
needs the manutacturing and meintenance sections of the aero-engine industry. When large thicknesses
of material are to be penetrated however, linear accelerators of 8 MeV have been brought into use. !
They are currently being used to enable the design clearances of components to be determined whilst the
engine 1is under power {13)(14]. Relative movemenis of components can thus be measured under the
various running conditions of the engine which, hefore the radiographic :echnigue had been developed,
vere impossible to measure. Improvements in resolution have enabled these engaged fin dynaaic
radiography to make more accurate measurements and have thus allowed designers to adjust the design
clearances with greater precision.

Moreally, radiographers in the aero-industry are concerned with the detection and evaluation of
flaws in components but the technique of dynamic radiography {3 an excellent example when a
radiographic system can provide designers with information which leads to ilaprovements in the “running
efficiency” of sero engines. This {aportant development was initiated as a joint Rolls Royce/NDT
Centre Harwell venture fin 1970, Others had previously considered that x-ray exposures of a few
nanoseconds were needed to record the relative movemants of static and rotating coamponents {nside an
engine under power. Flash radiography had been tried but the combination of short-pulsed exposures and
the obligatory fast films and screens, did not provide the resolution necessary. In fact for the first
trials in 1970 a cobalt 60 isotope was used and exposure times were up to 2 hours duration. The
results obtained were encouraging and lead to the use of the linac. The technique was used on “the
view obtained of a wheel on a rotating shaft™ principle. With a view normal to the shaft, the
periphery and one side face of the wheel will be seen as a profile and a straight line; and will remain
so irrespective of the speed of motion., Stop motion was therefore necessary. Techniques have been
tried which strobe the pulses emitted from the linac with features, such as an individual turbine
blade; this may be a useful technique for the future.

The linac exposures are typically 0.3 ~ 2.0 seconds for transient exposures, that 1is when the
engine {s accelerated or deceierated. For the steady state exposures, when the eagine is rotating at a
constant speed, exposures up to several minutes are normal. Some improvement was achieved by reducing
the focal spot from 2 m to | wm dlameter, particularly in the radial plane when radical gsps are tc be
measyred. For axial gaps the source size can appear to be less critical as the narrov gaps tend to
suto-collimate the beam (Fig.ll) and gap Jimensions have been recorded down to 0.15 mm in width, /
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Figure 11

Radiography of seal clearances in gas turbines.
Note difficulty with small radial gaps at B.
No clear i recordable.

despite using a focal spot of 2 mm. typically, thickness paths are usually between 75 and 250 mm of
Nimonic alloy (or equivalent in titanium alloy). In steady state exposures, fine-grained film can be
used with lead screens but for the tranaient exposures extremely fast filas and screens are needed to
obtain a working density.

The major factors limiting the production of radiographs of high resolution in this situation are:
the geometric unsharpness (Ug) due to the focal spot size and the unfavourable a/b ratios that ace
sometimes used, and also film unsharpness due to the energy (Uf) which has been described earlier.
Unsharpness due to vibration i{s not, surprisingly, considered a major factor although alignment of the
beam, along the axial faces, has to be accurate to within 1 mm. The 8 MeV linac on site at an airfield
at Rucknell in Derbyshire 1s shown, see Plate 1, Plates 2 and 3 illustrate typical results obtained
when using the linac.

10. CONVENTIONAL X-RAY EQUIPMENT

We move from the high energies of the 8 MeV linac to the low energies of the beryllium windowed
x-ray equipment (approx. 20-50 kv). The low inherent filtration of these x-ray units allows the longer
x-ray wavelengths tc emerge from the tube and thus radiographs of the highest contrast are possible,
When used with fine grained film, and with the right subject, high resolution radiographs are produced.
These units are used extensively to detect corrosion and cracking and are more useful for scheduled
maintenance inspections. However, they have inspection roles in the manufacturing sector and are used
for testing welds in sheet fabrications, radiographing investment casting wax cores and the thinner
metallurgical laboratory samples,

The bulk of component radiography however, is carried using x-ray equipment between 100-300 kv,
Turbine blades, nozzle guide waves, segments, weldments and many of the other components and assemblies
that make up aero—engine propulsion units are successfully examined using conventional radiographic
equipment. The geometric complexity of many of these components which offer varying thicknesses in the
path of the x~ray beam, requires that a compromise in the technique which sometimes emphasises latitude
(by covering many thicknesses with one exposure) rather than contrast. It is not suggested here that
this situation, brought about by the understandable pressures of deliveries and costs, should change.
Sometimes however, a lot more could be done to resolve small flaws by bringing to bear the science
(always available) and the art (not always available) of radiography and by using conventional x-ray
equipment. .
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However, as operating conditions change, usually due to design changes which increase the
performance of an engine, it sometimes becomes necessary to detect flaws even swmaller than those
considered detectable hitherto and beyond the scope of conventional x-ray equipment. Therefore, more
specislised equipment has to be utilised which can resolve to s higher sensitivity.

11. EVOLUTION OF SMALL FOCUS X-RAY EQUIPMENT

e n e e —————

Within two years of the discovery of x-rays a microradiograph had been produced [15]. This type
of x-ray imaging has fmproved to make it a useful technique for research since modern materials have
bfco-e svailadle,

M4 roradiography requires that a specimen is placed i{n contact with a fine-grained photographic
plate, or fila, and exposed to x-rays emanating from a normal tube. The enlargment of the image fis
prodr :d optically and therefore the resolution {s limited hy; the graininess of the photographic
emu] .on, fogging due to photoelectrons given off by the specimen and the optical system of the
an! :ger. Souetimes these limitations can be overcome by using a small x-ray source and projecting the
im e (Fig.12) and so obtaining a primary enlargement thus reducing the enlargement of the film grain
a' . imperfections due to particles of dust etc. (Plate 4).
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Figure 12

Projection micro~radiography of small nuclear fuel particles

Although work continues to produce a viable x-ray microscope which emphasises the focusing x-rays
to achieve a small effective focus, it 1s not intended here to enlarge on this subject; the application
of focused x-rays in industrial radfography is minimal, indeed if {t exists at all. Swmall x-ray focl
can, however, be conveniently formed by the focusing of electron beams, producing a small {irradiated
target in the anode, and thus a small focus is achieved. The ability to focus electrons by an
electromagnetic lens or electrostatically is now utilised by all modern aicrrlocal x-ray equipment. A
focusing system for an x-ray microscope using an electromagnetic lens was firat made at Cambridge {16].
It was constructed with two lenses and the transaission target was & thin metal foil, which also
provided the vacuum seal. Whilst the electrons were focused within the vacuum the x~ray beam was
conveniently at atmospheric pressure. Samall specimens can be placed close to the target and with the
photographic plate positioned some distance away, thus producing enlarged images. X-ray magnifications
up to 1000 times have been produced and these have been further enlarged optically to achieve a
resolution of 0.1 ~ 1| um depending on the specimen, kilovoltage and target material.

This technique is called Projection microradiography and apart from a few specialised instances,
is not a technique that is particularly suited to problems in the aircraft industry. It is more often
used as a cowplementary technique to optical micrography and confined to the laboratory. Wafer thin
samples which require special preparation are necessary and the field size is minute, The interest in
projection microradiography stimulated the associated development of micro-focus x-ray sources with
diaweter from 20-100 pa.

The transmission foil, of the projection microradiographic system, was replaced with a variable
solid carget (VST) (Plate 5). With this system the electron beam is focused on to a selected position
on an asseably of detachable rings of a variety of target materials ({.e. tungsten, molybdenum and
copper). The anode assenbly is massive when compared with the spot size and this aids the dissipation
of the heat produced at the target which {s also water-cooled. The required target can be selected
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wvithout breaking the tube-head vacuum system. The whole target assembly can also be rotated and thus a
fresh target area can be selected when required, also without breaking the vacuum. The minute size of
the focal spot is impossible to measure accurately. Estimates of between 1 pam - 10 um have been
inferred from the enlarged images cast by fine metal meshes etc, The vacuum window from which the
x-rays emerge into atmosphere is made of aluminium (12 pm thick) and this inherent filtration {is
acceptable for the electron acceleration range of between 5-30 kilovolts, The limitations of this
equipment, imposed by the peak voltage and the maximum beam current of 250 uA, confines the
applications to thin samples (typlically 0.25 - 1.0 mm) of 1light alloy or other low attenuation
materisls. The field of coverage is generally limited to approximately 50 mm diameter and only samples
(or areas of samples) smaller than the beaam can be radiographed completely with one exposure as the low
beam intensities mandates short focus-to-film distances. So far, the application of the equipment
described here have not penetrated into the production areas of the aero-engine industrv, although they
have been successfully applied to small metallurgical samples.

A further development of the VST has resulted in a design which has however found wmany
applications in the aircraft manufacturing industry.

It is the Harwell E12 high definition x-ray unit (Fig.13) [17] which derived from a series of
designs developed over the years by Ely { 18]. The common features and the principles involved with the
El2 and its antecedents will be discussed, and comparisons made on both che construction and
application of the various types.

Figure 13
Schematic drawing of the tube head of the Harwell

E12 high definition x-ray unit

The operating range of the E12 is between 30 - 85 kV with a maximum current of 1.0 mA at 50 kV,
reducing to 0.5 mA at 85 kV. The equipment has been designed to operate continuocusly if required and
it can be used intermittently at 100 kV.

Many of the features are common with the previous Ely designs but basically it has been designed
to achieve a focus of approximately 15 pm diameter. Unlike the models already discussed however, the
focusing 1s achieved electrostatically. It has proved more difficult, with the alternative
electromagnetic focusing systems, to achieve the necessary stability that allows a consistent focus
that is reproducible when many similar parts are to be radiographed, without considerable adjustment
for each exposure. The source of electrons, in common with the earlier types, is a heated tungsten
filament formed from tungstem wire (0.] mm thick) bent into a sharp "vee”, The top of the “vee"
protrudes through the aperture in the bilas cup effecting a minute primary electron source and thus the
single stage focussing suffices. The tube current is regulated by the voltage applied to the bias cup.
Electrostatic focusing in this case depends on the principle that a negative charge in the bilasing cup
repels the electrons as they are accelerated towards the target (by the potential, between the anode
and cathode). As the electrons pass through the annular electrostatic fileld (produced by the bias
voltage and effected by the shape of the cup) they are pinched. Thus the conditions can be optimised

.80 that the electrons arrive onto a small area of the target producing the minute focus.

3
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The single stage electrostatic focusing of the El2 not ooly slaplifies the design, leaving the { ‘

tube housing uncluttered and more robust but allows for maximum adjustment of the spatial arrangement ; 1
between the filawent and the target. Focusing is readily achieved by controlling the varisbles:

a) spacing between filament to target

b) protrusion of the filament through the aperture
of the biasing cup

¢) bias voltage applied tc the cup.

The effect of the Interplay between the variahbles can be observed directly on a television monitor. . .
The TV camera has been adapted so that the lens system {s replaced with a fibroptically coupled *
phosphor. The primary enlarged image of a fine calibrated mesh 1is adjusted approximately and final
optimisation is achieved by trial radiographs.

The x-ray tube head, in common with the nther types, requires a continuously pumped vacuum systea 2
attaining pressures of 105 torr. The El2 system however, 1s constructed to sllow greater
flexidility of working without breaking the vacuum seal. It is possible to manipulate the conditions
and so optimise an accelerating voltage, bias voltage, tube current, distance between focusing cup and .
target, target position and the position of the filament tip relative to the bias cup, whilst )
maintaining vacuua. All these variables, except the selection of the target position, which is made by
rotaiing a knurled wheel at the tube head, can be operated remotely from the console. The x-ray beam 4
emerges from the tube head via a beam—defining window formed from 0.05 am aluminium foil and the
effective beam divergency is 149, A useful facility to aid focussing is a silver mesh (20 lines/mm)
which can be inserted between the target and the exit window, whilst the unit {s under vacuum, with the .
X=-rays on.

The vacuum systems (Fig.l14) are similar in principle for all the microrocus equipment. Diffusion j
pumps, backed by GDR rotary pumps are used and care has to be taken to reduce vibration as the
effective focus will increase with the amplitude of any vibration of the tube head. The vacuum system
i{s designed to allow the rapid replccerent of a filament. Normally the filaments last from 30-60

working hours and although the replacement takes but a few minutes, pumping down to 1073 torr may
take a further 10 minutes.
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Figure 14
Schematic diagram of the El! Vacuum System 1

The electron gun assembly Is similar to th. earlier types and to those of electron microscopes.
The El2'a electron gun and the anode are supplied with negative and pos{tive EHT respectively from two
Brandenburg 85B8R power units, which provide variable stabilised voltage outputs. Opposing the outputs
of the two power units, (with the centre common connection 57 kV above earth) allows for up to 100 kV
operation and yet restricts stressing of any components more than 50 kV to earth, The EHT supply to
the blas cup is provided separately and is isolated from earth by insulating pillars.
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12, RADIGACTIVE 1SOTOPES VERSUS ROD ANODE UNITS

12.1 Radioactive isotope sources are used to radlograph aero-engine components in situ and their
main spplication is in the maintenance area. They sometimes offer a considerable advantage in that
they are intrinsically small and can be conveniently inserted in places inaccessible to normal x-ray

equipwent.

With the more ({ntensive sources that are available today, unsharpness due to geometric
considerations can be minimal even with short FFD's., They have limf{ted application in production

because;

a) the energy frow a particular element is characterised
by the element and thereforc the facility for improving
contrast (apart from using a film of higher gamma) and
therefore improving the resolution, does not exist.

b) the intensity of the radiation is low compared with
x-radiographic sources, leading to larger exposure times.

They are however particularly useful for maintenance work when components within the complete assembly
can be radiographed without stripping out. The isotope, iridium 192 has been used to examine, in situ,
the fir-tree assemblies for cracking or other damage and for the detection of wear on exit guide vanes.
Indeed, engine designs have been influenced by this requirement, holes through rotary shafts have been
introduced to allow access for the source to enable a panoramic technique, whereby a complete ring of
blade roots or exit guide vanes can be radiographed simultaneously [19].

The {sotope, thulium 170 (Tm 170) is readily available and when required can be as small as 0.5 mm
x 0.5 ma diameter with activities up to 1 curie. These are suitable for use on weldments of relatively
thin gauge (up to 6 m) and the source~to-film distance, with an acceptable geometric unsharpness for
unprojected radiographs can be in the order of 1 cm or less. A typical application is {llustrated by
the tube-to-tube plate welds used in heat exchangers for power stations and is shown in Fig.l15.

_
THULIUM 170 SOURCE
N,
WELD

Figure 15

Panoramic technique using the isotope Thulium 170
Source to film distance, 10 mm
Source size, 0,5 mm x 0.5 om diameter

This technique 1is successfully applied to the f{nspection of welds attaching vapouriser units in
aero-engines, when a panoramic arrangement such as illustrated in Fig.l5 is possible., Gas pores of
0.177 mm diameter (0.007 inches) in welds can be detected in thicknesses of 2.5 mm with a source-to-
film distance of 0.8 cas, This represents a 'spherical pore' sensitivity of 7%, which does not
approach the more sensitive x-ray technique for similar thicknesses but {s useful nevertheless.
Ytterbium 169 which produces radiographs of similar contrast to those produced by Tm 170 is a more
intense source and can be considered as an alternative when shorter e. posures are needed.

12.2 Rod anode x-ray units are also used not only when an accessibility problem exists such as
with electron beam welds or diffusion bonds jolning cylindrical components but often when considerable
economic savings can be made. Certainly, when welds of rocket motors or combustion chambers are

joining parts of circular cross section they do allow panoramic techniques.

The target assembly of a

rod-anode device i{s at the extremity of a rod and the x~rays emit radlally for 360°,

The focal spots

for these devices are elliptical, and two dimensions are specfied for geometric calculations.

They are

usually too large (typically 0.5 mm x 1.5 wm) to allow short focus-to-film distances without increasing

the geometric unsharpness unduly.
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12.3 Fine focus rod-anode x-ray units

X-ray equipment has been developed to examine the tube-to-tube plate weld mentioned esrlier.
These are now under considerstion for use in the sero-engine production sector for the examinacion of
joints in small dismseter cylindrical coaponents. This will no doubt lead to wuch wider application of
rod snode techniques fn both the production and maintenance scenarios.

The equipeent, wvhich has been developed in Holland by, Technische Physfeche Dienst—(TNO-TPD) uses
uiniature magnetic lenses built into small dismeter extension rods, which focus the electrons on to the
target at the end of the rod [20].

ehctron beam o e
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Pigure 16

The target asseably of a rod-anode x~ray unit
The electron bean is focused, with the mini magnetic lens, onto
the target, which in this case is conical, with a
flat conetip (0.2 mm diameter) allowing the
emission of x-rays normal to the electron optical axis

Several B0 kV and 150 kV microfocus units are currently i{n use testing welds on heat exchangers,
and a unit of 250 kV i{s planned. The major source dimension is claimed to be 0.1 mm and the peformance
is compared with isotopes in Table 4.

Table 4

Coaparison of exposure rate values for radioactive isotopes
and rod anode micro-focus equipment

Source Activity Exposure Rate
Thulium 170 1ct 0.025 R/hr/w~!
(0.5 mm x 0.5 o dia.)

Ytterbium 169 2cCd 0.24 b
(0.6 om x 0.6 o dia.)

Iridium 192 1c1 0.48 "
X-ray Source kV at 1 mA

0.1 x 0,005 = 80 3 -
0.1 x 0.015 om 150 9 -
0.1 x 0.050 = 250 20 -

Extension rods incorporating the minimagnetic lenses have been made with useful lengths of 450 mm x 9
mm diameter; with lengths of 915 ms the outer diameters increase to 12 mm. A typical exposure, when
radiographing a cylindrical weld, with an outside diameter of 50 mm, and a thickness of 9.5 mm is;

150 kv 7.2 mA seconds (target current 2 pA, time 180 seconds) achieving a fila denstty of 2., (Agfa
Gaveart D4 film). All seven wires of an Fe IQI (0.4 - 0.1 ms wires) could be seen indicating s DIN-IQI
sensitivity of approximately 1%¥. An improved design, {incorporating a high voltage cable connection
between the generator and the electron gun, is under consideration. This willi greatly laprove the
versatility of the unit and will no doubt lead to wider application in the aero-engine industry and
thus improve the resolution of sowe radiographic examinations,

12.4 Fine focus sealed x-ray unit

Another comparative newcomer is the Magnaflux MxK100M. This is a varlable-focus sealed x-ray unit
which, it is claimed, has a variable focus from 0.5 mm to 0.05 wm, varied by adjusting an electrostatic
biasing device. The maximum tube current for the larger focus {s limited to | mA and when the smaller
spot {s used, somewhat lower. Comparison radiographs of an aluninium weld have been made with this
unit, conventional x-ray unit and the Harwell E12 and these are shown in Plate 6, The comparison was
made at 80 kV with a projected enlargement of X6 which obviously favoured the E12 unit because of the
much smaller focus (15 um). Nevertheless at lesser projected enlargements, the MxK100 unit will have
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considerable advantage as the tube-head is small, and connected to the generator via an HT cable. The
tube head can also enter an open’ng of 88 mm diameter, a convenient feature for some aero~engine
maintenance work.

13. THE DEVELOPMENT OF A HIGH DEFINITION RADIOGRAPHIC TECHNIQUE

By far the most widely appreciated application of high definition radiography, on an engine
component to date has been the inspection of the first stage turbinre blades of the Pegasus englne,
manufactured by or for Rolls Royce [22]{23]. The blades are complex in shape, with cooling holes which
run parallel to the longitudinal axis of the blade. They are manufactured using the ‘lost wax'
investment casting process which {s an attractive and economic proc:ss for the precision casting of
components for parts of this type, Indeed, it would be difficult % {magine a component of this type

- being manufactured in any other way. With investment castings which are complex, particularly if long

range freezing materials are used such as In 100, microporosity can be a piroblenm,

Conventional radiographs will reveal the presence of some porosity and other grosser shrinkage
defects that may occur, However, when an increase in the output of an engine is demanded, the
operating conditions of a component may change, particularly temperatures, and hence smaller micropores
in the casting may lead to failure under the amore strenuous conditions of service. Specifications
exiast which wmandate that sanple bladrs aust be sectioned, polished and etched and so allow the
incidence of wicroporosity to be evaluated. This method of quality control can be far from ideal
because only a relatively smsll sample i{s evaluated and even then the resultz are only relevant to the
polished exposed surfaces of the sectioned blocks. Information {8 available that relates the
microporosity content with the performance of the blade in service.

The small and possibly non-representative samples can be evaluated with measurements made by a
microscopic device such as the 'Quantimet' system. Another major and obvious snag is that the test
destroys the blade. Other nondestructive testing inspection methods have been tried to replace the
destructive sampling tests and so far results have not been encouraging.

High definition projection radiography, because of previous experience in inspecting the condition
and geometry of fine spark-eroded cooling holes at the trailing edge of some blades, was tried and is
now a routine inspection method.

X-radiography, using conventional equipment, had previously been rejected as a means of detecting
and evaluating microporosity because:

a) the individual micropores were too small to detect (0.03 - 0.0l mm)

b) individual crystallites of the alloy produce a diffraction pattern on the radiographic image,
obscuring details of the micropores,

The Harwell El2 x-ray unit was used and initially projected radiographs (X5) were used with fine grain
film and the exposures were 10 minutes, for an aero-foll thickness of 6 mm. Eventually a technique
using high definitfon salt screens with Xi2 projected enlargements the exposure has been reduced to 75
seconds. A further reduction to 20 seconds is possible, by using the rare-earth screen filas, 1if
required. A parallel programme of destructive testing, when many samples were sectioned, polished and
etched etc, (Plate 7), to establish the relationship between the radiographic results and the
measurements obtained using the 'Quantimet' 720 system,

The system provides data on the percentage of microporosity of an area of the sectioned sample
with dimensfons of 1.25 wma x 0.7 mm. With enlarged projections of X12 the whole blade could not be
covered so an area chosen as typifying the incidence of microporosity of the blade, was chosen by the
evidence of the X5 enlargements and the related destructive tests. The sanple area measured 30 mm x
12 om, the largest dimension along the major axis of the blade. Properly engineered lead masks (Plate
8) are essential for this work not only correctly to position and align the blade but to reduce the
irradiated field area and thus restrict the non-imaging forwing scatter from the blade which emsnates
from outside the area of interest. The ad-hoc masking device shown in Plate 9 is to allow the
radiography of the thicker blade section.

Initially radiographic interpretation presented some difficulties, The 40 cm x 35 cm films
contsined so much information, including details of individual grains, that the normal industrial
radiographcs had to adapt his viewing and acceptance techniques. This 1is analogous to the coanfusing
array of densities found on normal chest radiographs but with experience and knowledge of the subject
subtle and significant details can be diagnosed and appraised.

Individual pores of 0.03 mm have been detected (Plate 10) and subsequently confirmed by sectioning
the blade, Some radiographic results are illustrated in Plates 11 and 12. A Quantimet anicroporosity
level of 1.52 can now be detected readily by experienced staff. A system could be envisaged that could
reduce the sectioning to an occasional cross-check. It may be possible to evaluate the porosity in
terns of volume by using an x-ray stereo system and when used with an image analysing, present the
information directly,

13.1 Facility design

The facility 1illustrated in Fig.l7 1is suitadble when large scale production radiography is
required. Operating as a slide projector, the blades can be placed in the exposure position from
outside the irradiated area. The films can be replaced in the same way. The shielding requirements
for the E12 with a maximum energy of 100 kV, can be accommodated with steel sheet (4 mm thick) on all
the sides of the compartment except in the forward position, when 10 mm of lead in the core area is
adequate. The beam angle of 142, which is limited by the tube window, ensures that the primary beanm
does not impinge on to the sides of a correctly dimensioned compartment.
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Figure 17

Facility for the high definition projection radiography of
turbine blades. Note that all operations can be carrjed
out without entering the irradiatad area

To date, El2 units have been {nstslled in production areas, one 1is even equipped with a
pneusatically operated blade changing device to speed up the process. They are applied when the
requirement of defect resolution 1s beyond that achieved by conventional radiography, which started
with the Pegasus blade and {s now an established method of examining many other similar components.

14, LOW TEMPERATURE RADIOGRAPHY

Since the fintroduction of salt screen techniques the need to radiograph /ven thicker sections of
blade castings hus arisen. This has lead to the development of a low temperature exposure technique
24 which utilises the rare-earth intensifying screens which were discussed earlier. The screens have
already extended the use of the El2 to allow thicknesses of 8 mm (Ni alloy) to be radiographed at 90 kV
with exposures of 10 aminutes. The present design of the El2 does not allow an increase in energy or
radiation output and therefore the possibilities of low temperature exposures have been investigated
and a working technique has evolved which extends the upper thickness to 20 om.

When radiographic film is directly exposed to x-rays, that is without intensifying screens, there
is a direct reciprocal relatfonship between the time of the exposure and the intensity of the
radiation. But vhen 1image intensification (s achieved by using phosphor screens the film density is
attributable mainly to the light emftted from the phosphors and the reciprocal relationship no longer
exists.

This means, in practice, that extending the exposure time no longer results in a continuing
increase in film density. The reciprocity failure {25) thus determines the limit in thickness that can
be radiographed using low intensity sources. .

1t is also known that photographic emulsions are less sensitive at lowv temperatures but a
ceduction in temperature slso reduces the reciprocity failure. Indeed, Berry and Mendlsohn [26] have
observed that some emulsions at ~183°9C do not suffer reciprocity failure at all,

Special film cassettes with compartments packed with dry ice (coz) wvhich reduces and maintains a
low temperature during the exposure period and this technique 1is now used on turbine blade root
sections. Liquid nitrogen was tried but has proved more difficult to apply and caused damage to films
and screens. The effect of film temperature on the resultant density 1s plotted in Fig.l8.
Conveniently the temperatures achieved by CO, apparently overcame the reciprocity faflure, A
comparison between radiographs taken of turbine blades with and without low temperature cooling is
given in Plate 13. It 1s not certain what proportion of gain is attributabe to the reduction in the
reciprocity fallure as the efficiency of the phosphors probably also improves with s reduction {n
temperature, Neverthesless, the desired effect of increasing the thickness that can be radiographed
with a comparatively low intensity x-ray source such as the El2 and provides the thicker secticns of
blades to be radiographed, with a high resolution technique (X8) revealing porosity which normal
radiography can not.
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Effect of film temperature on film density

The technique however, is time ccnsuming, typically a cycle of 1 hour is required for cooling and
exposure and it is more suitable for the examination of small batches of experimental castings.

15, HIGH RESQLUTION FLUOROSCOPY

A rudimentary fluoroscope consists of a thin screen coated with a suitable phosphor, a
conventional x~ray unit with suitable protective shielding. The coated screen replaces the film and
thus a direct viewing system is possible., This arrangement can be used to scau assemblies and detect
the grosser defects in castings and weldments etc., A small ares of screen brightness differences can
often be detected more readily when the image 1s moved but because the images are produced with a
minimal integration of time, the sensitivities either of contrast or resnlution are much lower than all
but the extremely fast radiographic techniques using salt screens and when standard x-ray equipment is
used.

Imsge intensifiers greatly extend the scope of 'real time’' radiological imaging and they have many
applications in medicine and industry. Not only do they produce greater screen brightness and hence
higher sensitivity but they can also enhance contrast, and enlarge the image electronically and sre
more convenient as less time is required for 'dark adaption'.

A typical imsge intensifier assembly is encased in a glass envelope and a primary fluorescent
screen which is backed with a photoelectric layar. The conversion process is: photons to phosphor -
light to electrons (via the photoelectric backing). The electrons eajitted by the photoelectric layers
are gicelerated and focussed onto 8 gecondary fluorescent screen where the electrons are reconverted to
light. The energy imparted to the electrons during acceleration, and by the reduction in size of the
secondary screen, results in the high gain in brightness available for viewing, when compared with the
rudisentary fluoroscope described nithcrre, '

The image on the secondary screen of the I.I. can be optically magnified. Alternatively a
television camera is sometimes fibroptically coupled to sllow a magnified image to be presented on to a
TV monitor.

However, in the systew described are two particulate phosphors, which can cause, in a similar way
to the fluorescent screens in radiography, degradation of image detail due to energy unsharpness, (Uf),
screen unsharpness, (Us), etc,
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In addition, the integrating time of a true real-~time system is O and thus the phosphors need to
be fast and non-persistent, which they sre not., A compromise results in a workable system, but lacking
in resolution when compared with astandard industrial x-radiography,

It is recorded that the sensitivity of real time image devices improves as the primary (x-ray)
magnification increases [27] to a limit when the effect of the geometric unsharpness (Ug) predominates
in the combination of the effacts of all the unsharpnesses in the system. This implies that ultimately
the resolution of such a syster as in radiography will be limited by the size of the focal spot and
when these are very small (10~50 pm) s large magnificatfon can be used and thus an improvement in
resolution s to bobe expected. Unfortunately other limications are imposed by the low screen
brightners, assocfated with the relatively low radiation intensities available from such small foci at
large magnification distances, particularly after further attenuation by the specimen. A cluapy
graininess appears on the screen known as 'quantum mottle' when the sensitivity is not fmproved by
increasing the intensification to this level, or further. High resolution fluoroscopy is therefore
currently limited to relatively thin sections. However, photographs of TV presentations showing the
images of the trailing edge of a turbine blade {illustrates the potential of this technique on
aero-engine components (Plate 14).

16.  XERO-RADIOGRAPHY using the Rank Xerox, systea 125 has tecome an important method of graphic
reproduction in the medical field. The basic xerographic process {is versatile and sllows the light
source to be replaced with an x-ray source, thus xero-radiographs are produced. The process replaces
photographic film w’th an aluminium plate coated with a layer of amorphous selerfum. This semi-
conducting layer is ‘ensitised by iaparting an even electrical charge to its surface by passing over an
air-ion generasting d:vice. When exposed to x-rays the charge leakage depends on the inteasity of the
radiation reaching a1y point on its surface. The thicker (or denser) regions of an object will absord
most of the x-rays :'nd the plate under these areas will retain most of the original charge. Areas
under the less dense regions will allow more x-rays to the plate with a consequent leakage away from
these areas. Thus a latent image is built as a pattern of the remaining charge on the plate.
Development of the image is achieved by blowing charged powder on to the plate which is attracted co
sny area in proportion to the charge and therefore proportional to the x-ray exposure. A further ion
enftting device is used to transfer the fmage to a paper carrier which is fixed by heating. The system
can operate ia a positive or negative mode, The plate is also re~usable and in some circumstances is a
convenient and economic alternative to photographic film.

One well established use is in the radiography of the core assemblies of investment castings, when
the presence of cracks in the silica tubes and the correct placement of the air cooling duct assemblies
can be checked rapidly and economically (Plate 15). For high resolution work the process has soae
advantages. The technique for detecting microporosity, which has already been described, utilises film
but the xero~radiograph of a similar turbine blade is shown in Plate 16. This technique proved to be
superior and revealed details with greater resolution than the film techniques but the considerably
longer exposure times were prohibitive (8 wminutes as opposed to 20 seconds). The interesting edge
enhancement found at the intensity steps is a characteristic which is peculiar to the xero process and
may well be capitalised on in future x-ray techniques applicable to aero engines. For fine detafl work
however, the systea that was tried at Harwell was not completely reproducible, a requirement that must
be satisfied when larze numbers of components are to be examined with confidence when flaws of aicro
size are to be detected and evaluated.

17. RADIOGRAPHY USING PROTONS

Proton radiography was first proposed by Koehler [28) who pointed out that the sensitivity to
thickness variat{ons was very high., At an energy of 160 MeV the limiting seasftivity is about 0.2%,
with the range 32 mm of steel, which coapares favourably with the sens{tivities achieved using x-rays.
The principles were demonstrated mainly with medical samples {29] but were first used on sero-engine
components by West [30] when thick sectioned turbine blades were examined for the presence of
microporosity. Unfortunately the apparently unavoidable unsharpness, caused by the multiple Coulomb

scattering of the particles, does not permit {mages of high resolution, except when the detail is close
to the film.

However, this marginal range technique (Fig.19) is capable of attaining contrast, which is not
possible with x~rays, which can sometimes compensate for the lack of definition of detail. The high
thickness sensitivity, achieved by matching the energy with the thickness to be radiographed, produces
radlographs of minimal latitude and therefore the varying sectional thicknesses of a turbine blade
require equalising masks (anti-blades) to compensate. The technique has been used to examine a large
number of experimental blades and its use has lead to improvements {in blade manufacturing and
inspection techniques.
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18. NEUTRON RADIOGRAPHY

Radiography using thermal neutrons is an established technique for examining for the presence of
residue core material in turbine blades and nozzle guide vanes etc. These components may have complex
cooling galleries within the aerofoil sections since, like many other aero-engine components, they are
also made using the lost wax investment casting process. After casting, a chemical process is
used to remove the core material which consists of silica-zircon ceramics. Because, in some cases, it
is not possible to view inside the galleries, assurance that all the core material is removed is needed
before these components sre used in an engine. A local temperature gradient or even incandescence can
accur at positions where core material remains and thus may lead to a forshortening of the life of the
component or even premature failure.

For some components, neutron radiography cam fortuituously detect the presence of core material
whereas x- and gamma-radiography can not. The quality of a neutron radfograph is determined primarily
by the flux of neutrons available. Most neutron radlography to date has been carried out using thermal
neutrons (0.025 eV) although cold neutrons (<0.005 eV) have been used for some applications. Neutrons
sources emit a range of energies well above the thermal energies and they must be moderated or reduced
in energy to become useful for radlography; because the attenuation coefficients of the higher energies
are too low for most materials to produce radiographic contrast.

In a similar way to the x-ray case, the resolution of a neutron radiographic facility ultimately
depends on the geometry. This however is expressed as the L/d ratio where L = length from aperture to
the detector/film, d = diameter of the aperture from which the neutrons emerge, and this ratio
determines the potentifal resolution of the system.

Other factors such as the neutron scattering produced by the sample and the inherent unsharpness
of the film and foil will also affect the resolution. So also does the gamma radiation that is present
when neutrons are generated. This will decrease the contrast thereby reducing the resolution. The
presence of gamma radiation limits the capability of low intensity sources and generally it is not
possible to produce a neutron radiograph by excessively long exposures because the gamma ray image may
then predominate and thus the advantage of favourable contrast, obtained by using thermal neutrons,
would be nullified.

A comparison between the attenuation of thermal neutrons and 120 kV x-rays is shown in Fig.20. It
can be seen that in the case of x-rays the increase i{s steady and smooth with an increase in atoaic
numbers. The neutron attenuation coefficients however vary markedly from element to element, Whilst
x-rays interact with the electrons orbiting the nucleus, neutrons interact with the nucleus of atoms.
This means that low density elements such as are in the residue core material can present a greater
barrier to a beam of thermal neutrons than heavy metals (e.g. turbine blades made of nickel-based
alloys).

Nuclear reactors are prolific sources of thermal neutrons and they can provide s facility (Fig.2l)
that produces radiographs of high quality, with short exposures. For subjects with suitable contrast
the resolution can be similar in quality to that of radiographs taken with low energy x-rays (Plate
17). Consequently, up till the present time, most neutron radiography of engine components has been
carried out using reactor sources. ’

Alternative transportable or mobile sources may be convenieat to apply on the premises of the
blade manufacturer, and indeed the operating costs may be lower. So far the alternatives have yet to
be proved viable as regards either coping with the numbers of samples involved or producing the quality
of radiograph which is currently desired for most aero-engine components.
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Figure 21
18.2 Types of detector

An intermediate thin foil of material is required to convert the neutrons into the gamma radiation
or beta particles which can then be recorded on a photographic film in the normal way. Thin foils of

rars earth metals are used to overcome the i{nability of neutrons to form their own latent jmage

and

basically two techniques are used to overcome this limitation. In one, the transfer technique (Fig.22)
a metal foll is placed into the exposure position and after a predetermined time, the foil is removed

then placed intc intimate contact with a photographic film for a further exposure period. Thus

the

image is transferred. The foils which are rendered radioactive by the neutrons and the activity of the
foil depends on the number of neutrons impinging on the foil. The activity from point to point across
the foil is thus progortional to the variation of opacity to neutrons of the component being
radiographed. The transfer technique 1is particularly useful for the radlography of radiocactive

specimens in the nuclear industry, which emit their own radiations that causes serious fogging of
film 4f x-radiography is used. The transfer foil is not affected by the gamma radiation from
active specimen and the remote position of the film eliminates the fogging. Foils of indium
dysprosium are used and these materials have half lifes of 54 minutes and 2.3 hours respectively.
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snergies of the beta particles emitted by indium and dysprosium are approximately ] MeV and thus an
unsharpness due to this energy is apparent. An increase in unsharpness, as in the x-ray case, which

has been previously stated, is evident as the energy is increased.

s s ettt

TRANSFER METHOD

Metal foil
(Usually Indium
or dysprosium,)

1. Neutron exposure.

2. Transfer exposure. The images from
the active foil are transterred on to Film
photographic film. ( 2 films can be Metal foil
exposed simultaneously.) "~ Film

3. Process film.

Figure 22

The best results for residual core detection in castings however are obtained using the direct
technique. The rare earth gadolinium is used and a thin foil is loaded together with the photographic
film into a cassette and exposed directly (Fig.23).

DIRECT METHOD

foil

1. Neutron exposure
2. Process film

Figure 23

When neutrons collide with the foil the nuclear reactions (I1.C. B; 71 KeV min) taking place in
it lead to emissions of beta particles (electrons). The electrons react with the photographic fila to
produce an image., Electrons produced from gadolinium have energles of approximately 7 keV and are
promptly emitted when a neutrons is absorbed by the foil. The low energy electrons are thus capable of
producing a sharp image and they have the resolution potential similar to that of low kV x-radiography.
This is due to the short path length of the low energy electrons in the silver compounds of the

photographic material.
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18.2 Alternative sources

It is recessary to discuss alternative sources to enable ~onclusions to be drawn on the potential
resolution of each type and to make comparisons between the resulte schieved by these and the high flux
Teactor sources.

1. MNuclear reactors
2. High voltage neutron generator tubes
3. Isotopic sources
4, High energy x-ray/beryllium sources.

All neutron sources produce energies much higher (fast neutrons) than the theramal level and must be
moderated (reduced in energy) before they are suitable for radiography. Neutrons lose their energy by
multiple collisions with atoms of moderating materials, particularly graphite, paraffin wax and water.
Moderating materials are integral parts of nuclear reactors and allow thermalised beams, with more than
adequate collimation (L/d ratio) directly. The alternatives, which also require wmoderation and
collimation, are so reduced in flux that the radiographic resolutions do not approach that attained
using & reactor source.

18.3 Cenerator tubes

Ngn:rous are produced by deuteron-deuteron or deuteron-tritol reactions and the beaas have fluxes
of 10° - 10% neutrons ca~2 gec~!, These fluxes can only be achieved with some relaxation
in the collimation. In consequence the picture quality suffers anc the results are rather like coarse

grained fast salt-screen radiographs.

18.4 1sotopic sources

The flux of collimated thermal neutrons obtained by uiing these sources are also of a relatively
low order. Composite sources have been considered which are constructed basically of 2 parts. One an
alphs or ganma emitter and the other a beryllium component. The alpha particles or the gamma radiation
intersct with the beryllium component to produce neutrons. The most promising source for mobile work
appears to be californium 252 (Cf 252).

The radiographs produced by the high energy x-ray/beryllium route are also lacking in quality for
the same reason - the neutron flux 1is insufficient. Plate 18 presents illustrations of a typical
turbine blade which has been radiographed using a variety of techniques ([31]. Although the
photographic resolution varies with the particular technique that is used, all reveal the presence of
the core material indicating that neutron radiographs can be produced with low fluxes and providing the
subject presents suitable contrast; the results are not high resolution from the photographic sense but
csn be useful nevertheless.

When the flux is so diminished due to moderating and collimating the beam, special detectors are
required. These consist of a neutron scintillating plate containing small particles of 1lithium
fluoride and zinc sulphide. The lithium converts the neutrons to alpha particles which sct on the zinc
sulphide, which emits flashes of light. These 1in turn are imaged on the photographic film. More
recently the rare earth screens of gadolinium oxysulphide have been found to be useful in the same way.
Use of both of these devices result in a considerable reduction in the exposure time required - at the
expense of image quality. They do however enable radiographs to be obtained when the rare earth foils
are unsuitable, as in the case vwhen only a low flux source of neutrons is available.

18.5 Resolution

When considering the image forming capabilities of neutron radiography account must be taken of
the contrast, which is effected by, variations in specimen thickness, differing materials and the
energy of the neutrons. The scattering produced by the specimen contributes to image degradation
although in practice this is serious only on the larger sectional thicknesses or with materials of high
scattering cross section. Unsharpness, due to fofl or films, which originates from the {isotropic
nature of neutrons and electrons can be improved by using thinner convertor folls, which are typically
0.1 mm vhen using the direct technique., A gadolinium coating 0.0l am thick is sometimes used for high
quality work, Single emulsion films, which effectively halve the effects of any gamma radiation in the
beam, also improves the resolution.

The resolution achieved, using neutron radiography varies with the particular application and the
technique that i{s used. The only advantage of using scintillators is a reduction in exposure time,
since it can be 100 times faster than the metal screens but the resolution is in the order of 1 mm.

Using the transfer technigue with indium or dysprosium foils this is {mproved to 0.3 mm, For
maximum resolution the direct technique, using a neutron flux of 10° neutrons coa™“ sec™, a
resolution of 0.01 mm is possible. Therefore with a suitable sample this would qualify as a high
resolution radiographic technique.

18.6 Direct viewing

Image intensifiers, with phosphors adapted to convert neutrons to light, have been used to foram a
direct viewing systeam. These aay find applications in imaging dynamic events, for instance for
observing the distribution of oils within an sero-engine whilst running.

Although most of the neutron radiography in the aircraft industry has been applied to the 'residue
core’ problem there are others which should be mentioned here. Mobfle equipment using the isotope Cf
252 has been used to detect corrosion in airframes [ 32], vhen radiographs of 'high resolution' were not
8 requirement.
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Neutron radiography has also been applied to the examination of brazed joints, detection of
adhesives in honeycomb sections, detection of organic compounds such as paper washers, rubber '0' rings
in thick metallic assemblies and the measurement of a component within an assembly,

18.7 Measurement using neutron radiography

Neutron radfogaphic measurement techniques have yet (to the author's knowledge) to be applied to
aero-engine parts. It has however been used 'a the nuclear industry to wmeasure the progressive
swelling of samples undergoing irradiation 33 , Tell-tale devices are incorporated into the rig which
are made of materials of high neutron cross sections such as dysprosium. The devices are spring-loaded
against the component to be measured and the relative positions of the tell-tale can be measured and
related to progressive increases in size. Accuracles of + 0,025 mm have been achieved and the
technique may also find application in dynamic radiography of aero-engines, when contrast and thus
resolution 1is lacking, as sometimes 13 the case when x-rays are used. Similar tell-tales could be
in*vroduced providing silhouettes of extremely high contrast and resolution within large sectional
thickness of a complete engine, and so measurements could be made of dimensional changes with greater
precision.

19. CONCLUSIONS

Microfocal x-ray units are now established as viable radiographic inspection tools., They can
consistently produce high resolution radiographs of aero-engine components and they can be operated by
the normal radiographer employed in the aero-engine industry. These units can be installed in shielded
compartments on the shop floor which cost a fraction of exposure cells having conveational x-ray

equipment.

Microfocal/direct viewing systems can produce results of higher resolution than normally achieved
but unless the radiation output from microfocal units is increased considerably their use will be
linited to metallurgical specimens.

Neutron radiography can produce radiographs of high resolution. Indeed, the technique of
detecting the residue core material in aero-engine investment castings is used on both sides of the
Atlantic. Although mobile neutron souirces can produce results, which may not in the strictest sense be
claimed to be of high resolution, they can however sometimes resolve conditions such as 'core residues'
and will be applied when it is not practical or economic to use reactor sources,
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APPENDIX

Radiographs are difficult to reproguce with any printing process and there is no doubt, despite
the skills of the printer, that some details

in the plates will be Inferfor to the originals. However,
included in this appendix are examples of high deftnition radlographs which can be compared with
conventional radfographs and hopefully the advantages of using microfocal sources will be demon-
strated,

A 4

Plate 1

Linear accelerator set up to radiograph the RB211 Turbofan at Rolls Royce, Hucknall
(Photo courtesy Rolls Royce Ltd.)

Plate 2

Radiographs comparing the engagement of a turbine seal under different engine running conditions
The rotary component is on the right of each radiograph
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Plate 3

Radiographs of low pressure turbine showing variations in vertical gaps
: between starter and rotor components, under different
engine running conditions

Plate &

Comparison between a contact radio&raph (inset)
of a small nuclear fuel particle and a
projected x—-ray enlargement

The projected enlargement reveals flaws in the particle cnating
For the contact radiograph, the particle (approx. 0.5 mm dia.) is positioned

at the tip of a hyperdermic needle
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Plaie 5

Variable solid target, Note the detachable
target rings and the focussing mesh device
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Plate 6

Comparison radiographs of an aluminium weld

From left to right, the Harwell EI12, Magnaflux MxKIOOM and

a conventional x-ray unit
Primary x-ray enlargement X6 (80 kV)
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Coated lead mask constructed to precisely

~

Plate 7

Section of blade aerofoil revealing bands of
microporosity (Photo courtesy Rolls Reyce Ltd.)

Plate 8 Plate 9

31

Ad hoc mask, used to enable the thick section

position and to mask the blades from extraneous

of a turbine blade to be radiographed using a

radiation from outside the area of interest

high definition projection technique
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Plate 10

Enlarged projected radiograph showing
pores (G.0]) mm diameter) in the presence of
'‘mottling’ due to individual crystallites of the alloy

Plate 11

Conventional radiograph of a turbine blade
compared with a high definition projection radiograph

Note bands of microporosity

—
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Plate 12

High definition radiograph
(Magnification X15)
Blade materisl 9 ma thick showing individual dendrites

90 kV 0.5 mA - 4 minutes,
Trimax film/screens
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ROOM TEMPERATURE coLo

AERE - M 2871 Fig. 5
Turbine blade section

Tube voitage 85 kv

Tube current 500 pA

Film-to-focal spot distance 2.21 metres

X-ray magnification x12

Exposure time 8 minutes

Film and screen IM’s Trimax
Plate 13

Focal spot size - 0.3 m

Focal spot sfze -~ 0.015 mm
Plate 14

Photographs of the screen of a T.V. gonitor
illustrating two high definition direct viewing systeas

Note: Blockages in the spark eroded holes (0.25 mm dia.).
'Quantum mottle' also evident on the lower output x-ray tube i
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Plate 15

Xeroradiograph of air cooling duct assembly

Plate 16

Xeroradiograph of a Pegasus turbine blade
Thinnest wire (Fe) visible os 0.02 mm

Plate 17

Neutron radiograph of a brazed joint (right)
compared with an x-radiograph material, Brass 12.5 mm thick
The contrast, resulting in excellent resolution, is due to traces of cadmium in the brazing material
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Cold Neutrons Thermal Neutrons Thermal Reutrons Thermal Neutrons
DIDO Reactor DIDO Resctor GLEEP Reactor Cf-252 Source
Gadolinium Nitrite Water Enhancement Gadolinium nitrate Gadolinium nitrate
Enhancement enhancement enhancement (Print)

Plate 18

Illustrating various neutron radiography techniques applied to
the detection of residue core material within the galleries of a8 *urbine blade
Although the resolution varies with each technique, all are capable of
detecting the presence of the core material
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SUMMARY

Factors controlling the cost of ownership of expensive military equipment are outlined with aspecific
reference to the role of wear or scheduled and unscheduled maintenance. The value and limitations of
established condition monitoring techniques and procedures, based on study of the particulate debris
carried by the lubricating fluid, are explored for engine, gearbox and hydraulic sustems. An account is
given of current effort to improve these techniques and of research to evolve meaningful monitoring
measures for a more scientific approach to the development and operation of new machinery incorporating
advanced engineering designs and materials. An idealised research and development programme, centred on
gear profile failure demonstrator facilities, including a number of supporting scientific, technological
and design exercises, is presented.

1.  INTRODUCTION

In absolute terms, the cost of ownership of an aircraft is directly related to the time it is available
for cperation against that originally planned at the design and specification stage, and this is shown in
detail in Fig 1 from which it can be seen that maintenance costs represent an important and vital element.
With increasing sophistication of design and construction there has been a continual increase in maintenance
costs and it is not unusual for these to represent a third of the total ownership cost, hence any improve-
ments in the ability to predict and control deterioration is likely to have a profound influence on life

costs,

The normal procedure for improving both reliability and performance is to accumulate experience from
field operations and thea to apply this knowledge retrospectively to iterative development of design and
construction processes. This is, however, a laborious process and a number of statistical asurveys to
highlight the major causes of unreliability and high maintenance costs have merely indicated the need for
a more scientific approach involving research activity to improve knowledge of material behaviour, to
reveal the true nature of loadings and environments, and to evolve more accurate means for assessing future
satisfactory performance and residual safe~life. Such information is required both for a more accurate
scheduled component replacement programme, and for quantifying defects and their significance in terms of
fitness for service. Implicit in the acquisition of such knowledge is the need to provide more effective
means for transferring this knowledge between design, production and operation, as each problem area will
require attention and support from technology, management and data retrieval. Such an approach involving
the integration of a number of disciplines and responsibilities to achieve maximum life performance has
received much attenﬁion recently in the UK under the general term Terotechnology, or in its simplest terms,
the Scienze of Care .

The three interrelated major elements of Terotechnology as applied to complex engineering systems
shown in equilibrium in Fig 2 are:

i Improved management by the development of means for increased awareness, and for stimulating
individual responsibilities within the complex management involved in the control of costs in large
enterprises.

ii  Improved technology transfer for enhancing the quality of technical knowledge along the lines of
decision by harnmessing relatively unoriented research, development and experience to the reduction of
ownership cost.

iii Evaluation of more cogent means for generating pertinent data and systems for the automatic
feedback to the design stage of more critical information on the factors dominating maintenance and
residual safe life of expensive and strategically important aircraft.

An effective scheme for achieving such information and thereby to emhance and improve the Design and
Specification process is ocutlined in Fig 3 which emphasises the need for degradation demonstrator exercises
upon which to evolve more effective health sensing and safety monitors. Such a demonstrator programme
requires to take a number of design variables into account aimed specifically at factors controlling cost
rather than performance and would provide both on-line, or periodic,residual health and safety indicating
monitors for equipment either under development, or in full operation.

Such demonstrator exercises are required to study and provide information on each of the six major
forms of degradation experienced in aircraft and outlined in Fig 4, some of which are interdependent.
The value of such an approach to all factors influencing the cost of aircraft can be seen from Fig 5, but
the concept relies heavily on the existence of highly effective and meaningful health sensing techniques.
Those required for monitoring strain damage and corrosion damage rates are outside the scope of this paper,
which is concerned principally with wear damage rate.
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Fig 3 Means for acquiring more specific information and codes of
practice to control ownership costs

STRAIN DAMAGE RATE J

WEAR RATE

CORROSION RATE

Flaw location {
and incidence

Flaw growth {

Bulk material
changes

Surface damage

Wastage {

Selective attack {

Surface

Sub - surtace } Criticatity of position

Fatigue crack growth
Criticality of position and size

Creep
Strain damage (ageing and fatigue)

Non-linear surface reactivity
Increased roughness
Fretting

Fatigue

By electro-chemical attack
By oxidation
By chemical reduction and biodeterioration

Stress corrosion
Corrosion tatigue
Hydrogen embrittiement

Fig 4 Principal forms of material degradation
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The effect of wear in bearing and sealing systems on both scheduled and unscheduled maintenance costs
is considerable and spans a wide range of tribophysical and tribochemical science and technology. The
whole span of scientific and technological discipline covering the subject of Tribology has been the subject
of considerable academic and technological activity in the UK over the past two decades<. However, improve-
ments to bearing surfaces has, and continues to be, largely empirical, but in advanced aircraft systems,
for example in helicopter jzaring and power transmission, it is now essential to identify more clearly thoee
design, material and loading interactions governing changes in critical surface condition leading to a
sequence of deterioration prccesses, sometimes culminating in catastrophic failure.

2. THE NATURE OF WEAR ANC ITS CONSEQUENCES

As in the case of the gap between dislocation theory and fracture mechanics in the scientific and
technical understanding of strain hardening and crack behaviour in metals, so a similar gap exists between
the study of mi<rosurface phenomena and characterisation nf surfaces and the visual appearance of macro-
degradation upon which engineering experience and design in bearing systems are bvased. The performance and
improvement of bearing surfaces has evolved historically irom iterative development of materials and systems
within specific loading and environmental conditions, frequently to a high degree of satisfactory performance.
The surface geometry, superimposed vibration, and above all the nature and continued integrity of the
lubricant under time and environmental degradation are thus major influences on changes to optimum surface

. condition, and hence to a possible increase in the rate of wear.

Under ideal operating conditions the firat stages of wear are likely to be dominated by a burnishing
of asperities between the surfaces in relative motion with a consequent shedding of a small quantity of
particular matter., This then leads increasingly to burnishing and passivation of the surfaces, and under
ideal conditions of lubrication, prolonged operation with low wear rates. Such conditions are, however,
not always obtained and highly localised micro-galling may follow from the presence of impurities in the
lubricant, mechanical reasons for the breakdown of hydrodynamic lubrication, or from work hardening of
mating surfaces, particularly under heavy loading conditions.

Different influences operate in gas, and dry bearings, and in seals where mating materials are often
of widely different composition, and operate under lighter load bearing pressures. For instance, quite
recently the nature of seal performance and wear has been observed as a distinct three concentric band
phenomena3 across the width of the seal. Thus, immediately adjacent, and in contact with the sealed fluid
there is usually a circumferential band due to interaction of the sealing surfaces with the fluid. A
similar effect is observed on the other outer band but the centre band is usually highly discoloured due to
the effective sealing action associated with a local surface temperature rise causing a high temperatire and
pressure gas band with highly effective sealing and minimum surface contact and wear. This effect is due
to the local surface conditions within the centre band approaching the critical temperature and pressure of
the fluid being sealed, thereby generating a highly effective and minimum wear gas band condition, virtually
independent of the sealing material pairs. The effect is most marked in graphite silicon carbide systems.

This paper is, however, concerned principally with the wear particles in fluid lubricated bearing
systems, and the main categories of wear have been classified in engineering terms as Abrasion, Erosion,
Fretting, Scuffing and Contact Fatigue. [Each of these forms relate mainly to the nature, velocity and load
intensity of the particular systems, to the quality of the initial design and specification, and to the
care and integrity of subsequent operation and maintenance,

Abrasion is mainly a function of the nature of the initial, or developing, surface conditions, or the
presence and effect of foreign particles in generating a cutting action. This condition then becomes self-
generating and takes the form of progressive scoring to the point where lubrication becomes ineffective
with ultimately complete surface breakdown. Timc-scales involved in such processes depend much upon surface
load intensity, superimposed vibration, and the degree of aggression introduced by the contaminants in the
lubricating fluid, but i rate of wear always increases exponentially towards the end of the life of the
bearing.

Surface degradaticn by erosion resulting from the imposition of localised high energy release by vapour
bubble collapses, or oy high microturbulence, is not usually encountered wiihin bearing surfaces, but may
occur at some locations within a total dynamic lubrication system with consequent material shedding
and harmful contamination and deleterious effect to bearing surfaces.

Fretting constitutes surface breakdown through a combination of mechanical and oxidative
reactions, sometimes with minimum oscillatory sliding motion. It is particularly sensitive to temperature
and environmental aggression and somewhat similar to stress corrosion and corrosion fatigue in its effect
upon fatigue crack initiation and growth. It arises as a result of highly localised bearing pressures
associated with lubrication impoverishment or starvation. The nature of the associated debris is usually
associated with a high state of oxidation of the bearing material surfaces.

Scuffing is a groses form of fretting resulting from work hardening and shedding of metal from surfaces
in sliding motion and is exemplified by {lakes of debris arising from local seizures.

Contact fatigue is probably the most undesirable form of wear as it can herald sudden catastrophic
failure. Surface degradation by highly localised strain hardening and loss of ductility can occur under
both sliding and rolling motions, although it is most common under rolling contact conditions in ball and
roiler bearings, gear flanks and cem surfaces. It arises as a result of orthoganal shear stress concentre
ation causing lattice dislocation movements with micro-fracture and shedding of work hardened material and
the formation of surface pitting. The presence of such surface flaws may be associated with material
inhomogeneity or the existence of surface breaking impurities and inclusions. A consequential effect may
be the generation of pockets of high pressure fluids under rolling contact conditions with further stress
concentration and fatigue crack growth. The mechanism is accelerated by the presence of a corrosive
environment, in particular where hydrogen can be generated by electrochemical activity with its consequent
mobility and embrittlement effect on the material, in particular in steel,

- v—

-

[T VUSSP |

B s e va Wi

PYRS.



http://www.abbottaerospace.com/technical-library

CONTRIBUTORY FACTORS

Geometry

Retated motion
Materiatls

Surface treatments
Lubricants
Lubricant additives
Contaminants
Surface finish
Bearing loads
Surface velocities
Temperature

Time

Yibration

Shock

WEAR SURFACE PHENOMENA

g

Tribological and
Tridophysical activity
at reacting intarfaces

FORMS OF
DEGRADATION

e

Passivation
Cutting
Adrasion
Fretting

EFFECT ON THE
MECHANICAL SYSTEM

Seuffing
Erosion
Fatigue
Corrosion
Omidation

Running in wear

Zero wear

Steady state wear
Accelerated wear
Exponential wear
Surface breakdown
Fatigue crack inmitiation
Fatigue crack growth
Fast fractyre
Catostrophic rupture

/S{RDEVEI OPMENT

Wear debris characterisation
{ Physicat , Chemical
Metallurgical)

SENSOR APPLICATION

DESIGN —o= DEYVELOPMENT ——am DEMONSTRATION ——m OPERATION «tien

Fig 6 The origin, progression and characterisation of deterioration
at tridological interfaces
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Initial passivation conditioning, steady state and exponentially rate wear is invariably accompanied
by the generation of debris whose chemical constitution and physical concentration must be related directly
to the phenomena existing on the tribological surfaces. Thus, scientific and techknclogical interpretation
of wear debris in terms of its origin and generation provides direst intelligence of conditions existing
at wear interfaces, and this gives diagnosis and prognosis of current and projected wear surface deterioration
as shown in Fig 6.

Each of the major wear and degradation processes can operate independently in bearing systems according
to the geometrical nature, operating loads and environmental influences concerned, but it is more likely that
two or more interact simultaneocusly or in sequence. - For instance, abrasive wear may lead to assymetry of
operation with changes in hydrodynamic lubrication permitting direct contact of bearing surfaces and the
onset of contact fatigue. Conversely, rolling or sliding contact fatigue may shed hardened particles which
will then increase the abrasive content of particulate matter in the oil with increase in wear rate.

Erosion or Fretting wear products may have a similar effect.

Once a fatigue crack situation has been established by undesirable tribological effects at the surface
of components, then other more conventional metallurgical phenomena will begin to operate. This involves
progressive crack development by a series of strain hardening steps, so that strain age embrittlement takes
place in material immediately beyond the crack front. A situation will be reached where the crack length
is critical to the working stress load on the component when fast fracture and sudden catastrophic failure
will take place. The rate of crack growth, and critical crack length is a function of the bulk properties
of the material but the vital trigger mechaniasm is frequently the tribological conditions at the surface.

It is thus highly desirable to be able to identify the nature and concentration of wear debris in terms
of its origin, and the engineering conditions giving rise to its occurrence. Further, if numerical values
can be given to the phenomena, then the designer and operator of equipment has data which can be used with
resultant economy at the design and development stage, and as a basis for highly meaningful health monitoring
systems during the operation of equipment. Ultimately, this would lead to a "Safe Life" of "Fail Safe"
philosophy of extreme importance to extremely costly and highly rated aircraft equipment including main and
suxiliary power units, transmissions, hydraulics and avionic systems. Such information would have a direct
effect upon the precision in specifying more cost effective scheduled replacement of components, and thus
upon the nature and frequency of maintenance achedules.

This then sets the scene for the next section of this paper which deals with “he state of present
knowledge and activity with wear debris characterisation monitoring systems of a wide variety of tribological
conditions involving many metallic bearing materials in oil lubricated systems. However, ultimate
calibration of wear by characterisation of debris matter can only be achieved by fully integrated scientific
and technical demonstration exercises, rather than by random statistical field experience and a model system
for accumulating lcgical and progressive data will be postulated in the final section of this paper.

3« STATE OF THE ART

The basis for the use of wear debris analysis to provide diagnoasis and prognosis of surface wear has been
illustrated in Fig 6. Details of current techniques and experience with them will now be outlined.

3«1 Method for Wear Debris Analysis

A variety of methodah can be used to evaluate wear debris in lubricating oil and thereby provide
information on the condition of rubbing machine components. Those methods can be classified into three types:

On-line determinations
Debris collection and subsequent inspection
Lubricant sampling and subsequent inspection

The on-line determination with continuous read-cut from a detector fitted into the system is very
convenient as instant, continuous information is available without the need for any administratiom or
possibility of error. However, equipment costs tend to be fairly high with separate units required at each
point of interest. The main type of commercial instruments available are based on light scattering by the
particulate matter, Vibration can cause problems and the sensors detect all particles present, for instance
lubricant degradation products as well as the more critical wear debris, and this can cause interpretational
difficulties. Another type is a filter which signals the quantity of conducting debris collected.
Alteration of filter mesh size can change the size of debris collected, but normally this is selected to
catch large particles only. Other principles that have been explored for use in such devices are electrical
inductance or capacitance. These are better suited for the detection of the larger particles and both have
problems ensuring adequate iemperature compensation.

Debris collected by units such as magnetig glugs. filters or centrifuges can be subsequently examined
to provide information on the debris collected”’*”, Considerable information is obtainable from this source,
however, the data js not continuous but only available after examination from the removal device. Equip-
ment costs are low, although units are required at each point of interest, and effective interpretation
requires considerable experience. Filters and centrifuges need to be fitted immediately downstream of
critical compone-ts if evidence is not to be lost by settling. A great deal of information on the condit:ion
of the machine can be obtained by examination of accumulated debris as this contains all the contaminant
present, ie the non-ferrous as well as the magnetic material.

The most common devices of the debris collection type are magnetic plugs or chip detectors. These
consist of a magnet!: prote fitted into the oil flow to collect magnetic debris particles. They are
generally provided v th self-sealing fittings so that the plug may be withdrawn for inspection without oil
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loss. Only ferrous material is caught and detecied but since most of the loaded components of machines
are manufactured of magnetic steels, ie gears and bearings, this is not much of a limitation, although
debris from some high quality stainless steels and paramagnetic material may escape collection. These
equipments are cheap and easily inspected and can provide a great deal of information on machine condition
to a skilled operator. The collected debris, like that collected on a filter, is representative of the
whole time since the last inspection not some particular instance in time. Separate units are required
at each point of use and each requires individual attention at the selected operating periods. The mode
of installation has a major influence on particle catch efficiency but the necessary conditions have now
been thoroughly explored. A variety of designs and magnetic plug and chip detector are available from
‘simple units where the plug has to be removed for operator inspection and interpretation of the collected
debris to sophisticated indicating units with facilities for indication at a distance.

Tubricant sampling methods have the advantage that only a single sample is required withdrawn from a
corvenient source whilst the machine is being operated, or sufficiently soon after it has been shut down, soO
that the Cebris particles have not settled out. The analysis is generally test carried out in a'central lab~
oratory with the associated problems of sample transport and the return of information to the qulpment )
operator for decisions on whether or not the machine should be removed from service. Just as with the debris
collection methods information is only available at periods corresponding to the intervals between sampling,
and the reading obtained reflects the history since the last complete oil change. An additional factor
that needs to be allowed for is the effect of top-up with new oil which has the result of reducing the
concentrations of wear debris particles on the lubricating oil. The method involves two separate steps:

(1) taking a representative sample from the lutricated
(2) analysis of this sample to determine debris and contaminant materials present

The sample should preferably t: taken from the machine whilst it is running or very soon afterwards,
otherwise the particles present may settle from suspension thus removing the evidence. The 0il samples

may be obtained in a variety of ways but care is needed to ensure that dead lines or valves are thoroughly
flushed. If for instance a sample iz ccllected from a drain an unrepresentatively large quantity of debris
may be obtained. The subsequent analysis may be by chemical means tc determine the nature and concentration
of contaminants in the lubricant or by physical means to determine quantity, size and shape of the contam-
inants. In either case it is usual for the analysis to be carried out by a specialist in a laboratory so
the lubricant sample suitable identified as to its source has to be transported to the analysis centre.
After the appropriate analysis has been completed results have to be compared with previous history before -
useful assessment of the condition of the particular machine is possible. The usual techniques emplcyed

to determine chemical nature of wear debris invelve spectrometric analysis (SOAP) of the oil sample either
by atomic absorption or atomic emission spectroscopy. These can both determine most of the metals likely
te ve found in used lubricating oils such as iron, copper, zinc, cobalt, chromium, nickel, tin, lead and
silver. Atomic zbsorpticn uses relatively low cost equipment determining the concentration of one element
at a time whereas atomic emission, which involves expensive equipment, can make instantaneous measurements
for numerous elements. In both types of instrument the oil sample plus debris is vapourised, in a flame

or electric arc respectively, so that the chavacteristic spectral lines of the contaminating metals are
emitted. In practice the results produced tend to be representative of the smaller particles present,
namely those up to about 8 microns in major dimension. Physical methods which have been used to analyse
used oil include particle size spectrum determination and Ferrography . Particle size distribution analysis
is conveniently carried out in automatic counters such as Hifc and Coulter instruments which provide a

size distribution in terms of equivalent spheres. This may give useful information on wear occurring

but can be confused by the presence of particulate matter from sources other than the wear and which is

also counted by these instruments. A measure of the cleanliness levels and particle size spectrua may
also be obtained by filtration of the fluid through a fine filter, typically a Millipore Filter, followed
by microscopic examination. This tends to be wearing on the operator and somewhat inaccurate. Debris can
also be separated by other techniques such as with a magnet or an ultracentrifuge. Such simple methods

may be useful for a particular system. A recent more sophisticated technique is Ferrography 7 "9

which separates wear debris from the oil sample by the action of a magnetic field. The Analytical
Ferrograph arranges debris according to size on a glass slide, permitting detailed examination by visual or
electron microscopy. This technique shows considerable promise for research applications but the equipment
costs and the time required to examine a sample appear to rule out widespread field use. A second version
of the equipment, the Direct Reader, collects particles in plastic tubes assessing the relative quantities
of 'large' and 'small' from optical density readings. The results freauently being expressed as a Severity
Index such as

2 2
1= DL - DS
or

I= DL (DL - Ds)

where D. is fracticnal area covered by large particles (greater than 5 microns) and D_ is the fractional area
coveredLby small particles (1-2 micron range). s

3.2 Interpretation of Wear Debris Measurements for Machinery Health Monitoring

Wear debris concentration and type can provide irndications of wear and therefore of machinery condition.
When interpreting the analysis results it is important to rember that the debris was collected over a period
of machine operation and that it does not represent an instantaneous effect, that any new c¢.mponents fitted
may produce running-in debris and that contaminants present from the machine build, present in the new
lubricant or introduced from the environment, may tend to hide changes in the wear debris. It is generally
desirable to observe the trends in wear debris generation for each particular machine and appropriate storage
and retrieval of the information is necessary.
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Different factors can be used to assess machine wear or failure. If machine elements produce
increasing quantities of wear debris as they approach failure than the amount of debris can be ured to
provide an indication of the condition. Trend plots are frequently employed to indicate the cumlative
amount of wear debris and any rate of change of wear debris generation with time, thus identifying the change
of wear severity or the start of new processes asee Fig 7.

Wear debris

Running hours
Fig 7 Trend Analysis

The fact that the size of debris normally increases from running-in through normal operation to the
wear out or failure situation, can also be used to assess machinery condition, see Fig 8.
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Fig 8 Variation of Wear Debris Size and Amount with Running Hours

Detection of the production of larger debris particles may provide improved lead time to failure over
determination of quantity of debris. One~line systems based on comparison of amounts of large and small
particles by optical methods ad on the detection of large particles in electrical conducting filters are
available. Similar information can also be obtained from magnetic plug inspections or Ferrography, both
these latter of course depending on selection of suitable sampling intervals. Also dependant on o0il
sampling are the automatic counting methods which can give detailed size distribution data on particles
present in a liquid. This method is frequently used with hgdraulic systems which can be very sensitive to
particulate matter, In the UK a Ministry of Defence Standard O has been published giving contamination
classes for different types of hydraulic system. The standard was developed from particle size distributions
determined on engineering system and thus the relative proportions in different size ranges are consistent
with findings from practical systems. This avoids difficulties in classification because for instance the
large particles are within the permitted numbers whilst totals of amall particles are outside the limits.

Chemical analysis of wear debris can frequently help to pinpoint the components that are actually
wearing. Very sensitive methods are needed. and the determination is therefore normally carried out by a
suitably equipped epecialist. Analysis may be by spectroscopic methods on oil samples, or by elzctron
probe analysis of the larger particles separated by any suitable device. This approach is particularly
valuable when the element determined is not the major engineering material used in the particular machine,
such as steel in a gearbox, but is a contaminant such as silica or a specialist constituent such as silver
from a rolling bearing cage or indium from the overlay of plain bearings. Iron is of course, very common
since at least one of a rubbing pair is generally ferrous, but sometimes the simultaneous presence of
alloying elements sucn as chromium, nickel, molybdenum, vanadium, etc can help to identify atainless steel
or alloy steel components.

Physical methods of examining debris can also be used to obtain information about wear modes. Optical
and electron microscopy oS separated debris can yield considerable information about the source and mode of
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machine surface deterioration. The essential first step is for the operator to recognise background
material which has no significance for failure prediction, as for instance, metallic debris, sealing
compounds, paint, fluff and other extraneous material left in the machine on build or overhaul, or the very
fine ferrous debris produced in normal wear. The recent development of hrrofuphy has lead to considerable
atudy of debris particles and their identification. The Wear Particle Atlas® produced under funding by the
US Naval Air Systems Command "provides information for the identification of various wear particle types,

the description of wear modes that generate these particles, and as s guide to the prediction of machine
conditions based on the identified modes". This Atlas intended to be the first of a group covering
identification of particles formed by the motion of steel on steel under loaded conditions and discusses the
free metal particles generated. It diviles wear modes into 5 types:

1. Rubding Wear

The normal usually benign wear of sliding surfacea.
2. Cutting Wear

Adbnormal abrasive wear due to interpenetration of sliding surfaces.
3« Rolling Fatigue
The fatigue wear of rolling contact bearings.

4, Combined Rolling and Sliding

The abnormal wear regimes of fatigue and scuffing as associated with gears.

5. Severe Sliding Wear
Excessive load and high speed wear of sli-ing surfaces.

Rubbing or normal wear particles are generated in normal sliding wear in a machine. They typically are
platelets ranging in size from 15 microns down to 0.5 microns in the major dimension, between 0,15 microns
to 1 micron in thickness and have a smooth surface., Abrasive contaminants such as sand can cause marked
increase in the production of rubbing wear particles and the rapid wear of the system. Particulate analsis
of the lubricant from such a system will of course reveal the contaminant particles as well as the wear
debris. Cutting wear particles are generated as a result of one surface penetrating another, much as a
lathe tool creates machining swarf but on a microscopic level, Particles can be relatively coarse and large,
namely 2-5 microns wide by 25 to 100 microns long caused by a hard component penetrating a softer one, or
fine wire-like material with a thickness of 0.25 microns caused by abrasive particles embedded in a soft
surface and cutting the opposing wear surface. Cutting wear particles are abnormal, their presence
suggesting either contaminants, or imminent component failure. Rolling fatigwe particles are found in
three types: fatigue spall particles, spherical particles and laminar particles. Fatigue spall particles
are flat platelets with a major dimension to thickness ratio of approximately 10:1. They have a smooth
surface and a random irregularly shaped circumference. The spall particles consist of the actual material
removed as a pit or spall opens up. They range in size from 10 microms to 100 microns., The spherical
particles have diameters ranging between one and five microns, and are belisved to be generated in the bearing
fatigue cracks. However, spherical metallic particles can also be present in lubricating oil as contam-
inants. New lubricating oil supplied by manufacturers frsquently ccntains s few metal spheres and metallic
spheres can also be formed by welding and grinding processes, so care is needed to ensure that spheres
detected in a ludricant do arise from the wear process. laminar particles are very thin 20 to 50 microns
in major dimension with a thickness ratio of approximately 30:1 and frequently contain holes,

The gear wear particles caused by combined rolling and sliding arise from pitch line fatigue and scoring
or scuffing. Fatigue particles from a gear pitch line are similar to rolling bearing fatigue particles.
They generally have a smooth surface and are irregularly shaped, the major dimension to thickness ratio is
between 4:1 and 10:1. The particles produced by scuffing tend to have a rough surface and a jagged

circunference. Quantities of oxide are usually present and particles may show evidence of partial
oxidation.

Severe sliding wear particles range in size from 20 microns upwards. They frequeptly have straight
edges and a length to thickness ratio of approximately 10:1. They may show surface atriations due to sliding.

3.3 Service Experience

There has been considerable experience in the application of wear debris analysis to the early detection
of mechanical distress. Certain technmologically advanced industries have built up experience with particular

techniques for specific applications but the overall position is somewhat patchy with different techniques
being applied for different operations.

The process industries have found on-line direct readers satisfactory for their purposes but this type

of device has not yet been proven or accepted for aircraft use, where the weight, space and vibration
requirements are more onerous.

Debris monitoring methods are widely used through a variety of industries and applications, frequently
with relatively unsophisticated inspection, analysis and interpretation procedures. Table 1 lists the main
methods in current use in aircraft systems. 1In the aircraft industry, many commercial airlines rely an
debris collection methods to assess the conditions of engines in service. In military aircraft magnetic
plugs and chip detectors are installed in virtually all helicopter transmissions end engines and in many
propulsion and drive systems of fixed wing aircraft. Although these units are basically simple and cheap
they have proved reliable indicators of incipient failure. Chip detectors, that is units including a
remote warning signal, activated by debris particles closing the gap between two electrodes, have also tended
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to give a large number of nuisance indications. These 'rogue' signals have tended to cause suspicion or
disbelief in the indication thus reducing the value of the device to the operator.

The oil analysia methods have had the widest application in the aircraft industry with spectrometric
analysis of engine and transmission lubricants and particle counting on hydraulic fluida, Military users
have had high success rates with spectrometric analysis particularly of engine lubricants, by frequent oil
sampling often daily, or even between each flight for engines under development, and careful plotting of
trends, allowance for oil top-up etc. Commercial airlines are not unanimous as to the cost effectiveness
and are concerned about the necessary administration with sample transport to the analysis laboratory and
return of information to the reaponsible engineers. However, for many mechanical systems a suitably
organised spectrometric oil analysis programme can provide a highly effective indication of impending failure.

In sophisticated hydraulic systems the contamination has to be maintained at a very low level if
reliability problems due to blockage of oil ways and silting of valves are to be avoided. The total partic-
ulate content is therefore, of interest and not only the wear debris content. Tris data is obtained by
determination of the numbers of particles preferably broken down to give a spectrum of the particle size
distribution. Manual counting methods are time consumiag and inaccurate but good results have been obtained
with automatic particle counters. As with spectrometric methods the analysis is best reserved for a
specialist in a laboratory thus necessitating transport of samples and effective administration.

The main limitations to these methods arise from the need for despatch of samples to a laboratory with
the resultant loss of immediate control by the equipment operator.

3.4 Performance of Different Techniques

A number of studies have included assessment of wear debris from machinery experiencing failures by
different techniques thus permitting evaluation of the different monitoring and predictive capabilities.
An interesting study carried out by the Canadian Defence Research Establishment Pacific concerned oil
samples taken from a Sea King helicopter gas turbine engine cver the course of a bearing failure. The
engine had been on an oil analysis monitoring programme usirg spectrometric analysis with an atomic absorp-
tion spectrometer. The results of this analysis had revealed an increasing wear trend which did not appear
alarming, until failure of the number one bearing occurred. The oil samples collected over the critical
period were then reexamined to determine the accuracy of the absorption spectrometric analysis and to assess
the potential for improvements that alternative procedures might provide. Detailed examinations of the wear
debris from the synthetic ester engine oil, to specification MIL-1-23699, were made by atomic absorption
spectroscopy, X-ray fluoreacence analysis, microfiltration techniques and Ferrography. The choice of methods
being to provide a check on the original atomic absorption analysis, to see what additional information might
be obtained from determination of all the particulate metal present in the oil and to assess the promise of
Ferrographic analysis.

The atomic absorption spectrometer substantially confirmed the results obtained previously, with increases
in iron and copper contents not reaching the guideline levels employed. Collection of virtually all the
wear debris on a microfilter, followed by X-ray examination of the deposits and atomic absorption analysis
of the deposits dissolved in hydrochloric acid gave substantially higher metal figures over the period of the
failure. The Ferrographic analysis by microscopic examination of the separated debris and by the Direct
Reader technique also provided early indications of abnormal wear. The analytical ferrography examination
permitting recognition of particle morphology consistent with fatigue spalling.

These results imply that in this particular case the diagnostic capability of spectrometric oil analysis
was limited by its ability to determine only the small wear particles and that the use of supplementary
techniques permitting consideration of the larger wear particles also would provide improved diagnostic
capability.

A recent UK study applied a number of condition monitoring techniques to a helicopter gear box during
seven fatigue substantiation trials. The gear-boxes were run in a back to back rig and o0il samples with-
drawn from a magnetic plug fixture every five running hours were Split and circulated to cooperating
laboretories for spectrometric analysis using both atomic absorption and emission instruments, Ferrography
and particle counting in addition to the vibration analysis and magnetic plug inspections carried out by the
trials operator. Close agreement was obtained by the two spectrometric techniques for iron and copper but
a much more sensitive failure detection was provided by the magnetic plug and by Ferrography which gave good
promise of predictive capability. The trial gear boxes were driven at approximately 28% above normal
operating power for 140 hours in the first four trials and at approximately 41% overload for 70 hours for
three more with regular monitoring by the different techniques. On termination of the trial, or when distress
was recognised, the box was stripped and the various components given an engineering appraisal. On the
first trial a number of failures occurred almost simultaneously so it was impossible to identify different
monitoring technique signals with particular failures but the later trials were not confused in this way and
shim gear and bearing damage occurred. The vibration analysis and the spectrometric analysis had proved
successful in identifying the various examples of surface damage. Particle counting gave a ccnfused picture
sometimes apparently dominated by the contaminants present in the new oil, although Pocock has shown '€ that
the particle counts from the first trial can be treated to yield iron figures agreeing closely with those
obtained by spectrometric analysis. Magnetic plug and Ferrography gave good indications of the various
surface breakdowns with both giving indications of the failure mode being experienced. Magnetic plugs was
successful at identifying shim wear with Ferrography giving particularly early signals of gear damage,
perhaps showing promise as a predictive tool.

17 s . : : : .
A US Army survey ' over a two year period on one type of helicopter invelving comparison of magnetic
plugs with spectrometric methods on both engines and transmission systems showed a high success rate for
both spectrometric analysis and chip detectors with the chip detectors reliability comparable to the
spectrometric analysis overall and considerably better for the transmission.
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3.5 Efficiency of Different Monitoring Techniques

Tauber1h has produced an illuminating model for the development of the debris.Spectrum for a typical
fatigue type failure (bsaring or gear spalling), Fig S. The diagram shows debris prodgctlon {ate pl9tted
against time and debris particle size. If no failure occurs the amount and size of deb?ls pa{tlgles will
not alter with time and the debris spectrum will therefore, remain unchanged along the time axis. 'The
diagram illustrates the position as a failure develops and both increasing numbers and increasing sizes of
debris particles are produced. Spectrometric methods which detect particles smaller than about 19 microns,
will reflect the increasing numbers of small particles only whilst magnetic plugs permit preferential
identification of the relatively large particles, typically 100 to 300 microns.
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Fig 9 Wear Debris Particle Spectrum

Thus where fsilures ozcur by different mechanisms, and the relative quantities and particle size ranges
of the wear debris differ, the responses of the two condition monitoring techniques would be expected to
differ also. Failvre mechanisms producing predominantly small particles will be most effectively monitored
by spectrometric methods whilst if the mechanism generate particles in to 100-300 micron range then the
magnetic plug will be the most effective.

Pocock1> reasons thut wear debris type condition monitoring sensors need to be matched to the particular
wear mode because the various sensors/techniques are each sensitive to only a range of debris particle sizes.
A wear mode generating particles in the size range 100-300 microns will, therefore, not be detected by a
technique which is only sensitive to particles smaller than say 15 microns. And that it is often desirable
to use more than one sensor to successfully monitor a particular piece of machinery. He illustrates the
problem with Fig 10 which shows the efficiency/particle size relationship for three sensors. The estahlished
techniques of spectroscopic oil analysis and magnetic plugs have optimum efficiencies for debris particles
of up to 15 microns and between 100-300 microns respectively. Thus whilst they complement each other there
is a particle size range, between app—oximately 15 and 100 microns to which both are insensitive. Ferrography
fits into this gap and although it is relatively new technigue has already shown some success and offers
promise for the future.
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Fig 10 Sensor Efficiency - Particle Size Relationship
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4 HIGHLIGHTS FROM CURRENT RESEARCH

It will be appreciated from the above that the ability to predict failures of machine components is
uneven between different industries and between different types of machine. Fortunately research workers
in several countries are contributing to improving understanding of the relationships between wear,
surface failure and machine life, and to developing existing and new techniques. This section of the
paper presents an overview of the current research. A summary of those condition monitoring techniques
most likely to be of value in aircraft applications is included as the second part of Table 1.

4.1 Wear Debris and Surfaces

The US Naval Air Engineering Centre hag made a major study of the correlation between particie
characteristics and component surface wear © with the aim of providing a firm technical basis for the
use of debris analysis for machinery condition monitoring. The programme involved two phases; a
laboratory phase and a systems application phase. The laboratory phase consisted of bench testing of
selected 0il lubricated components and the systems application phase involved the verificaticn of the
laboratory findings by application to service or field conditions.

Bench testing was carried out for gears, sliding contacts, tapered roller bearings and ball bearings.
Wear particle characteristics have been defined with respect to, quamtity, size, elemental composition,
morphology. It was concluded that severe wear can be effectively detected by monitoring wear particle
quantity and size distribution. Particle quantity, as well as the ratio of large to small particles,
normally increases substantially during an abnormal wear situation. Further information can frequently
be obtained by elemental analysis of the debris which can be directly related to component material.

Wear particle morphology (ie shape, size, colour) can also give information on wearing components and
the relevant wear mode.

A separate US Navy review of literature and experience of both military and civilian persormel with
spectrometric methods used for machinery health monitoring 'f concluded that they were effective in
determining the amount and composition of contaminants present as particles smaller than 8 microns in jet
engine lubricating oils. The identification of the composition of these particles, as for instance iron,
copper, lead, etc, was of assistance in finding the failing component. Spectrometric analysis could give
a good correlation with normal wear which provides a gradual build up of small particles, but a number of
other wear mechanisms produce large particles prior to rfailure, and spectrometric analysis, because it is
limited to the determination of particles smaller than 8 microns, cannot detect these larger wear particles,
and is therefore less effective at predicting these types of failures. A number of other techniques were
appraised for ability to supplement the spectrograph by analysis of the larger particles. A variety of
devices were considered, including magnetic chips, oil filter enalysis, in-line X-ray techniques, in-line
light atteruation, atomic fluorescence, colorimetric methods and ferrography. It was concluded that
ferrography was the only practical method available for supplementing spectrometric analysis. The major
attraction of ferrography being its capability to recognise larger particles and to determine particle
shape.

In a more fundamental study, Winer et al18 analysed wear debris geunerated in a sliding elastohydro-
dynamic contact using ferrography. The contact was a steel ball rotating against a sapphire flat. Balls
of three different finishes, smooth, medium rough and rough, were employed and experimental conditions
included a range of loads at constant sliding speed and test duration at room temperature. 0il film
thickness was determined optically for the smooth balls and the values used for the medium rough and
rough series where surface roughness prevented optical measurement of film thickness. A single naphthenic
mineral oil was used for all tests in a once through system to avoid particle contamination. It was
found that: the total amount of wear debris ceorrelated well with the ratio of film thickness to composite
surface roughness { A ratio); a transition from low to high wear rate occurred as the ratio fell to
about 1; wear particles were metallic and almost exclusively of the normal rubbing wear type; the
Ferrograph was more sensitive in detecting the wear debris than the emission spectrograph.

In a discussion of results from a helicopter gearbox trial Pocock and Jones19 point out that instances
of gear damage gave rise to small (about 10 microns) fatigue platelets in the oil, which were recognised
by ferrography some time tefore large (about 300 microns) fatigue garticles were detected on the magnetic
plug. This appears consistent with ideas from Godet, Berthe et al 0,21 that micropitting can lead to
more severe forms of wear. These authors suggest that discrete asperity contacts occurring when the ratio
of surface roughness to film thickness ( A ratio) is less than unity, can produce micropits about 10-20
microns deep and as these become more extensive they join up to form large damage areas, still of the same
depth, and subsequently lead to gross wear and spalling with deep pits typically 100 microns deep. Further
investigation of the relationships between debris size and type of surface damage formed under these
conditions should be rewarding.

4.2 Debris Studies in Specific Systems
22
Fodor has used gamma-ray spectrometry of wear debris to monitor the behaviour of internal combustion
engines. It was possible from the debris analysis to determine the amounts of wear in normal engine
operation, seizure in a faulty engine, the depletion of oil additives and the contamination level in the
system.

Hofman and Johnson 23\Jsed ferrographic techniques in a laboratory study of wear of a Cummins VI-903
diesel engine. The Ferrographic Severity Index I detected slight changes in wear rate due to change of
operating condition. Applicaticn of heated Ferrogram analysis (HFA) identified the parts suffering wear.
The HFA (heating the Ferrogram for 90 seconds at 3300C) turns low carbon and alloy steels blue, cast iren
brown and does not affect the lead from the bearings. This technique permitted identification of debris
particles from the test engine as originating from the cylinder liner/piston ring or crankshaft/main bearing
areas, the quantities of each present on the Ferrogram providins information on changes in wear rates of
engine components with alteration of engine operating conditiont.
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Jones et alth have also determined wear in a diesel engine using ferrographic techniques. The
running-in process for a Perkins Research V8 S40 engine was studied showing that high initial wear fell
to & lov equilibrium rate after only 10 hours of running. The rubbing wear particles produced during the
early running-in stage were large, typically 20 x 20 microns, and were not detected by spectrometric
analysis,

A programme of trend analysis of gas turbine engines by ferrography has been reported by Scott et 1122
0il samples, as for spectrographic oil analysis, obtained from gas turbine engines of one type both froam
service and on test beds were subjected to DR Ferrograph analysis. A number of methods of plotting the
results to indicate trends were tried. These included severity of wear index, i D§ y the total wear

Dy, + Dg and severity of wear Dy - Dg against time. An interesting way of presenting the data was
recommended. This involves plotting cumulative total wear and severity of wear totals on the same graph.
Data for satisfactory engines gave two curves well separated and each increasing ateadily. Engines
where sbnormal wear was occurring gave curves which tended to converge or even to cross. Case histories
on a number of gas turbine engines are included and it is noted that in some instances trend analysis of
wear of lubricated components reflected failure of components in the gas stream.

Fitch at the Fluid Power Research Centre, Oklahoma State University has conducted tests over a
number of years into contaminant-induced wear. Initially $he measure of damage caused by particle con-
tamination was performance degradation only. Recent work<® has also employed the Ferrograph in contaminent
wear tests on several components used in hydraulic systems und on basic hydraulic mechanisms.,

4,3 Equipment and Techniques

It has been suggested, of the false indications from chip detectors approximately 60% are due to
wear-fuzz, 25% to electric failure, 5% each to moisture in the lubricating oil system and contamination
and unknown causes. Wear fuzz occurs in systems with fairly coarse filtration as ferrous particles
slowly accumulate in the oil and are deposited on the chip detector. Eventually as the quantity of fine
debris particles builds up a conductive path is formed acroas thgbgap between the two electrodes thus
activating the chip detector. The Technical Development Company’'’ now market a new type of chip detector
which deals with the wear fuzz problem by passing a strong current pulse through the gap every time there
is electrical continuity. This causes local melting of the small particles that make up the wear fuzz,
whereas larger particles conduct the pulse unharmed so continuity remains. The unit may be arranged for
automatic current pulse discharge every time continuity occurs with the chip light not activated unless
the debris survives unchanged. This results in a system free from the wear fuzz type indication.
Alternatively the current pulse can be initiated manually, when prognostic information about a failure
can be obtained il the chip light comes on again after a short time thus indicating the continuing
generation of fine debris particles, perhaps from a damaged bearing or gear. Although some American
helicopters are using these pulsed chip detectors in their transmission systems opinion in the UK is
that they could possibly represent a hazard. They have so far, thercfore, not been adopted for use in
British aircraft.

A new approach being explored at the Fulmer Research Institute under UK Ministry of Defence funding
assesses the abrasion of a sepsitive resistor by the particulate matter present in the lubricating oil.
The device depends on measurement of the change in resistance of a suitable resistor as the lubricating
oil, containing contaminating debris,is pumped over it. The response is related to relative hardneas
of debris and resistor. Laboratory tests have demonstrated the principle using alumina particles and
work is proceeding to optimise conaitions and to ensuring that adequate life can be obtained with
sufficient sensitivity to determine changes in wear mode.

The new technique of Ferrography has been widely welcomed for its ability to provide additional
insight of the wear mechanism over that available from the more conventional techniques of spectrometric
analysis, magnetic plugs etc. Hcwever, it does suffer from certain limitations, including the require-
ment for a skilled operator, and the fact that results are not immediately available. The US Navy
initiated a programoe some years ago to remedy these shortcomings by the development of an automatic
version of the Ferrograph2§h§§ could give flight deck information. This led to the production of the
Real Time (RT) Ferrograph</°'““. The RT Ferrograph circulates the test lubricant from a reservoir through
a glass tube within which wear particles are precipitated magnetically according to particle size.
Readings dependent on the amount of light transmitted are taken at both the small and large particle ends
of the tube with automatic compensation for the oil colour. The overall sampling system recycles
automatically when ali the ¢il in the reservoir has drained out; the electromagnet is shut off, the
precipitation tube cleaned out and the reservoir recharged automatically. Comparison of the RT Ferrograph
with an on-line X~ray Wear Metal Monitor, spectrometric analysis, analytical ferrography and a light
scattering/attenuation device were made on laboratory disc scorirg and rolling element bearing fatigue
tests to simalate gear and bearing damage. Tests were run on one lubricant, a MIL-1-23699 jet engine
turbine oil, with filtration at various levels from zero to 10 micron, nominal filtration. The various
o0il monitore clearly signalled surface failures at the coarser levels of filtration and as the level
of filtration became finer the ability of all lessened. The light scattering/attenuation instrumeat and
spectrometric analysis were affective over the widest filtration range. The RT Ferrograph was ineffective
below the 40 micron filtration level. There were indications that the sensitivity could perhaps be
affected by the volume of oil flow and it was recommended that further development be undertsken with
emphasis on incorporating features which allowed for a variable oil volume sampling rate.

Considerable effort has recently been expended on extending the applications of Ferrography 8.29
with the recognition of friction polymers of several types from different formulatiuns of aircraft engine
lubricants, lubricant filter selection, biological fluid and jet engine gas stream analycis being some of
the new areas described. It is likely that cross fertilisation from these areas will benefi: the studies
in the lubricating oil system field.
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Another way in which the ferrographic technique is being extended is by the use of temper colours
a8 a means of extracting further information from a ferrogram. Barwell et al30 have demonstrated that
a simple heat treatment of ferrograms on a laboratory hotplate can provide a useful means of identifying
the different materials present. The magnetic particles based on ironm or nickel alloys generate temper
colours which can be used to divide them into four types - carbon steels, cast iron, nickel and stainless
steel. The majority of non-magnetic engincering alloys such as aluminium, magnesium, chromium, cadmium
and silver do not form colours under the recommended procedure. The copper based alloys may form temper
colours but can, of course, be readily identified by their yellow bronze colours prior to the heat
treatment. The recommended procedure is to heat the ferrogram for 90 seconds on a laboratory hotplate
and photograph the large particles in the entry zone on cooling. A four-stage process is described,
first the ferrogram is heated to 330°C, the carbon steels then turn blue and the cast irons a straw
or bronze colour, with no change to the nickel or the stainless steel, A second heating step at 400°C
results in the carbon steels becoming light grey, the cast irons deep bronze with some mottled blueing,
no change to the nickel and possibly slight yellowing of stainless steel. A further heating step at
leaves the carbon steel and cast iron grey, the nickel turns bronze coloured with some blueing whilst
the stainless steel turns straw to bronze coloured. A final heating to S40°C leaves the carbon steel
and cast iron grey, the nickel blue and the stainless steel still straw to bronze coloured with some
mottled blueing. The grouping of the debris particles that this provides will normally permit identifi-
cation of the particular components in machinery that are being worn and thus provide an insight into
the wear processes occurring.

The tec ue of ferrography is also being developed by applying quantitative analysis to ferrograms.
Roylance et al”’' have described a technique developed for analysing the wear debris collected on a
ferrogram using a Quantimet. The ferrograph can be scanned over its whole area using reflection and
transmission light sources and the variations in light density and contrast used to distinguish different
particle types. The ferrcgram can also be mnalysed in terms of dimensional parameters. The extensive
range of contrast settings in the Quantimet permit particles of different materials to be distinguished
thus permitting a breakdown of the total numbers of debris particles into say free metals, oxides, and
polymeric materials. Use of this facility together with the temper colours produced by heating the
ferrogram slides has permitted a numerical assessment of the amounts Sf steel and cast iron to be made in
a case study of the running-in of a diesel engine. In a later paper3 the application of the Quantimet
to ferrograms prepared from oil samples collected from a helicopter gear box during fatigue trials is
described. The Quantimet assessed the ferrograms in terms of particle size distribution as well as the
concentration and shape of particles. The size distribution plots were of interest. The particles in
the <1, 1-2 and 2-5 micron ranges all showed a slow reduction in the number of particles from start
up to 20 running hours with run-in. A gear-box inspection then revealed breekdown of several teeth on
the port pinion. On reassembly after partial rebuild of the gearbox a peak in the number of particles
occurred due to further running in. However, the plot of variance uppeared of greater promise as a
machinery health monitoring aid, definite peaks seen at the 20 and 45 running hour periods appeariag to
correlate well with the gear damage found on strips at 20 and 70 hours, These preliminary findings
certainly justify continuation of the research into the quantitative analysis of ferrograms.

In a related approach Pocock12'33 has shown that the complicated particle size diatributions
obtained during a helicopter gearbox trial can be described by the distribution functionm

P(d) = exp - [b/(d~d")]"

where P(d) is the probability of a particle being smaller than d, d1 is a lower particle size limit,

and b and n are independent parameters adjusted to fit the experimental results. The parameter 'b!'
shows promise as an indication of wear since at constant 'n' it reflects a change of relative numbers
of large particles. In particular examples given 'b' showed excellent agreement with the measured iron
content, and the severity of wear index from DR Ferrography.

S« A RESFARCH PROGRAMME TO UNDERPIN EQUIPMENT DEVELOPMENT

The value of wear debris analysis as a powerful means for controlling ownership ccsts of aircraft and
their sub-systems is indisputable. Realisation of the potential of this analysis, can, however, only be
accomplished if the results are fully meaningful to the design, specification and maintenance authorities.
The present, somewhat diffuse, situation must therefore be improved and this could best be achieved by
establishing suitable demonstrator programmes in which the scientific, technical and managerial aspects are
fully integrated and expressed. The following describes such an ideal programme which is based upon the
study of a highly rated gearing involving a programme of integrated metallurgical, metrological, lubricant
and design factors.

The heart of such a programme relies on the ability to reproduce surface degradation modes identical to
those that will be important in the service application. Decisions as to which modes will be critical have
in practice to be derived from past experience. On this assumption and once such a capability to reproduce
the critical modes has been established, it would be possible to evaluate a span of controlled metallurgical
and tribological variables, to explore causes of failure and from thence to establish more effective design
and specification. Such facilities would also provide an ideal background for studying the basic acientific
phenomena involved, for calibration of existing health monitoring techniques, and provide a facility on which
to evolve new sensor possibilities.

Such a Critical Failuse Demonstration Programme is shown as Stage II in Fig 11 and in more detail in
Fig 12. Each particular test unit would need to be arrsnged to reprcduce as simply as possible a selected
critical bearing surface failure mode yet be fully representative of practical design operating under
realistic rates of surface sliding and rolling over a range of loads and speeda. Other variables which
would need to be investigated include a range of steel compositions, surface hardening techniques, lubricants,
additives, surface finishes and temperatures. The cause of degradation would require to be followed by
all available techniques including careful engineering inspection involving periodic stripping with visual
and detailed surface topographical examination and assessment, but also more systematically by continual
vidration and stress wave analysis and by frequent observation of the chemical, physical and metallurgical
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nature of debris accumulating in the lubricating fluid. It would also be essential to employ all
available monitoring methods simultanecusly since each reflects a somewhat different aspect of the surface
condition. Ultimately it may be possible to rely on continuous mechanical monitoring methods such as
vibration analysis but under the present state of knowledge, debris monitoring methods have a great deal to
contribute and show considerable prognosis capability.

The parallel but interdependent activities of developing new materials, surface treatments, lubricants
etc and improved sensor development are seen as separate but linked activities in Fig 11. The principal
objective of the interdisciplinary programme is to achieve a capability for a less random gear development
programme, by an improved wear monitoring capability leading to a greater reliability and reduced owner-
ship costs. Another aspect that would need to be studied in such a demonstrator programme would be optimum
materials for emergency dry operation in the event of temporary loss of lubricant.

Separate demonstrator exercises would be required for the principal tribological systems, in particular
for gears, high speed ball and roller bearings and plain journal bearings in which controlled variables would
have to be selectively imposed in order to vector onto appropriate critical surface wear or failure mecdes,
some of which are outlined in Fig 13.

Means for ensuring the efficient use and deployment of information arising from wear debris character-
isation is essential, necessitating mandatory and sympathetic management arrangements along the technology
transfer route. Tribological systems usually involve a span of differing engineering activities and
responsibilities, sometimes involving long time scales, distances and varying logistical arrangements. Hence
a special management system is required fo the introduction of health monitoring systems and for the feed-
back of meaningful data to needful points along the technology transfer route and its reactive interfaces.
One possible scheme for achieving this is shown in Fig 1% whereby the responeibility for, and the point of
intrpduction of, wear health sensors has to take into account the whole spectrum of responsibility under an
overall management control, For example, Item 6 involves the introduction of a research motivated component
wear health monitoring systems at the development stage or in fully operating equipment, with the nature of
the exercise and the resulting information being meaningful and utilised simultaneously by Design, Production
and Maintenance authorities. While such a scheme may be idealistic and achievable only in part, it
represents the optimum use and effect of wear debris analysis.

6 CONCLUSIONS

Pecause of the complexity of tribological factors surrounding load bearing surfaces in engineering
systezs, future improvements will continue to e empirical and follow iterative processes using retrospective
experience on which to base improvements. However, it is believed that vigorous exploitation of the
potentialities of wear debris analysis, togetner with other condition monitoring technigues, will in future
assist in producing a more scientific approach to this important engineering techrology. Significant
benefits should result in improved design codes, reduced development costs and lower maintenance effort with
improved availability. It is therefore concluded that research into all aspects of wear debris analysis

should be prosecuted vigorously in order that the realisable benefits and improved understanding of failure
mechanism should be gained at the earliiest opportunity.
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TABLE 1

A REVIEW OF CURRENT AND PROJECTED WEAR DEBRIS
MONITORING TECHNIQUES FOR AIRCRAFT S8YSTEMS

Scope

All particulate
matter available

Coarse particles

Small particles

A1l particulate
matter determined

CURRENT TECHNIQUES
Limitations

1. Not continuous reading.
2. Interpretation requireas
experience.

3. Administration required.

1. Not continucus reading.
2. No response to non-
magnetic debris.

1. Not continuous reading.
2. Expensive equirment ard
specialist analysts required.
3. Administratior. recessary.

1. Not continuous reading.
2. Expenaive eqv_.pment

and specialist & alysts
required.

3. Administration necessary.
4, Findings can be confused
by extraneous matter.

PROJECTED TECHNIQUES

Coarse Magnetic
Particles

Quick numerical
rating of machine
condition

Not operator
dependent

Automatic reading
Flight Deck Monitor

Capability of
determining source
of debris and
mode of failure

Determination of
abrasiveness of
particulate matter

Automatic survey of
the effect of changes
in bearing surface
condition on system
behaviour.

1. Not continuous reading.
2. No detection of non-
magnetic debris.

1. Not continuous reading.
2. Little indication of
failure mode.

Equipment expensive,

Equipment expensive.

1« Not continuous reading.
2. Dependent on expensive
equipment and specialist
operator.

Not sele:tive for wear
debris only.

Segregution of critical
signais for complex
background noise.

Remarks

Widely used by commercial
airlines.

1« Widely uesed in aircraft
systems by both Military and
civil operatore.

2., Good detection of scufling
type failures.

1. Widely used for monitoring
all types of aircraft systems.
2. Good detection and
prediction of failures by
normal rubbing mechanism.

Frequently used with hydraulic
systeas.

Reduced number of rogue

readings.

Perhaps will prove a useful
maintenance tool.

Possibility that sophisticated
data handling can give good
predictinns of different
failure mechanisms.

Further development required.

Promise of predictive
capability for several modes
of failure including
fatigue mechanism.

Very early in development
process,

Ultimate system borne complete
health sensing capability
equating surface condition,
wear debris shedding and
failure with noise and
vibration analysis.
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HIGH RESOLUTION ULTRASONIC NONDESTRUCTIVE TESTING
OF COMPLEX GEOMETRY COMPONENTS

T. J. Moran
Air Force Materials Laboratory
Wright-Patterson Air Force Base, Ohio, USA"

ABSTRACT

Research in ultrasonic nondestructive inspection methods in the USA has undergone

a major change in philosophy in the last four years. Previous emphasis had been on the
detection of flaws, while present work concentrates on the characterization of the flaw
and the material state. The background of events leading to this change will be discus-
sed. Along with the change in direction of research, developments efforts have concen-
trated on improving the reliability of the detection of defects. Major programs have
been directed toward the goal of a completely automated ultrasonic inspection system
which would effectively remove the human factor. Several systems which have been de-
signed for the inspection of complex shapes will be described.

Work being done for the Air Force Materials Laboratory and the Defense Advanced Re-
search Projects Agency by Rockwell International Science Center and its subcontractors
aimed toward the development of a quantitative capability will be described. This pro-
gram aas taken the lead in developing the basic theoretical models and experimental
techniques which would be necessary. Early work concentrated on developing approximate
scattering models for simple flaw shapes such as spheres and ellipsoids at long wave-
lengths. The success of these efforts led to the current direction of the program which
is to go from a knowledge of the scattered ultrasonic field to a description of the
source (the inverse problem). Several inverse techniques have been developed which show
promise. In addition to the work in the long wavelength limit, studies have been made
of imaginy techniques which can be used to give a direct picture of the flaw. Theoreti-
cal studies of diffraction effects have been made to allow processing of signals from an
imaging system to remove spurious signals and produce an image which accurately reflects
the shape of the target. The intermediate frequency range where the flaw dimensions be-
come comparable to the acoustic wavelength is a problem both theoretically and experimen-
tally. An attempt has been made to circumvent this by training computer based adaptive
learning or pattern recognition networks on the approximate scattering theories. To date,
the results have been excellent when data from ellipsoidal voids were input to the net-
works. In most cases void orientation and dimensions were measured with accuracy on the
order of 10%.

The promising results in the development of quantitative nondestructive inspection
techniques for metals have led to a more recent effort to extend this work to ce amic
materials which are currently under consideration for small gas turbine applications.
The predicted small size of critical flaws in materials such as Si3Ng4 required the de-
velopment of a high frequency (100-500 MHz) ultrasonic testing capability. Due to the
short wavelengths involved, the water coupling medium had to be eliminated in favor of a
pressure contract. Complex shape parts are inspected using buffer materials machined to
mate with the part under test. Current results of this program will be discussed.

I. Introduction

Ultrasonic nondestructive testing has undergone a major change in emphasis at the
research level in the United States in the last few years. Prior to this change, the .
goal of most research and development programs had been to improve the sensitivity and re?
liability of ultrasonic inspection instruments and techniques. Present efforts are more'‘ -
concerned with extracting gquantitative information from the inspection data as well as
insuring that no flaws above a critical size are missed than they are with finding small-
er flaws. This shift in emphasis is a result of the change from the zero defects philoso-
phy of design and manufacturing to one which assumes the presence of flaws from the time
of manufacture and designs the structure to tolerate those flaws. This new philosophy
puts a tremendous burden on the nondestructive testing research community. Each improve-
ment in capability can now be translated into more efficient design with attendant im-
provements in performance and economics. Unfortunately the converse is also true. If
the inspection technique proves incapable of finding and identifying defects at the level
desired by the designer. the structure must ke strenqgthened with the price being a degra-
dation in performance and an increase in cost.

This paper will attempt to cover the area of ultrasonic testing (UT) as applied to
engine components, however, most of the techniques which will be discussed are of a gen-
eral character and are applicable to structural components as well, where the same design
constraints have been imposed and similar inspection requirements prevail. Improvements
currently being made in standard UT methods applicable to engines in terms of the goals
of the efforts and limitations will be discussed. 1In addition, I plan to outline the
goals and results of a program being jointly managed by the Air Force Materials Lab-
oratory (AFML) and the Defense Advance Research Projects Agency (DARPA) which has the
Rockwell International Science Center as the prime contractor, entitled the Interdisci-
plinary Program for Quantitative NDE (Contract F33615-74-C-5180). The program began in
1974 and has taken the lead in changing nondestructive testing (NDT) to nondestructive
evaluation (NDE), the difference being that in addition to finding the flaw, the nature
and severity of the flaw must also be established. While this goal has not yet been at-
tained, a great deal of prcgress has been made and some quantitative techniques have been
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aeveloped. The impact of this program on future engine designs and inspection procedures
will be noted and a proposed program which depends very strongly on the development of
quantitative NDE will be described. This future effort is aimed at increasing the ser-
vice life of engine components by combining results from NDE, fracture mechanics and
structural analysis., It is hoped that components may be kept in service even if a flaw
has been detected provided that it can be shown that the flaw will not grow to critical
slze before a selected number of inspection intervals. As the techniques improve, the
safety margin can be reduced with attendant savings in cost.

A final topic to be covered will be inspection of advanced materials, such as cera-
mics, which have been proposed for used in aircraft engines. At the present time these
materials are not in use due to a lack of ability to ensure that they are sufficiently
defect free to survive a desired length of time in service. The small critical flaw size
in these materials has required the development of a UT capability in a frequency range
over an order of magnitude greater than used with current techniques.

In the final summary, I will try to put into perspective the role of ultrasonics in
engine component inspection and discuss its advantages and disadvantages as compared to
other current and proposed techniques.

II. Current Ultrasonic Testing Capabilities

In discussing ultrasonic inspection of engine components, we first must identify
which part of the component's life we are referring to, manufacture or service, due to
the differing requirements at each stage. Presently in the U.S. Air Force there is vir-
tually no ultrasonic testing of in-service components being done. This is due to the
fact that at the present time most in-service failures arise from surface connected
cracks and fluorescent penetrant or eddy current inspections are considerably more effec-
tive at detecting these defects. At the manufacturing stage, ultrasonic testing is used
to detect internal defects. For parts which have complex finished shapes, the inspection
is performed before final machining when the part has a sonic shape to avoid the blind
spots which occur in the finished part due to refraction effects.

In the future, parts will be manufactured closer to the final shape to conserve
materials and reduce machining costs. This near net shape manufacturing philosophy leads
to an increase in the complexity of the inspection process. It is no longer satisfactory
to perform an ordinary c-scan where the transducer is scanned over a grid corresponding
to the dimensions of the part with no alteration in transducer orientation. New inspec-
tion systems have been developed by U.S. engine manufacturers which incorporate computer
control of the scan pattern [l1]. These systems require a detailed specification of the

part geometry which is stored in the computer and used to determine the optimum scan
pattern.

In conjunction with the development of these systems there was also work done to im-
prove the basic ultrasonic inspection equipment. With the advent of near net shapes,
near surface imperfections assumed a greater importance. In the past, even rather large
defects could be machined off since there was a large excess of material in the sonic
shape, albeit there was some danger of tool damage. 1In the near net shape ccmponent, the
amount of material to be removed in final manufacture is rather small, thus there is a
narrowing of the tolerance variations allowable in the ultrasonic transducers and system
response. To find near surface defects, the transducer must be sufficiently broadband
that there is little ringing after the first 1k cycles and receiver must have sufficient
dynamic range to be able to display the front surface reflection and a very small defect
signal occurring very closé to it in time. While significant progress has already been
made in this area, there are presently no commercial instruments available with state of
the art capabilities. This is probably due to the limited market and corresponding limit-
ed development resources of the manufacturers. To correct this, the Air Force Materials
Laboratory, through its Manufacturing Technology Division, has undertaken the development
of the next generation of ultrasonic instrumentation. While aimed at Air Force needs,

this new instrumentation should significantly improve the capability of ultrasonics to
address engine inspection problems.

III. Puture Directions

In 1974 the Air Force Materials Laboratory (AFML) and the Defense Advanced Research
Projects Agency (DARPA) recognized that the science base in the area of nondestructive
evaluation (NDE) was woefully inadequate to provide the tazchnology needed for future
needs. AFML and DARPA jointly funded a program with the Rockwell International Corpora-
tion Science Center division to develop a science base. During the four years of the
ARPA/APML program's existence, significant progress has been made [2]. Beyond the tech-
nical advances, the assembly of a multidisciplinary research group from the university
and industrial communities devoted to the develcpment of the NDE science base has been

a major achievement. This is in contrast to the research along disciplinary lines which
was the norm prior to the inception of this program.

Prom its inception, the primary goal of this program has oeen the development of a
true guantitative ultrasonic NDE capability. To illustrate the importance of this effort,
I would like to take a detailed look at a potential application area where a quantitative
NDE capability is essential to the success of the proposed program. The effort is referred
to as Retirement for Cause. It's primary goal is to extend the service life of engine
components, such as disks, which are now retired after a fixed number of fatigue cycles,
independent of any detection of a rejectable flaw, at a point where the probability of
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failure is 0.02%. This number of fatigue cycles is derived from design life calculations
which assume the largest flaw likely to go undetected is actually present in the part,
Figure 1 shows how the service life of the part can be extended if reliable, quantitative
NDE is available, If all detectable cracks have length less than Ao at each inspection,
the part can be returned to service with confidence that the remaining life should be at
least equal to the original design life. As techniques improve, it may even be possible
at some point to put parts back into service with cracks just slightly smaller than A*
with the confidence that these cracks will not veach the critical size, Ac before the
next inspection.
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Figure 1. Crack growth = NDE relationship for
Retirement for Cause program.

The simple relationship between the crack surface length and the component lifetime
implied by Figure 1 is valid only for those cases where the aspect ratio (3/3¢ = crack
depth/surface length) is a constant. In the real world of the alloys found in engines,
the aspect ratio is a variable which must be taken into account. This is illustrated in
Figure 2 where the crack growth as a function of number of flights is plotted for bolt
hole cracks in the third stage turbine disk in the TP-33 engine, From this figure one
immediately comes to the conclusion that crack depth must be accurately measured as well
as surface length.
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Figure 2. Crack growth as a function of aspect
ratio for 3rd stage turbine disk in the
TF-33 engine.
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At first glance it might appear that we have identified all the parameters which
must be measured by our quantitative NDE techniques; however this is not the cage.
Pigures 1 and 2 are idealizations in the sense that they are valid for elliptical cracks.
While real cracks may be elliptical, in many cases they have rather ragged boundaries.
This is especially true in coarse grained materials where relatively large cracks can
form as a result of the link-up of many small ones. As our NDE techniques improve, it is
anticipated that through an iterative procedure with developments in fracture mechanics

the essential details of crack geometry needed for remaining life calculations may be
identified and the needed techniques developed.

Now let us taks a look at how NDE fits into the overall Retirement for Cause stragegy.
This illustrated in Figure 3 whre the current and proposed maintenance flow charts are
shown. As was mentioned hefore, the present system retires the disk after one design life
even if no flaws are detected in the part. It has been estimated thet at least 85% of the
.disks in one of our newest engines could go for more than 10 design lifetimes without fail-
ure. For the retirement for cause program to succeed, the required NDE and analytical

techniques which are necessary to separate this long life 85% from the 15% which would
fail earlier must be developed.

DISK RETIREMENT FOR CAUSE STRATEGY
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Figure 3.

In the proposed program, NDE comes into the disk evaluation process in tvo very im-
portant places. The first is the initial evaluation of the disk at one design lifetime.
Here, the disk is examined for the presence of cracks. If no flaws (cracks, changes in
mjicrostructure, etc.) are found, it may be put back into service for an additional life-
time. I should mention at this point that it may be necessary to also inspect for non-
discrete defects such as abnormal residual stresses in the part, which may also cause
premature failure. Unfortunately, present residual stress measurement techniques are
extremely poor except for near surface stress measurements. A great deal of progress

would be necessary in this area before we could say we had an acceptable method for
measuring bulk stresses.

In the case where a crack is found, accept/reject criteria for the part must be de-
veloped. For cracks above a certain size, the disk will have to be rejected, for very
small cracks it could be put back into service with no attempt at repair. In the inter-
mediate range, if the techniques are sufficiently developed, the part could be repaired
or rejuvenated. After this stage NDE must again be used to determine if the rejuvenation
has been successful and no additional damage has been introduced.

Now that we have established the need for a quantitative capability, let us look at
how far we have gotten toward che achievement of the goal. The major thrust of the DARPA/
AFML program at the start was the quantitative measurement of the size and orientation of
bulk flaws. Since the range of flaw sizes encountered in practice is rather large, differ-
ent approaches were selected for flaws with dimensions greater than the wavelength of the
ultrasonic signal than were used for flaws with smaller dimensions (long wavelength regime).
In the high frequency, short wavelength regime, the approach was to image the flaw using a
transducer array and digital signal processing techniques, An instrument is currently in
the prototype development stage which should provide an opportunity to test this concept

on practical part geometries. Laboratory results indicate that there is a high probability
of success in this area.

Due to the difficulty of theoretically calculating scattered fields from real Jdefects,
it was decided to begin in the low frequency, long wavelength regime with simple shapes suzh
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exactly and the approximate theories should be extendable to more general (crack-like)
shapes. The Born approximation and integral equation techniques were used to calculate the
scattered acoustic fields from the simple shapes. The theoretical results were experi-
mentally verified using titanium samples which had spherical and ellipsoidal voids diffu-
sion bonded into the center of the sample. The next step was to perfect inversion tech-
niques (procedures by which the flaw size, shape and orientation are inferred from the
scattered ultrasonic fields). This phase of the program has reached the completion stage
and the dimensions of the model flaws can be measured with good accuracy. Current efforts
involve the exteasion of the models to more crack-like defects as well as an investigation
from the point of view of fracture mechanics as to the amount of detailed information re-
quired to assess the effect of a defect on component performance and service life.

In addition to the investigations at the high and low frequency limits, a special ap-
proach was needed for the intermediate regime where the flaw dimensions become comparable
to the acoustic wavelength. Here the scattering theories are not valid and imaging also
does not work. An empirical signal processing approach was used to extract those para-
meters from acoustic waves reflected from defects which were related to the defect size,
Learning networks which adaptively sort these parameters were trained on data generated
both theoretically and experimentally. Spectral and amplitude information from waves
scattered at several angles was required to size the defect. Results on the simple shapes
indicate that most dimensions can be measured with an accuracy of 30% or hetter, depending
on flaw orientation. When the theoretical results for irregular shapes become availzble,
an attempt will be made to extend the validity of the results into the intermediate wave-
length regime using the learning networks as well as estimation theories which are presen-
tly being evaluated.

While most of the emphasis in the program has been on bulk flaws, many of the defects
which can lead to failure are surface or near surface flaws. An effort was begun in the
last year to extend the procedures developed for the ultrasonic measurement of bulk flaws
to the surface case. Technigues ranging from measurement of the scattered fields at various
angles in analogy to the bulk flaw case to a simple attempt to separate signals in time from
extreme dimensions of the flaw are Leing evaluated.

It is presently too early to know if the apparently promising results will prove prac-
tical for real inspection problems. There should be a definitive answer by the spring of
1980, however. A program was begun in June 1978 to attempt the raduction to practice of
the various quantitative ultrasonic techniques developed in the DARPA/AFML program. A test
bed is being constructed which will include a contour following scanning capability as well
as the signal processing capabilities needed for flaw measurement. Upon completion of the
system, it will be tested on several problems of practical interest. One of these will be
an inspection of the bolt holes in a TF-33 third stage turbine disk which has been shown to
have a severe cracking problem in these holes. This should prove to be a severe test of our
capabilities, since this is one of the more difficult geometries to inspect ultrasonically.

In addition to the research directed at providing techniques to quantitatively measure
flaws, an effort has been underway to detect, size and identify defects in silicon nitride,
a ceramic material which would allow gas turbines to be operated at higher temperatures and
perform more efficiently. At the present time this material's low fracture toughness has
prevented its use in the hot sections of practical gas turbine engines. Inspection diffi-
culties arise from the small critical flaw size (on the order of 200 microns). This re-
quires the use of ultrasonic frequencies in the range ¢f hundreds of megahertz to ensure a
high probability of detection. There is also a requirement that the nature of the defect
be identifiable since it was found that tungsten carbide inclusions do not affect the
strength while the lighter inclusions degrade the material considerably.

To provide the high frequency transducers needed, a special indium bonding technique
was developed to couple lithium niobate transducers to a silicon nitride buffer rod. Since
operation is in the 200-300 HMz range, normal liquid coupling techniques would produce
unacceptably large losses. Thus, a direct pressure contact between the rounded ended of
the buffer rod and the specimen to be inspected was tried and appears to be suitable for
most cases. It remains to be shown that this contact method will be equally effective under
the various surface roughness and curvature conditions encountered in service components.
One additional question to be answered is can an inspection be done in a cost effective
manner when a pressure contact is used. Apart from these concerns, these new transducers
have been shown to be more reproducible than typica) low frequency devices and quite effi-
cieut. The second need for identification of flaw type was satisrfied when it was recognized
that the nondeleterious tungsten carbide inclusion had a greater acoustic impedance than
the host, while the strength affecting inclusions had a lower impedance. Thus, the rela-
tive phase of the reflection from the front surface of the defect is sufficient information
for the sorting. Sizing is done using the same techniques developed for lower frequencies.

Summary

It has been shown that ultrasonic inspection of engine components is presently a
little used tool due to the cost of its use and the effectiveness of other techniques such
as eddy current and penetrants. Research programs currently under way aimed at developing
a quantitative capability show promise to change this situation if the quantitative infor-
mation can be used by those i.. fracture mechanics to produce a service life prediction
capability. If such a development occurs and the quantitative techniques are implemented
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in a COSt efrective way, then Ultrasonics will become a very important inspection tool
in the future for both manufacturing and field use.
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SUMMARY :
The present paper will describe and discuss the various non-destructive techniques

which have been used or which are potentially useful for detection of fatigue damage in

aircraft components. Included among the non-destructive techniques which will be con-

sidered are radiography, penetrant inspection, eddy current, ultrasonics, acoustic !

emission, magnetic particle and Barkhausen noise analysis, and more exotic techniques such :

as exoelectron emission, positron annihilation, and other atomic, nuclear, or solid state

physics reactions.

It will be shown that the present state-of-the-art is such that some non-destructive
testing methods can detect fatigue damage at a very early stage of the fatigue life only
with sophisticated equipment in a carefully controlled research laboratory environment,
while others can be successfully used under field or even in-service conditions. Sugges-
tions will be made as to how some techniques currently used only in the laboratory can be
transferred to actual practice. Consideration will be given to non-destructive methods
for early detection of fatigue damage in aircraft components in general, including
methods which are suitable for inspection of propulsion systems.

INTRODUCTION :

Since aircraft of current design are complex, expensive structures and this trend
will undoubtedly continue in the future, there is an ever increasing demand to assure
longer safe service life of components prior to maintenance disassembly, inspection, and
replacement. Unnecessary time spent on the ground is uneconomical from a commercial view-
point and can be disasterous from a military viewpoint. Therefore, it is extremely
important that present non-destructive testing methods be optimized and new techniques ¥
be developed to permit both in-service inspection and rapid out-of-service inspection of :
aircraft components.

Fatigue damage resulting in microcrack and subsequent macrocrack formation constitutes ; 4
one of the primary mechanisms for loss of structural integrity leading to failure of air-
craft components. It has been well documented for all types of fracture that nucleation
of cracks in metals occurs as a result of inhomogeneous plastic deformation in microscopic
regions. This inhomogeneous plastic deformation can be in the form of twinning, slip
bands, deformation bands, or localized concentrations at grain boundaries, precipitates,
dispersed particles, and inclusions. Moreover, the mechanisms responsi:le for these
regions of inhomogenecus plastic deformation are all based on dislocati~r interactions.

In particular, dislocation interactions with point defects, with other . .slocations, with
stacking faults, with grain boundaries, and with volume defects are known to create )
regions of severe localized plastic deformation, which develop into microcracks, and /
these, in turn, either coalesce or grow into macrocracks leading to ultimate fracture. v

The ideal non-destructive testing technique would permit very early detection of
fatigue damage so that proper assessment of the severity and rate of severity increase of
the structural damage leading to failure can be made. Thus the most sensitive systems
would be capable of detecting motion and pile-up of dislocations; the next most sensitive
systems would be capable of detecting microcracks; the least sensitive systems would be
only capable of detecting macrocracks. It is practically expedient to have non-destructive
testing techniques which can successfully detect fatigue damage in each of these regimes
since some components can tolerate larger regions of fatigue damage or larger crack sizes
than others without serious concern for the structural integrity of the component.

CRACK DETECTION SURVEY

Historically, non-destructive testing techniques have primarily been exploited to
detect the existence of cracks in structural materials. Of prime concern in this regard
is the size of the smallest flaw which can be detected by each of the non-destructive
testing methods. In 1974, Rummel et al.(l) conducted a comprehensive statistical analy- N
sis of the detectability of artificially induced fatigue cracks in aluminum alloy test T
specimens. They evaluated 118 test specimens containing a total of 328 fatigue cracks.
The cracks ranged in length from 0.018 toc 1.27 cm and in depth from 0.003 to 0.451 cm.
The test specimens were evaluated in the "as-milled" surface condition, in the "etched"
surface condition, and after proof loading, in a randomized inspection sequence. The
non-destructive test methods used were x-radiographic, penetrant, eddy current, and
ultrasonic. The 984 non-destructive observations taken using each method served as a
sample base for establishment of high confidence levels. A probability of 95% at a 95%
confidence level was selected for processing all combined data, and analysis was based
on these conditions.

Pigure 1 (upper row) shows the results of their statistical analysis for the
x-radiographic inspection method where crack detection probability is plotted as a
function of actual crack length. Figure 1 (lower row) shows the results they obtained
for the x-radiographic inspection method where crack detection probability is plotted
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as a function of actual crack depth. The condition of the test specimens is indica-
ted on each figure. PFPigures 2, 3, and 4 show similar plots of their results obtained
using the penetrant, eddy current, and ultrasonic inspection methods, respectively.

Rummel et al.(l) pointed out that the beneficial effects of etching and proof
loading on crack detection are evident in the respective data plots. They attributed
the benefits of etching to both the removal of flowed material from the crack opening
and to the selective attack of the cracks at the crack edge. They attributed the
beneficial effects of proof loading to a larger crack opening and to plastic flow of
material around the crack. An analysis of the data based on material thickness and
surface finish variations did not reveal any large effects. Based on the results
plotted in Pigs. 1 through 4, it was concluded that x-radiography is the least reliable
of the four test methods for detection of tight cracks and should not be considered as
a sensitive, reliable method for detection of tight cracks. On the other hand, the
ultrasonic method was shown to be the most reliable for crack detection as well as to
be the most accurate in measuring crack dimensions.

RADXOGRAPHY

With regard to the relative insensitivity of the radiographic technique to crack
detection, it is interesting to note that an Advisory Circular(2) published by the
U.S. Pederal Aviation Administration in 1973 states that the sensitivity of radiographic
inspection to a small crack is not as good as ultrasonics or eddy current methods.
Nevertheless, radiographic techniques are still currently used for non-destructive
inspection of various aircraft components including engines. Thus, Bunce(3) stated
that "The general structure of an airframe or the internal assemblies of an engine are
usually obvious applications of radiography and rarely lend themaelves to either an
ultrasonic or eddy current inspection." However, the same year Ruescher(4) studied the
effect of variations in radiographic parameters on crack detection by x-ray and con-
cluded that x-ray film readers were not able to detect all of the crack indications
shown by penetrant inspection. On the other hand, he pointed out this detection
limitation applies to cracks and similar tight defects only, while spherical discon-
tinuities, such as porosity and inclusions, are more easily detected.

In 1974, Pullen(5) reported on high enerygy radiography which permits measurement of
seal clearances between rotating and static components and the position and shape of
various static components in a full range of static and dynamic engine conditions.
Clarkson, (6) in 1975, pointed out that the use of radiographic techniques to inspect
or monitor defects in inaccessible arecs of airframes is a recurring requirement. He
cited examples where radiographic inspection had proven valuable for non-destructive
detection of stress corrosion cracking in spar booms, stringer sections, skin panels,
welded tubular structures, and wing fuel tanks.

The same year, Halmshaw and Hunt(7) published a paper in which they discussed the
limitations and tle capabilities of radiography for detecting cracks. They showed that
the ability to detect a crack with x-rays and gamma-rays depends principally on the
crack opening and on the angle of the crack to the radiation be~m. The size of the
crack (crack depth) and the radiographic technique used are alsc important factors.
They warned that it is completely misleading to specify sizes or length of detectable
cracks without specifying the crack opening width and the angulation. They regarded
cracks with openings less than 0,013 mm (0.0005 in) as unlikely to be detected under
any circumstances except in very thin specimens, while cracks with openings of the
order of 0.025 mm (0.001 in) can be detected at up to 10° inclination to the x-vay
beam depending on their size (depth) and the technique used. They further pointed
out that the radiographic situation is completely different frorm ultrasonic crack de-
tection using pulse-echo methods, where, except for extremely tight cracks, the crack
opening is not a significant factor in crack detectability. 1In ultrasonic testing,
the important parameters for crack detection are the dimensions of the crack (length
and depth), the angle of the crack to the ultrasonic beam, and the roughness of tne
crack faces. They continued by emphasizing that the important point of difference
between radiographic and ultrasonic crack detection is the dependence of radiography
on having a respectable crack opening. They stated that the detection of tight cracks
less than 0.02 mm wide is always going to be difficult by radiography, with a low
probability of success, even when the probable direction of the crack is known. Finally,
they warned that the use of radiography in the hope of detecting tight cracks, when
their approximate angle is not known, or the x-ray beam cannot be used at the suitable
direction, is bad non-destructive testing and a misuse of radiography.

Stafford et al.(8) reported the use of proton radiography as the first non-
destructive method capable of detecting microporosity in high-temperature nickel-‘.ase
alloy castings. Since the technique requires a uniform thickness of sample, in order
to extend the region of sensitivity to the whole of a blade aerofoil an anti-blade was
made, of such a shape that when placed in contact with a blade it equalized the
thickness. Stewart(9) presented a paper in which he described the development of a
high energy radiation system which possesses the ability to penetrate the thick metal
systems existing on aero gas turbines so that when used in conjunction with a suitable
imaging system, the small movements of components can be revealed, recorded, ar.i
analysed. In 1976, Guillen(10) reported that the types of defects detectable by isotope
inspection of jet engines could be categorized as cracks and fractures, wear and tear,
and distortion or deformation.
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Also in 1976, a number of investigators reported the use of neutron radiography
for the examination of various aircraft structures. Dance(ll) evaluated adhesive
bonds in metal honeycomb and phenolic fiberglass~to-metal structures. Adhesive flaws
in a variety of bonded assemblies, including a set of test panels with built-in adhesive
voids and unbonds, were detected. 1In addition, he showed that detection of corrosion
hidden within metal aircraft assemblies appears to be a promising application of neutron
radiography. Edenborough(l12) developed a technique for using neutron radiography for
improved detection of residual ceramic core in investment cast turbine airfoils. John(13)
reported the superiority of neutron radiography over all other NDT techniques in its
ability to detect surface and subsurface corrosion in aircraft structures. He applied
the neutron radiographic technique to successfully detect corrosion in aircraft wing tanks,
rear stabilators, spars, wings, fuselage skin, nose landing gear, and helicopter rotary
blades and tail flaps. Underhill and Newacheck(1l4) reported the use of neutron radiography
to inspect for residual wax material in liquid rocket fuel and oxidizer injector assemblies
and nozzle cooling passages. They also reported detection of extruded, ruptured, or
out~of-position O-rings in valves, lack of epoxy cement in epoxy-bonded helicopter rotor
blades, and determination of internal cracks and flaws in objects of low attenuating mate-
rials using a gadolinium-tagged penetrating solution.

In 1977, Parish and Cason(l5) described an x-radiographic method which employed an
image enlargement technique to permit high definition radiography of cast turbine blades
as a method of detecting and evaluating the incidence of microporosity. They used an
x-ray microfocus unit possessing a focal spot size cf about 15 ym (0.015 mm) and were
able to detect individual pores as small as 0.03 mm. Since Mr. Parish is scheduled to
present a paper in this lecture series on high resolution radiography, I am certain that
we will be brought up to date on the capabilities of such systems.

Before concluding discussion of radiographic systems, mention should be made of the
potential usefulness of flash radiographic systems(16,17) although to the best of the
present author's knowledge these systems have not been used for aircraft inspection.

Thus, the present state of radiography is such that although x-ray, gamma ray, neutron
and proton radiography can be usefully exploited for various aspects of non-destructive
testing as related to aircraft components, it is apparent that all radiographic techniques
are better suited to detection of missing or misplaced components and to dimensional
measurements, than to crack detection or to detection of pre-crack fatigue damage.

PENETRANTS
\

Penetrant non-destructive testing techniques are useful for detecting surface cracks
in aircraft components. 1In the static production and service inspection of components
penetrant inspection is very good, but by its very nature cannot be used for dynamic
measurements. In 1973, Alburyer(18) presented a paper in which he discussed in detail a
revised military specification for penetrant inspection being prepared for the U. S. Air
Porce. He pointed out that penetrant inspection has been used for many years in high
volume testing of critical aircraft parts including castings, forgings, structural members,
and turbine blades. The revised military specification reflects not only the modern tech-
nology of penetrant materials, but alsoc many new concepts of penetrant behavior, and new
techniques for evaluating the performance of penetrant materials. It should be noted that,
according to the statistical survey conducted by Rummel et al., (1) although penetrant
inspection is superior to radiography for the detection of the smallest cracks, it is
inferior to eddy current and ultrasonic inspection techniques.

EDDY CURRENT

BEddy current inspection techniques are somewhat superior to penetrant inspection
techniques for the detection of cracks in aircraft components, since they cannot only
detect surface cracks but also near surface cracks. They are particularly useful for
detecting cracks in holes or tubing. Eddy current techniques are more often used for
static rather than dynamic testing. In 1967, Smith and McMaster(19) described the use
of an eddy current inspection system, called a magnetic reaction analyzer, which used
a Hall element in place of a pickup coil for its detector. This system was reported
to be finding use in a variety of applications throughout the aerospace industry in-
cluding definition of type, orientation, and location of defects. 1In 1971, Dodd et al. (20)
presented sets of curves based on theoretical calculations which permit optimization of
eddy current tests for detecting discontinuities. Reeves,{21) in 1973, described a
mechanized eddy current Jdefect detection system used for examination of aircraft landing
gear components.

in 1974, Lang(22) reported the development of two single-coil eddy current techniques
for the surface inspection of aluminum aircraft skin, parts and structures. These tech-
niques were developed to replace liquid penetrant and eddy current methods which were then
in use for the inspection of aircraft surfaces. He stated that use of these two new eddy
current techniques reduced the workload from over 100 to 1 manhour per inspection on a
Lockheed C-130 airplane. Using the new eddy current techniques, known cracked areas on
various airplanes were readily detectable, and new cracks could be easily found. 1In some
cases the new eddy current techniques located significant bead seat cracking which had
been previously passed over as acceptable by penetrant inspection. This could be done
without removing the layer of paint and zinc chromate, which had to be removed for pene-
trant inspection. The same year Truluck(23) noted that eddy current testing has been one
of the growth areas of NDT, with a current requirement to develop techniques to detect,
reliably, cracks as small as 0.1 mm (0.004 in) in boltholes. He further stated that it
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was desirable to develop eddy current conductivity measurement techniques to determine
the accurate heat-treatment state of light alloys and to develop phase-sensitive eddy
current equipment to detect small areas of corrosion. 1In this regard, Clarkson(6)
pointed cut that the nucleus of a fatigue crack can easily be a minute corrosion pit a
few thousandths of an inch deep. He reminded that in a number of cases where highly~-
stressed and "fatigue~critical” items have been concerned, an eddy current technique
has been successfully employed to ensure that the surfaces involved are free of
corrosion pits or minute fatigue cracks.

In 1976, in a paper devoted to a general review of the major non-destructive in-
spection activities in the U.S. Air Force, Forney(24) noted that although the problem
of detecting cracks under installed fasteners in the outer layer of structural joints
appears well in hand with the use of a new portable pulse echo shear wave sganner
device, the location of cracks around facteners in interior layers remains an elusive
task. He reported that a new multifrequency eddy current technique is being investi-
gated which has shown in feasibility studies to be capable of detecting cracks as small
as 3 mm (0.125 in) long in a second plate at a depth of nearly 10 mm (0.4 in) from the
top plate outer surface. He described how a special low-frequency test coil was cen-
tered over the installed fastener and energized simultaneously with a number of
sinusoidal current waveforms, each having a different frequency. Return signals
associated with each frequency undergo computerized analysis to form a composite signal
particularly sensitive to the small cracks in the interior locations of interest. The
same year, Smith and Beech(25) presented a paper which describes the principles of eddy
current testing and the potential benefits of the method applied to manufactured compo-
nents and raw materials. Although no applications to inspection of aircraft components
are considered, insight into advantages and limitations are presented which should prove
useful to aircraft inspection. Forster(26) presented a paper in which he discussed the
limits of nondestructive indication of small and smallest flaws on and under the surface
of workpieces by electromagnetic and magnetic techniques. He noted that fatigue cracks
start at “"weak points" such as slag inclusions, slag streaks, or other material inhomo-
genieties which cause heavy local stress concentrations under service conditions. He
further noted that while fatigue cracks are usually considered to start on the surface of
the workpiece, in materials subjected to certain stress states cracks can start at some
depth beneath the surface, e.g. roller bearings. Of particular significance in this
paper was the observation that superposition of a constant magnetic field increased con-
siderably the depth at which meaningful eddy current measurements could be made for a
given eddy current frequency. Kiplinger(27) presented a paper in which he discussed the
design of several special coils and fixtures which permitted reliable eddy current
measurements to be made on turbine engine parts.

ULTRASONICS AND ACOUSTIC EMISSION

As concluded by Rummel et al.(l) in their statistical survey, ultrasonic techniques
presently constitute the most reliable methods for crack detection, as well as being the
most accurate for measuring crack dimensions. It should also be noted that two papers in
the present lecture series are devoted to ultrasonic techniques and a third, on acoustic
emission, is closely related to ultrasonics. As will be shown in the following sections,
not only are ultrasonic techniques suitable for surface and sub~surface crack detection
and sizing, but are alac sensitive detectors of pre-crack formation fatigue damage.

There are four different basic ultrasonic techniques which have been used to detect
the onset of fatigue damage in cyclically loaded structural materials.

(1) Body Wave Reflection: A transducer, longitudinal or shear wave, generates an ultra-
sonic pulse which propagates through the body of the test specimen. Upon striking a crack,
due to the impedance mismatch, part of the acoustic energy contained in the incident pulse
is reflected back to the transducer. The tramsducer now acts as a receiver and detects
that portion of the pulse reflected from the crack.

(2) Surface Wave Reflection: A transducer generates an ultrasonic pulse which propagates
along the surface of the test specimen. Upon striking a crack, acoustical impedance mis-~
matching causes a portion of the incident pulse to be reflected back to the transducer where
it is detected.

(3) Oltrasonic Attenuation: A transducer generates an ultrasonic pulse which propagates
either through the body of the specimen or along its surface. As a result of various
mechanisms (in the case of fatique severely plastically deformed regions or microcracks)
energy is lost from the incident pulse. Hence, the pulse which is reflected from the
opposiite side of the test specimen from which it was transmitted is detected to have a
decreased amplitude in comparison with the incident pulse. Alternatively, a second trans-
ducer, affixed to the side of the test specimen opposite *he sending transducer, can serve
as a receiver, or for the surface wave case, a receiving transducer can be affixed to the
same surface of the test specimen as the generating transducer.

{4) Acoustic Emission: Elastic waves, some of which possess ultrasonic frequencies, are
internally generated when a test specimen is subjected to a sufficiently high state of
stress. A transducer affixed to the surface of the test specimen detects these internally
generated waves.

Bach of these four techniques has certain advantages and disadvantages as regards their
usefulness for the detection of the onset of fatigue damage.
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ULTRASONIC ATTENUATION

The first ultrasonic technique used to study the development of fatigue damage
during stress cycling was the ultrasonic attenuation technique. As early as 1956,
Truel! and Hikata(28) observed changes in ultrasonic attenuation in the early stages
of tre.gue cycling on a polycrystalline aluminum specimen. 1In subsequent publicatiuns,
Truc:.. and co-workers(29-32) reported results of experiments where ultrasonic attenua-
tion reasurements were made during fatigue tests up to fracture of the test specimens.
They used cycling rates of 400 cycles per minute to 1900 cycles per minute and in every
case the attenuation changed as a function of the number of cycles. For tests carried
out to fracture there was a marked increase in attenuation just prior to failure. Al-
though only a small number of fatigue tests were performed and all of these used aluminum
specimens, the results indicated the usefulness of such measurements for prediction of

fatigue failure,

In 1962, Bratina and Mills(33) used ultrasonic attenuation to study fatigue damage in
plain high-carbon steel and two alloy steels. They used a slow cycling rate of approxi-
mately one cycle per minute and found that at this low rate the ultrasonic attenuation
decreased with increasing numbers of stress cycles. They attributed these results to
strain-ageing effects caused by pinning of dislocation loops by diffusing carbon atoms.

The same year, Ponomarev({34) measured the ultrasonic attenuation in metallic and non-
metallic cvlindrical samples during repetitive loading. The metallic samples, steel,
copper, and duraluminum were subjected to torsional loading, while the nonmetallic samples,
glass, plexiglass, quartzite, and quartz were subjected to periodic impact loads. He
established that the moment of failure onset of a part due to fatigue damage can be de-
termined from the character of the change in ultrasonic attenuation curve.

Pawlowski, (35,36) in 1963, measured ultrasonic attenuation during fatigue cycling of
specimens of low carbon steel, an alloy steel, an aluminum alloy, and grey cast iron.
Using a cyclic loading rate of 25 Hz he found that all the materials tested showed an
increase in attenuation with increasing number of fatigue cycles. His change in attenua-
tion versus number of cycles curves exhibited two distinct regions. The first region was
nearly linear and showed a relatively gradual increase in attenuation with increasing
number of cycles. The second region which occurred in the final stage of the fatigue life
of the specimen showed a more rapid increase of attenuation with increasing number of
cycles and terminated with fracture of the specimen, Pawlowski concluded that an irre-
versible increase in attenuation can be regarded as an indicator of damage accumulation
developing gradually in the process of fatigue. These irreversible changes he attributed
to microcrack formation which coalesce to form macrocracks and eventual fracture.

In 1967, Herlescu et al.(37) recorded the change in ultrasonic attenuation as well as
velocity of propagation of a Rayleigh wave in mild steel subjected to fatigue deformation.
They reported that both attenuation and velocity tended to increase slightly at the early
stage of fatique, dropped considerably and became somewhat constant as cycling proceeded.
Finally, there was a pronounced increase in attenuation attributed to scattering by micro-~
crack formation. They observed relatively little change in velocity at this stage.

Cole and Zoiss, (38) in 1969, used a through transmission ultrasonic attenuation method
to determine the location and criticality of fatigue induced damage in filament wound
fiberglass cylinders. They correlated the measured ultrasonic attenuation to the residual
life remaining to the material.

In 1971, Moore et al.(39) attempted unsuccessfully to relate ultrasonic surface wave
measurements of attenuation and velocity to fatigue damage in five specimens of 1100
tluminum which had undergone fatique deformation for 30, 50, 70, 80 and 90 percent of the
specimen life. A possible reason for their lack of success was apparent interference
effects between some unspecified wave and the surface wave of interest.

In 1972, Green and Pond(40) reported the results of experiments which used change in
ultrasonic attenuation measurements as a continuous monitor of fatigue damage during high
cycle testing of aluminum and steel specimens. Green and his co-workers(41-52) have con-
tinued to make such measurements since that time; the results of this work will be
described in more detail in a later section of the present article.

Owston, (53) in 1973, measured the attenuation of ultrasonic waves transmitted through
carbon fiber reinforced polymer specimens at various stages of the fatigue life of the test
specimens. He reported that the specimens showed considerable variations in ultrasonic
attenuation even before fatigue testing, and that the mean value of the attenuation also
varied markedly from specimen to specimen. Fatigue failures accompanied by large areas of
delamination were easily detected and identified. Failures which were the result of more
discrete cracks or excessive micro-cracking of the matrix and fibers were easily detected,
but not always easily distinguished from one another.

In 1975, Tsuchida and Okada(54) measured the attenuation of ultrasonic surface waves
and noted an incremental change in attenuation at about 60 to 70 percent of the fatigue

life.

Also in 1975, Pouliquen and Defebvre(55) measured the ultrasonic attenuation of con-
tinuously generated and detected surface waves during fatique cycling of a steel specimen.
The specimen placed between two piezoelectric quartz crystals, on which interdigital combs
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were deposited, comprised a composite ultrasonic delay line. Three phases of the
attenuation versus number of fatigue cycle curves were observed. 1In the first phase

(0 - 40,000 cycles) the attenuation varied rapidly; in the second phase (40,000 -
80,000 cycles) the attenuation remained practically constant; in the third phase (above
80,000 cycles) the attenuation increased rapidly once again. Pouliquen and Defebvre
concluded that the attenuation variation with the test specimen at its position of
maximum bending appeared to be the most sensitive for studying fatigue.

In 1977, MacDonald, (56) in a survey of the use of ultrasonics to investigate the
state of fatigue in metals, emphasized the view that the rate of change of ultrasonic
attenuation correlated better with fatigue life than does the applied stress amplitude.

Most recently, Green and Duke(52) conducted an exhaustive review of ultrasonic and
acoustic eriassion detection of fatigue damage, a portion of which is reproduced in the
present paper.

SURFACE WAVE REFLECTION

In 1960, Brosens et al.(57) first attempted to detect fatigue damage by the reflec~
tion of ultrasonic Rayleigh surface waves. Apparently, their lack of success was chiefly
due to poor efficiency of the plastic wedge for conversion of longitudinal waves to sur-
face waves.

The first succesaful use of surface wave reflection to detect the development of
surface cracks during fatiguve cycling was reported by Rasmugsen(58) in 1962, who carried
out tests on an electropolished aluminum alloy. He claimed detection of fatigue damage
as early as 39 percent of the specimen life, but pointed out that the surface finish of
the specimen played a primary role in the ability to record such early warning signals,

Since fatigue damage is generally viewed as rriginating at the surface of an origi-
nally flawless material, and since surface waves normally possess an effective penetration
depth of approximately one wavelength, such waves have been used to detect fatigue damage
continuously up to the present time.(59-76)

Leonard, (63) in 1969, used ultrasonic surface and longitudinal waves with conventional
pulse-echo and pitch~catch techniques for detection of fatigue cracks near the tenon base
region of turbine engine compressor discs. A most significant result of this inspection
method was the detection of a minute crack not detectable by macroscopic or penetrant
inspections. 1In 1973, Bunce(68) reported that a requirement arose to inspect for cracks
in turbine blades in a jet engine on a routine basis in situ in the aircraft. Since this
requirement ruled out any possibility of using radiography, the choice lay between ultra-
sonic and eddy current inspections. Access to the blades was through the jet pipe at the
rear of the engine from where, by reaching forward through the final stator section, the
leading edge of the blades, where the cracks were known to occur, could be reached. An
attempt to use an eddy current probe was unsuccessful because the combination of material
type, material mass change in the radius and accurate location of the probe proved to be
insurmountable problems and so a surface wave ultrasonic technique was investigated. Wwhen
perfected, the surface wave ultrasonic technique proved to be capable of finding cracks
which, after removal of the blade from the engine, could not be seen visvally even using
high power magnification. The full value of the inspection technique was that it not only
effectively prevented in-service blade failure, but as the crack propagation rate was very
rapid, the inspection could be, and was carried out on aircraft turnarounds that were just
long enough to allow the engine to cool sufficiently for a technician to enter the jetpipe,
thus enabling inspections to be repeated at intervals of only a few days.

In a somewhat similar situation, lLake et al.,(71) in 1975, developed a stress enhanced
ultrasonic surface wave technique for inspection of gas turbine compressor blades. They
pointed out that a number of factors complicate the problem »f adequately examining com-
pressor blades to determine structural integrity or freedom from fatigue cracks during
overhaul inspections. The factors they listed are: (a) the great number of parts re-
quiring examination -- in the laryer engines, upwards of 1000 blades are used in each
engine, (b) the presently used methods, namely, magnetic particle and penetrants, are
essentially visual examinations, and, (c) perhaps, most importantly, the presently used
methods are fundamentally incapable of detecting very early fatigue cracks. They also
noted that in addition to fatigue cracks, it is important to examine compressor blades
for corrosion and erosion pits, and also foreign object damnage, since fatigue cracks may
be initiated at such discontinuities. Their prototype system consisted of four transducer
arrays, one for the convex side, and one for the concave side of blades in the first stage
and two similar arrays for the second stage blades. After inspection of the blades in the
no~locad condition, a bending load of approximately one-half the yield stress was applied
by pinching two adjacent blades together and the inspection repeated. They substantiated
that their prototype stress enhanced ultrasonic surface wave inspection systam could be
semi-automated and could be used to successfully inspect first and second stage blades
with the rotor installed in the engine and by means of a suitable fixture, the blades
could be examined during overhaul without removing blades from the rotor.

Although surface wave reflection techniques have been used quite successfully to
detect fatigue cracks which were undetectable by other non-destructive testing methods,
surface wave reflection techniques are not sensitive to material changes which give
warning of fatigue damage prior to macrocrack formation, i.e. prior to a surface crack
becoming large enough to reflect back to the transducer an easily detectable amount of
ultrasonic energy. The condition of the workpiece surface and proper transducer
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artachment are special problems associated with the use of surface waves. Moreover,
in many real materials internal stress concentrations cause cracks to form in the
interior of the material and not at the surface where they can be detected by surface
waves., Surface wave reflection technigues are better suited to detection of surface
breaking macrocracks and crack surface length measurement than to early detection of
pre~crack fatigue damage.

BODY WAVE REFLECTION

Body wave reflection techniques as applied directly to the fatigue process itself
were first reported by Socky(77) in 1964 and also have continued up to the present
time. (63,64,68,69,72,73,75,78~102). Bunce(68) described the design of a special ultra-
sonic probe for inspection of attachment lugs containing a bushed hole. He noted that
use of such an ultrasonic probe requires no dis-assembly, beyond that required for
access, in order to accomplish the inspection, whereas an eddy current inspection of
the same hole would need the removal or dis~attachment of the component involved and
removal of the bushes which might in itself cause damage.

In 1974, Sugg and Kammerer (90) reported the results of a study which demonstrated
that an ultrasonic system, properly designed and using bonded-in-place transducers, can
monitor multiple structural areas for fatigue crack growth. Packman et al.,(93) in
1975, reported the development cf an ultrasonic shear wave probe for characterization
and measurement of defects in the vicinity of fastener holes. 1In 1976, Couchman et al.
(98) described the development of a computerized system designed to detect cracks by
rotating a shear wave transducer around installed fasteners or bolt holes. The same
year, Forney(100) described a new portable pulse echo scanner device also designed to
detect fatigue cracks in highly stressed fastener holes. Most recently, Doyle and Scala
{101) published a review article summarizing the status of crack depth measurement by
ultrasonics.

Beginning in 1975 and continuing up to the present time a series of reports(102)
has been published by the Center for Advanced NDE at the Science Center of Rockwell
International, which contains many papers dealing with quantitative €law definition by
ultrasonic techniques.

Body wave reflection techniques have experienced considerable success, particularly
with regard to crack detection and sizing. They offer a big advantage over penetrant,
eddy current, and surface wave reflection techniques in that they can locate and measure
flaws at large depths in most materials. However, body wave reflection techniques are
also not sensitive to material changes which give warning of fatigue damage prior to
macrocrack formation. The main reason for this is that in order for an easily detectable
fraction of the incident ultrasonic energy to be reflected from a crack back to the trans-
ducer, the crack must be relatively large, and often the workpiece will be already well on
the way to fracture.

ACOUSTIC EMISSION

Even though Kaiser(103) is generally credited with "discovering” acoustic emission in
1950, it was not until 1964 when Dunegan et al.(104) initiated work in the ultrasonic range
of frequencies that acoustic emission actually became an engineering tool. The amount of
work performed in this field since that time is enormous, (105-108) and many investigators
have monitored acoustic emission successfully during fatigue testing, despite the diffi-
culty encountered in separating the acoustic emission signals from background noise.

In 1967 and 1968, Hartbower et al.(109-~111) monitored acoustic emission associated
with slow crack growth during low-cycle fatigue testing of precracked steel specimens
possessing different heat treatments and of aluminum and titanium alloys. For this low-
cycle fatigue work an accelerometer in conjunction with a filter apparently eliminated the
noise problem. It should be noted here that such low-cycle fatique tests present no
greater noise problems than those associated with simple tensile tests and hence elimina-
tion of noise in these tests is relatively easy.

Hutton, (112-114) in 1969, reported measuring acoustic emission during low-cycle
tension~compression fatigue testing of a high nickel alloy steel at 1000°F and noted that
at least three peaks in the emission curve were evident prior to failure. He considered
the first to be due to an initial high density of mobile dislocations, which became pinned
in a limited number of cycles. The second and third peaks he regarded as due to micro-
cracking and macro-cracking, respectively. He also recorded acoustic emission data during
high cycle tension-tension fatigue testing of notched aluminum and carbon steel specimens.
The latter test in particular gave evidence that macro-crack nucleation caused sharp in-
creases in acoustic emission prior to detection of a visible crack. The emission data
also showed a more gradual increase which he attributed to micro-crack formation. Hutton
eliminated the background noise problem by working with a frequency bandpass window.

Also in 1969, Dunegan et al.(115-117) proposed a method of detecting fatigue damage
by intermittently stopping the fatique cycling and proof testing the specimen by over-
stressing while monitoring the acoustic emission. This method has the advantage of
elimination of most of the background noise, but the disadvantage that it is not a con-
tinuous on-line technique. Nevertheless, it is informative to note that for steel and
aluminum alloy test specimens and for steel and aluminum pressure vessels similar experi-
mental results were obtained. In all cases, both the total acoustic emission count and
the count per cycle increased slowly with the increasing number of fatigue cycles and then
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increased rapidly just prior to failure.

In 1971 Nakamura(l18) reported an acoustic emission monitoring system which can be
used successfully in the presence of the heavy background noise usually encountered in
the fatigue testing of a large complex structure. The method consists essentially in
surrounding one or more master acoustic emission sensors, located in the critical region
to be monitored, with an array of slave sensors. When a noise signal originates outside
the critical region, an electronic gate is closed which prevents the master sensor from
detecting the noise signal. An actual acoustic emission orjginating within the critical
region is detected by the master sensor provided the gate is open. There are several
major problems associated with Nakamura's technique. A steady noise external to the
critical region will keep the gate constantly closed and hence no signals will ever be
detected by the master sensor. Even an intermittent external noise can cause problems
because the gate may again be closed just at the moment an important acoustic emission
occurs in the critical region. Finally, a noise source located in the cr.tical region i
will not be eliminated by the slave sensors and hence will mask detection of actual ; -
emission sources by the master sensor.

Also in 1971, Rollins(119) reported monitoring acoustic emission dur:iag fatigue test-
ing of boron-aluminum composites. He used a bandpass filter (50 to 500 kKz) and an FET
switching transistor in front of the digital counter in order to discrim. 1te between the
acous . ic emission signal and background noise. The FET transistor was gated open for a
short peripd of time which coincided with the maximum tensile stress of the fatinue load
cycle which in turn coincided with the time interval when most of the boror filaments
broke., Signals that occurred at other times were blocked. His experimental results
showed that for a cantilever bend fatigue test no significant acoustic emiszion was ob-
served until about one-half of the total fatigue life. The emission counts increased
slowly thereafter until at about 95% of the total fatigue life the counting rate in-
creased rapidly until failure. For a tension-tension fatigue test some acoustic emission
was produced during the tensile preloading. Upon addition of the cyclic locad the emission
rate was rather high for several hundred cycles, and then decreased and remained low for
most of the fatigue life with a sharp rise just prior to failure.

The same year, Moore et al.(39) monitored acoustic emissior counts during fatigue
cycling of 1100-0 aluminum specimens. They observed that the cumulative number of acoustic
emisgsion counts charged slowly in the early part of the fatigue process and then changed
by several orders of magnitude. A relationship was observed between the significant change
in the slope of acoustic emission curve and the percent of fatigue life. The change was
observed to occur at less than 50 percent of the fatigue life and, as such, offered a
possible early fatigue damage warning.

In 1972, Hartbower et al.(120,121) demonstrated that acoustic emission can be used as
a precu:sor of imminent failure for low-cycle, high-stress~-intensity fatigue as well as
for the case of environmentally assisted fatigue. Plots of cumulative stress-wave count
versus cycle number consistently showed a marked increase in count rate several (10-20 or
more) cycles before fracture.

Xusenberger et al.,(122) in 1972, monitored crack growth in stress cycled specimens
of 4340 steel and 7075-T6 aluminum. Periodically, cycling was stopped, the crack length
at the surface was measured, and a constant proof load was applied to the specimen.
During proof loading, the specimen was monitored for acoustic emission. The results ob-~
tained with the 4340 steel specimens were nuzzling in that assentially no acoustic emission
above the nominal background level was recordad until the last cycle prior to failure.
Such results were obtained even though on several occasions proof loads were raised nearly
to yield. The results of the experiments with the 7075-T6 aluminum specimens indicated a
strong dependence of the acoustic emission on the state of stress. A much lower count was
obtained for plzne strain than for plane stress.

Kim, Neto, and Stephers(123) reported the results of some preliminary experiments in
which they recorded acoustic emission during continuous tensile cycling of a carbon
fiber/epoxy composite. They showed that the acoustic emission energy released per unit
time during loading varied during the fatigue cycling and that the Kaiser Effcct was
apparently not applicable to this composite material.

In 1973, Egle et al.(124-126) reported an acoustic emission system for monitcring
high cycle fatigue crack growth. They used a conventional acoustic emission system with a
high pass filter between the transducer and preamplifier and a second high pass filter
between the preamplifier and digital counter. 1In addition, an electromagnetic transducer
was used to gate the counter every 10 or 100 load cycles. For low cycle fatigue of a
notched aluminum plate the number of acoustic emission c¢ounts per load cycle first de-
creased and then increased slowly just prior to failure. For high cycle fatigue of an
aluminum specimen in a displacement controlled cantilever beam tester the emission exhi-
bited a r~latively high count at the start of the loading followed by a sharp decrease
and then an increase. For specimens tested with higher maximu.: displacements and shorter
lives, the emission continued to increase until failure. For specimens tested with lower
maximum displacements and longer lives, the emission tended to level off and then to
decrease. Egle a*tributes these results to the fact that the rate of crack propagation
decreased for the lower ma- imum displacements because of the displacement control on the
fatigue tester.

Owston(53) recorded acrus.:.c emission counts during fatigue testing of carbon fiber
reinforced polymer composite s.v -imens and attempted to correlate acoustic emission and
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loss of stiffners (drop in natural resonant frequency). He found a moderate corre-
lation for specimens made from material with a low interlamina shear strength, but
none for specimens of high interlamina shear strength. A change in the principal
source of emission caused by a change in the properties of the material was suggested
as the most likely cause of the loss in correlation.

Harris and Dunegan(127) continuously monitored fatique crack growth in 7075-T6
aluminum and 4140 steel by acnustic emission techniques. The acoustic emission rate
per cycle was consistently observed to be cyclic in nature, i.e. the rate was observed
to be high for a few cycles of loading followed by a period of inactivity. This was
regarded as strong evidence that crack growth in these materials does not occur by a
uniform grcwth per cycle, but by a burst of growth followed by a stationary period.

Morton et al(128) performed similar investigations in which they monitored acoustic
emission and quantitatively correlated it with crack growth rate and the applied range of
stress intensity for high cycle fatigue of 2024-T851 aluminum alloy. They concluded that
the acoustic emissions observed during fatigue are more closely related to the crack tip
plastic volume than to crack extension.

Bailey and Pless(129) used acoustic emission techniques and sound travel time deter-
minations to locate cracks in a structural fatigue test specimen. The specimen was
subjected to a spectrum of cyclic load conditione which simulated a total of 150,000
aircraft flight hours. The specimen was monitored for acoustic emission approximately
10 percent of the total fatigue test time. It was found, in agreement with the results
of other investigators, that crack growth at a given location was not continuous through-
out the fatigue tests. Cracks were observed to grow during some test passes, but
apparently remained stationary during other passes. Some cracks did not even appear to
grow continuously during a single pass. Crack growth was reported to be rapid or slow
for given cracks at different times. A total of 18 crack locations were identified by
acoustic emission monitoring, 15 of which were veri“ied during metallurgical investigation.

vary and Klima(130) reported the results of a rreliminary investigation to assess the
feasibility of continuously monitoring acoustic emission signals from fatigue cracks
during cyclic bend tests. Plate specimens of 6A1-4V titanium, 2219-T87 aluminum, and
18-Ni maraging steel were tested with and without crack starter notches. The investigation
indicated that it was possible to extract meaningful acoustic emission signals in a cyclic
berd machine environment and that such acoustic emission monitoring is a potentially useful
tool for investigating fatigue cracking. Ultrasonic crack growth monitoring was applied
simultaneocusly with acoustic emission monitoring for a few specimens. Although abrupt in-
creases in the acoustic emission count rate were observed, the ultrasonic signals indicated
only a smooth increase in crack size.

Smith and Morton(131) reported a "short-time" cross-correlation technique for acoustic
emission monitoring during high-cycle fatique testing, which largely rejected random
electronic noise as well as mechanical noise from sources other than the crack. Using
their technique they were able to separate the acoustic emission signals due to crack
extension from those of crack closing.

Corle and Schliessmann(132) conducted a test program to evaluate acoustic emission
techniques for use in detecting flaws during proof testing of rocket motor cases. Steel
sheet specimens which contained tight fatigue cracks of various sizes were tested. An
acoustic emission signature was recorded for each specimen during proof testing and was
found to be a function of the flaw size. By evaluating the signature, unflawed specimens
could be distinguished from flawed specimens, and the flawed specimens could be ranked on
the basis of flaw size, with flaws as small as 0.9 mm(0.035 in) deep being detected. By
comparison, flaws as large as 4.1 mm (0.16 in) deep and 66 mm (2.6 in) long were not
detected by radiographic techniques, and surface flaws as large as 2.5 mm (0.1 in) deep
and 2.5 mm (0.1 in) long were not detected by magnetic particle inspection.

In 1974, Morton et al.(133) investigated the effect of loading variables on the
acoustic emissions observed during fatigue-crack growth. They concluded that the acoustic
emission rate near peak load is explicitly related to applied stress intensity for materials
of widely different character. They also concluded that varying the fatigue test cyclic
frequency can result in a change in the acoustic emission rate without resulting in a change
in crack growth rate.

Willertz and Hunter{134) recorded th. acoustic emission emitted from a 17-4 PH stain-
less steel while the specimen was undergoing fatigue testing in the torsional mode. Below
the cyclical stress sensitivity limit, defined as the highest stress below which no changes
in the damping o=cur with cycling, no abnormal emissions were detected, while at and above
this limit emissions were detected which could be attributed to fatigue damage whkich re-
sulted in failure of the specimen. They observed that once the crack started to propagate,
the emissions tended to occur mainly when the stress went through zero and changed sign in
one direction only. Application of stress in the opposite direction did not produce
appreciable acoustical noise, for some unknown reason.

Williams and Reifsnider (135) conducted strain and load controlled fatigue tests on
boron-aluminum and boron-epoxy angle-plied composite specimens sim: ltaneously with acoustic
emission monitoring. By recording the acoustic emission signals only during the top half
of the loading cycle where new damage was most likely to occur, rather than during un-
loading and at low stress levels, specimen fretting and machine noise was effectively
rejected. They found good correlation between the amount of specimen damage and totalized
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acoustic emission, and the rate of damage development with acoustic emission rate until
significant delaminations caused extraneous scrapping and fretting noise.

In 1975 Acquaviva and Chait(136) performed acoustic emission tests on unnotched and
notched tension-tension fatigue specimens of a high strength titanium a'loy. No acoustic
emission was detected from the unnotched fatigue specimens until 30 to 150 cycles before
fracture, indicating that the crack initiation and propagation phases were quasi-simulta-
neous for this high strength material. At 30 Hz, the crack initiation to fracture time
would be about 3 sec. The notched specimens produced acoustic emission signals at least
2500 cycles (83 sec) prior to fracture. A measure of the crack area for each of the
notched specimens showed that the higher emission counts were associated with the larger
crack depths.

Pless and Bailey(137) used an acoustic emission monitoring system to detect crack
extensions induced in a large aircraft wing structure through cyclic loading. The crack
extensions were induced by tension-tension loadings at specified percentages of design
limit load acting on four-inch long crack-starter sawcuts made at well-defined locations
on the specimen. Since both audible and inaudible fracture increments were detected, it
was concluded that the tests proved the feasibility of the acoustic emission monitoring
technique. However, even though the signal-to-noise ratio was high enough to virtually
exclude falge alarms during these tests, the tests could provide no information about
acoustic and cother transients resulting from active flight systems.

Mehdizadeh(138) conducted tension-tension fatigue tests on steel 3pecimens exposed
to a corrosive saltwater environment. He concluded that periodic proci testing combined
with acoustic emission monitoring can be as sensitive a method for assessing the progress
of corrosion fatigue damage as the continuous acoustic emission monitoring method. How-
ever, the capability of the proof testing - acoustic emission technique to evaluate a
well developed corrosion fatigue crack depends upon the geometry and size of the crack
relative to the test specimen. Although incipient corrosion fatigue cracks were detected
in some cases after 10-30 percent of the fatigue life had elapsed, in other cases test
specimens containing well developed corrosion fatigue cracks generated relatively little
acoustic emission during proof tests.

Lazerev et al.(139) reported that standard fatigue equipment available in Russia can
be used for fatigue testing accompanied by acoustic emission monitoring provided that the
background noise level is reduced to a value sufficiently lower than the acoustic emission
signals. They presented the results of an acoustic emission monitored fatigue test which
showed a sharp rise in acoustic emission counts coincident with crack formation in the
test specimen.

Hatano(140) measured acoustic emission during high-cycle fatigue testing of pure
aluminum specimens. He detected intermittent burst-type emission in the early stage of
fatigue testing before observation of macroscopic crack growth. He also noted that most
of the acoustic emission signals were detected during that portion of the fatigue cycle
where the cyclic load was a maximum.

Dunegan(141) published an article in which he utilized the results of some prior work
in order to show how acoustic emission techniques can be used to estimate the stress in-
tensity factor of a growing crack, and therefore provide predictive ability for determining
failure.

Puwa (142) used acoustic emission to study the damage occurring in unidirectional
carbon-fibre-reinforced plastics during cyclic loading and stress relaxation at high stress
levels. Their results suggested that true fatigue processes do not occur in carbon-fibre-
reinforced plastics and that the damage sustained during cycling is of the same kind as
that which occurs in ordinary tensile loading.

In 1976, Kishi et al.(143) studied the acoustic emission generated during cyclice
deformation of pure aluminum and reported an acoustic emission peak accompanied by a
Bauschinger effect. This peak was observed with the appearance of irreversible plastic
strain and the peak height decreased with increase in the number of cycles up to a constant
value at the saturation stress.

Carlyle and Scott(144) reported a new method of portraying acoustic emission fatigue
data which facilitates the interpretation of dynamical micromechanical failure processes
in materials and also proved valuable in the characterization of extraneous testing
machine and grip noise. 1In their technique the location of individual acoustic emission
events was plotted within a coordinate system of load versus number of fatigue cycles.
Using their method they detected several events which would not have been observed with
conventional acoustic emission monitoring.

Shinaishin et al{145) reported additional results of acoustic emission detection of
fatigue crack initiation and propagation. The fatigue tests were run in reverse hending
and in tensile fatigue on notched and unnotched titanium specimens. The necessity to use
notched specimens in the bending fatigue tests was occasioned by the fact that initial
tests run cn several unnotched specimens resulted in failure of the specimens at a fraction
of the expected life without any acoustic emission warning. Similarly, notches were cut
in the tensile fatigue specimens, because for tests run on unnotched specimens, acoustic
emission cracking was detected only after more than 99 percent of the specimen fatigue
life had been expended.
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Bailey and colleagues{146-149) expanded upon their earlier work on assessing the
possibility of using acoustic emission for in-flight monitoring of aircraft structures.
Their Flight Structural Monitoring System (FSMS) was designed to detect the large
transient acoustic sound generated by single large crack extensions rather than the
lower level signals generated by fatigue crack initiation. Using the FSMS they success-
fully monitored crack extensions in full-size complex structural components during
fatigue testing by a combination of signal processing techniques involving spatial
discrimination, frequency filtering, and signal amplitude discrimination. Cracks were
initiated and grown on a wing test article at selectcd fastener holes from sharp-notch
sawcuts by subjecting the specimen to a flight-by-flight load spectrum typical of a
military transport aircraft, Acoustic emission was detected from 12 of the 15 test
holes monitored which experienced crack growth and 3 of 6 extraneous acoustic emission
sources were traced to loose fasteners. For 3 of the cracks monitored, the acoustic
emigsion counts showed reasonable correlation with amount of crack growth. The greatest
detractor to correlatable data was random noise.

In 1977, Sinclair and Connors(150) monitored acoustic emission during fatigue crack
growth in A533B steel, low carbon steel, and Hl weld metal. During loading of the speci-
mens, signal recognition discriminators and location resolution were employed to allow
detection of signals in the presence of background noise. All specimens tested either
possessed cut notches or previously introduced fatique cracks of appreciable size. For
the most intensively investigated A533B steel the acoustic emission counts were related
to the creation of new crack area. The location resolution of the tests was insufficient
to permit determination of the acoustic emission mechanisms.

Horak and Weyhreter (151) reported the development of an acoustic emission system for
monitoring components and structures in a severe fatigque noise environment. Their system
utilized master-slave discrimination, rise time discrimination, and coincidence detection
to identify and reject unwanted noise signals from computer processing. Among the dis-
crimination concepts which they found to be unsatisfactory were frequency filtering, com-
puterized data reduction, and mechanical dampening. Since Horak and Weyhreter found that
the wave forms of the various transient noises contributed most to false data generation,
the only acoustic emission signals reliably detected were those which occurred during the
time periods between the transient fatigue noises. Their system indicated 10 false loca-
tions in 16 hours on a fatiguing part which had not begun to crack. Thirty-six false
locations were indicated in 15 secs when their discrimination system was not used. Crack
propagation was not always continuous and sometimes stopped completely for several hundred
cycles. Although crack propagation is generally considered to occur during the maximum
stress application of the fatique cycle, their results showed that acoustic emission
resulting from crack extension occurs during low, medium, and high parts of the loading
curve. These data led them to caution that the exclusive use of time gates to eliminate
extraneous noise signals might also eliminate a large portion of the acoustic emission
signals also. As a result of the various types of defects and loads involved, crack
initiation was detected and located from several minutes to several hours prior to
ultimate failure. Since crack initiation occurred within the material, crack initiation
size was not determined.

willidams and Reifsnider (152) used a sysStem which .incorporated a time gate, variable
readout, and filtering to monitor acoustic emission during fatigue loading of boron-epoxy
and boron-aluminum composite specimens which contained a circular centered hole. Their
normal practice was to look at acoustic emissions generated only during the top half of
the loading cycle and to use a frequency band-pass of 10~300 kHz. Correlations were ob-
served between acoustic emission counts, specimen compliance, infrared heat patterns, and
structural damage.

RECENT ULTRASONIC ATTENUATION AND ACOUSTIC EMISSION MEASUREMENTS

Survey of the published literature shows that at the present time ultrasonic attenua-
tion and acoustic emission measurements are superior to all other non-destructive testing
techniques for the early detection of fatigue damage. Therefore, these two techniques
have been the ones selected by the present author and his colleagues for further investi-
gation. .

In 1972, Joshi and Green(42) reported the results of experiments which used change in
ultrasonic attenuation measurements as a continuous monitor of fatigue damage during high
cycle testing of aluminum and steel specimens.

Ultrasonic pulses were generated by an x-~cut quartz transducer firmly attached to the
clamped end of a polycrystalline aluminum or steel bar using Eastman 910 cement. The
specimen shape, transducer size and frequency used insured that the entire specimen was
completely.filled with ultrasound in a guided wave mode. This mode of operation permitted
the ultrasonic waves to detect both bulk ‘and surface alterations in the test specimens.

Each specimen was held in a horizontal plane and was displaced vertically at the
opposite end by a fixture attached to the cam of the fatigue machine. In this manner the
specimen was fatigued in reverse bending as a cantilever beam to fracture at 30 Hz with a
vertical amplitude peak~to-peak which was set at a fixed value in the 7.5 mm to 15 mm.

The specimens vere either made from 6061-T6 polycrystalline aluminum or from cold-
rolled polycrystalline steel. All specimens tested were made from the same lot of
aluminum or stesl in order to minimize differences in alloy composition, cold work, heat
treatment, and surface finish. Prior to fatigue testing, each specimen was ultrasonically
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tested for internal flaws and microscopically examined for any surface defects or
scratches.

Figure 5 shows the results of a typical experiment for an aluminum specimen
tested at a constant vibration amplitude peak-to-peak of 7.5 mm. It can be seen
that the attenuation began to increase at about 2.8 million cycles and proceeded
catastropically to fracture at about 3.5 million cycles. The 2.8 million cycle
mark occurred at about 26 hours and failure occurred after about 33 hr. Thus the
ultrasonic attenuation measurements gave a strong indication of the onset of fatigue
failure at approximately 7 hr prior to the occurrence of the fracture itself. Con-
ventional ultrasonic monitoring was unable to detect any additional echoes due to
energy reflected from the crack until about 2 hr prior to failure. Thus, for this
particular experiment, ultrasonic attenuation indicated that failure was eminent
5 hr before conventional ultrasonic testing could indicate any crack formation.

Figure 6 summarizes the experimental results obtained from ultrasonic monitoring
of the fatique tests with the aluminum specimens. The ordinate axis in this figure
corresponds to the maximum stress on the outermost fiber of the bar when bent to the
maximum amplitude chosen for the particular test. The upper abscissa axis indicates
the test time; the portion of this scale ranging from 22 - 32 hr should be used with
the tests run at a maximum fiber stress of 2.29 x 104 psi; the scale ranging from
0 - 12 hr should be used with all other tests. The lower abscissa axis indicates the
number of fatigue cycles which elapsed before various events were detected. The
portion of this scale ranging from 2.59 x 106 cycles to 3.46 x 106 cycles should be
used with the single test run at a maximum fiber stress of 2.29 x 1U4 psi; the scale
ranging from 0-1.296 x 106 cycles should be used with all other tests. The entries
represented by circles indicate the average time elapsed in 5 similar tests before an
0.4 db change in attenuation was observed. The criterion of 0.4 db change was selected
as an early warning signal since this amount of change could be clearly distinguished
from background fluctuations on the attenuation recording strip chart in all aluminum
and all steel tests. The entries represented by triangles indicate the average time
elapsed in S similar tests before detection of an additional echo in the pulse-echo
pattern due to energy reflected from a crack in the test* =necimen. The entries repre-
sented by squares indicate the average time elapsed in S5 similar tests before fracture
occurred. It can be clearly seen that in all cases the change in ultrasonic attenuation
indicated that failure was eminent before conventional ultrasonic testing could detect
an additional echo caused by energy reflected from a crack. Moreover, the smaller the
amplitude of vibration and hence the longer the fatigue test, the more absolute time
there is between the ultrasonic attenuation warning and fracture of the test specimen.

Figure 7 shows the results of a similc - experiment for a steel specimen tested at a
constant vibration amplitude peak-to-peak of 7.5 mm. In this case the attenuation began
to increase at about 6 x 105 cycles and the increase proceeded catastropically to fracture
at about 9 x 105 cycles, The 6 x 105 cycle mark occurred at about 6 hr and failure oc-
curred after about 3 hr. Conventional ultrasonic monitoring was able to detect an
additional echo at the 7 hr mark. Thus, ultrasonic attenuation measurements gave warning
1 hr earlier than ultrasonic pulse detection in this case.

Figure 8 summarizes the experimental results obtained from ultrasonic monitoring
during the fatigue tests of the steel specimens. The ordinate axis corresponds to the
maximum stress on the outermost fiber of the bent bar. The upper abscissa indicates
the test time in hours, while the lower abscissa indicates the number of fatigue cycles
which elapsed before various events were detected. The entries represented by circles
indicate the average time elapsed in 3 similar tests before an 0.4 db change in attenua~
tion was observed. The entries represented by triangles indicate the average time
elapsed in 3 similar tests before detection of an additional pulse due to reflection of
energy from a crack. The entries represented by squares indicate the average time
elapsed in 3 similar tests before fracture occurred. The results are similar to those
obtained with aluminum in that ultrasonic attenuation gave early warning of fatigue
failure.

Panowicz (46) performed experiments in order to determine whether or not ultrasonic
attenuation measurements could also be used to predict fatigue failure in test specimens
which had latent defects purposely introduced in them in order to alter the fatiqgue life
and to more realistically simulate actual in-service operating conditions for many cases.
The terminology "induced latent defects” was used to indicate artificially created
defects which were latent in the sense that they were undetectable by either normal visual
inspection or any currently available ultrasonic pulse-echo testing technique.

The test specimens were machined from 1100°F polycrystalline aluminum in the form of
bars with dimensions of approximately 1.3 cm by 2.5 cm by 30.5 cm. All specimens were
made from the same lot of aluminum in order to minimize differences in alloy composition,
grain size, and surface finish.

The latent defects were created in the aluminum specimens in the foilowing manner.
A fine saw cut 1.6 cm deep was made in each specimen along the 2.5 cm width, at a distance
of 10 cm Irom one end of the bar. After thorough degreasing and cleaning, the specimen
was clamped in a set of steel dies which left expos.d & 2.5 cm length in the region of
the saw cut. The function of the die set was to reinforce the specimen during loading
in order to concentrate the plastic deformation in the area of the cut being welded. 1In
order to promote the plastic welding process, the specimen-die assembly was heated for
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one hour at a temperature selected in the hot working range of aluminum. Immediately
after heating, the specimen-die assembly was placed in a cylindrical steel protective
housing which served as a guide for die movement. The specimen-die assembly was then
end loaded in compression to a predetermined load at a rate of 3.6 mm per sec. This
rate was found to produce high quality welds with the particular loading configuration
and tensile test machine used.

It was established experimentally that any plastic wecld produced by heating and
loading the specimen ahove the specified minimum values created a joint in the bar that
was undetectable by either visual inspection or ultrasonic pulse-~echo testing. The weld
joint was made microscopically visible by etching the specimen in a micro-etch consist-
ing of 20% sodium hydroxide solution in water. As the applied load for welding was
increased, the micro-etch delineated weld joint transformed from one which appeared to
be a continuous line to a series of unconnected microdefects. These observations are
consistent with the hypothesis that the induced latent defects consistad largely of
oxide particles which were trapped inside the specimen during the welding operation.

Figure 9 shows the results of a typical test where ultrasonic attenuation was
measured as a function of number of fatigue cycles for an aluminum specimen heated
at a promoting temperature of 750°F (399°C) and plastically welded with an applied
load of 15,000 1b (6804 kg). Despite differences in the results of tests run on specimens
which were welded using different promoting temperatures and different applied loads,
all experiments performed yielded similar results in that ultrasonic attenuation gave
early warning of fatigue failure. As in the previous work, an ultrasonic attenuation
change of 0.4 dB was selected as an early warning criterion since this amount of change
could be clearly distinguished from background fluctuations on the attenuation record-
ing strip chart and since in every test run a crack was detected only after a change
in ultrasonic attenuation of 0.4 dB or more had been observed.

Mignogna et al. (49) made continuous measurements of changes in ultrasonic attenua-
tion of a 2.25 MHz wave propagating in plain and "rivet simulated”™ 1/16 inch thick
sheets of 7075-T6 aircraft aluminum alloy during fatigue cycling. The test specimens
were held in a horizontal plane and fatigued until failure in reverse berding as a
cantilever beam at 30 Hz; the pcak-t. peak vertical amplitude was 0.3 in (7.62 mm).
All specimens were cut from the same 7075~T6é aluminum sheet in order to minimize
differences in alloy composition, cold work and heat treatment. Care was taken to
assure the similarity of the surface condition and to note the rolling direction of
each specimen. Three basic specimen configurations typical of those which might be
encountered in an actual aircraft were considered. The first, or plain, specimen
design incorporated no fasteners or fixtures. The other two specimen configurations,
however, included rivet simulated regions with fastener hole patterns typical of
those used in aircraft construction. Screw fasteners were used rather than rivets
to facilitate examination of these regions after failure of the sample.

Pulses from a 0.5 in x 1 in 2.25 MHz longitudinal transducer were introduced into
the specimens through a modified mode conversion block of lucite designed to generate
shear waves at 45° to the surface normal. The mode conversion block or "wedge" was
coupled to the specimen with an ethylene glycol based couplant. This method of intro-
ducing the ultrasound into the specimen was necessitated due to their thin cross section.

figure 10 shows a typical plot of change in ultrasonic attenuation versus percent
of fatigue life for a plain aluminum alloy sheet specimen with its length parallel to
the rolling direction of the sheet. Although the attenuation increased slowly during
the early stages of fatigue, no significant change in attenuation nor any significant
additional pulses were observed during the first 85% of the fatigue life of the specimen,
An additional echo having an amplitude of 0.03 V was first observed at 5.75 x 105 cycles
or 86% of the fatigue life. At the same time the attenuation began to increase signifi-
cantly. The total fatigue life of the specimen (100%) was 6.69 x 105 cycles. Similar
data are shown in Fig. 11 for a specimen having its length perpendicular to the rolling
direction. The attenuation changed very little in the first 83% of the fatigue life.
It began to increase at 83% of the fatigue life and an additional pulse was observed at
approximately 84% or 2.95 x 105 cycles. The total fatigue life (100%) was 3.48 x 105
cycles. As would be expected due to the differences in texture, the fatigue life of
the plain specimens whose length were perpendicular to the rolling direction were less
than those with the length parallel to the rolling direction.

It was found generally that tnere was more change in the attenuation in the early
portion of the fatigue life for the rivet simulated specimens. Figure 12 shows a typical
plot of change in ultrasonic attenuation versus percent of fatigue life for a rivet
simulated specimen with screws located at the end farthest from the ultrasonic trans-
ducer. The specimen geometry was such that the length was parallel to the sheet rolling
direction. There was a small change in the attenuation during the initial portion of the
fatigue life, but in the latter portion there was a much more rapid increase beginning
at about 91% or 6.50 x 105 cycles; the total fatigue life was 7.24 x 105 cycles.
Similarly, Fig. 13 presents the data for another typical rivet simulated specimen having
rivets located at the middle. The specimen geometry was such that the length was perpen-
dicular to the sheet rolling direction. At approximately 87% of the fatigue life the
attenuatigu began to change very rapidly; the total fatigue life of this specimen was
3.54 x 102 cycles.
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Numerous investigations which involve monitoring the acoustic emission resulting
from crack initiation and propagation during cyclic loading have been reported as dis-
cussed earlier. The general observed relation between a measure of acoustic emission
(e.g. total counts, count rate, etc.,) and the number of fatigue cycles is depicted
schematically in Fig. 14. Although different investigators have related the acoustic
emission observed during cyclic deformation to a variety of material alterations, nc
satisfactory explanation of the mechanism causing fatigue damage resulting in failure
has been established.

The extreme sensitivity of both ultrasonic attenuation and acoustic emission
monitoring suggesat that the greatest potential for discerning the mechanisms responsible
for fatigue damage lies in utilizing these two techniques to investigate material
alterations during cyclic loading. In order to accumulate as muca information as
possible, Duke and Green(50) have applied both monitoring techniques simultaneously to
the same specimen while it was subjected to fatigue cycling. 1In order to facilitate the
combined monitoring during fatigue cycling it was necessary to modify the basic experi-
mental arrangement previously employed. A variable delay optical trigger was employed
in order to synchronize the repetition rate of the ultrasonic pulse with the fatigue
cycle. Utilizing this procedure, the pulse could be generated at any point in the
fatigue cycle; ain the tests reported in this work the pulse was generated during the
undeflected portion of the cycle. The remainder of the ultrasonic attenuation monitoring
system was essentially the same as that used previously. However, the capability of
making reliable acoustic emission measurements during cyclic loading was provided by use
of an acoustic emission transducer-cable-amplifier system from the Admiralty Marine
Technology Establishment. This system, which combined a multi-shielded Mu-metal and
copper screened cable with other special features, has a signal-to-noise ratio at least
three orders of magnitude better than conventional acoustic emission monitoring systems.

Prismatic specimens of 7075 aluminum were tested in two different heat treated condi-
tions: as-received 7075-T651 and solution treated. Figure 15 shows the results of a
typical experiment for an as-received specimen tested at a constant vibrational amplitude
of 9 mm peak~to-peak. In the case of the as-received specimen there was very little change
in attenuation during the early portion of the fatigue life. At 80 percent of the fatigue
life, however, the change in attenuation increased rapidly, quickly going beyond the
sengitivity range monitored. On the other hand, the true root mean square voltage of the
acoustic emission signal was observed to fluctuate during the first 20 percent of the
fatique life, followed by a portion in which it remained relatively unchanged, and then
at 80 percent of the fatique life it increased rapidly with only minor fluctuations until
failure.

Pigure 16 shows the results of a similar experiment for a solution treated specimen
also tested at a constant vibrational amplitude of 9 mm peak-to-peak. It can be seen that
the ultrasonic attenuation increased slowly from the start until at 90 percent of the
fatigue life it rapidly increased beycnd the sensitivity range monitored. The true root
mean square voltage of the acoustic emission signal exhibited a peak before 5 percent of
the fatique life had occurred. This initial peak was followed by a long period of no
activity. At 78 percent of the fatigue life the acoustic emission activity began to
increase, though somewhat erratically, and continued to do so until failure. Although
both change of ultrasonic attenuation and acoustic emission increased rapidly prior to
failure in agreement with the findings of previous investigators, acoustic emission
activity was also observed in the early stages of fatigue cycling. The cause of this
early emission requires further investigation before its importance relative to fatigue
damage car. be properly assessed.

Thus, it is clear that body wave and surface wave reflection techniques are inferior
to ultrasonic attenuation and acoustic emission techniques for the early detection of
fatigue damage, since both reflection techniques require that an appreciable fraction
of the available ultrasonic energy be reflected from a crack of sufficient size and
correct orientation in order to be detected. Ultrasonic attenuation and acoustic emis-
sion techniques can easily detect microcrack formation, and the more sensitive systems
can even detect motion and pile-up of dislocations prior to microcrack formation. ’

OTHER METHODS

In addition to the primary techniques already discussed, other non-destructive test
methods have been used with varying degrees of success to detect fatigue damage. Magnetic
techniques for crack detection are useful, but relatively insensitive, and are limited to
detection of surface cracks in ferromagnetic materials.(26,153) Due to the current applica-
tion of fracture mechanics concepts to aircraft design, considerable effort has been
expended in attempting to non-destructively make quantitative measurement of flaws.
Although progress has been made in developing a better fundamental understanding of ultra-
sonic wave scattering and spectroscopic analysis, (102) neither of these technigues has
progressed to the point where it can be used to reliably detect fatigue damage. Ultrasonic
second harmonic measurements as proposed by Yermilin et al.(154) and Buck and colleagues
(155,156) have met with some success. Batra et al.(157) have demonstrated that ultrasonic
Doppler-shift techniques can be used for detecting and sizing radial cracks. Most recently
Buck and Alers(158) presented a review of new techniques for detection and monitoring of
fatigue damage in which they discussed, in addition to the methods already mentioned,
holographic interferometry, photostimulated exo-electron emission, and positron
annihilation.
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RESIDUAL STRESS (STRAIN) MEASUREMENTS ’ o

As mentioned in the INTRODUCTION, the most sensitive systems for early detection of t
fatigue damage would be capable of detecting motion and pile-up of dislocations. Since i
such pile-~ups would lead to regions of severe residual stress (strain) prior to micro- :
crack formation, all non-destructive techniques for residual siress (strain) measurements
are potential techniques for extremely early detection of fatigue damage. The methods
currently being used or under development for non-~destructive residual stress (strain)
measurements may be broadly grouped into four categories:; x-ray diffraction methods,
ultrasonic methods, electromagnetic methods, and solid state physics methods.

The x-ray diffraction method consists primarily of measuring the stress induced shift
in the peaks of the angular distribution of the intensity of x-rays diffracted from
various lattice planes of crystalline materials (line shifts). The peak shifts can be
directly related through Bragg's Law to changes in the spacing between the planes of the
crystal lattice. A secondary effect of residual stresses is to cause broadening
of the intensity angular distribution (line broadening). Although the x-ray diffraction
method is the non-destructive technique most often used in actual practice to measure
residual stress, it is not optimally suited for many applications partially because the
necessary equipment is heavy and bulky, and, more importantly, it suffers from the fact
that it only serves to determine the state of stress in a surface layer of a material,
while in many practical cases a knowledge of the bulk stresses is desired. A very
important advantage of the x-ray diffraction method, however, is that the lattice strain
in the stressed material can be measured without prior knowledge of the value in the
unstressed state by making two measurements at different angles of incidence of the x-ray
beam.

Ultrasonic methods depend on the fact that nonlinear elastic behavior is induced in
an otherwise linear elastic solid due to the presence of a residual stress. Most ultra-
sonic measurements of residual stress have been based on stress-induced acoustical
birefringence of an isotropic solid. When transverse waves are propagated through an
isotropic solid at right angles to the direction of applied stress, the transverse wave
with particle displacement parallel to the direction of applied stress propagates with
a faster velocity than the transverse wave with particle displacement perpendicular to
the direction of the applied stress. Other features of nonlinear elastic wave propagation
such as harmonic generation, temperature dependence of ultrasonic velocity, or ultrascnic
dispersion have been proposed for residual stress determinations. The major difficulty
associated with reliable ultrasonic residual stress measurement is that the change in
elastic wave velocities in solid materials due to residual stress is small and other
factors which can cause greater velocity changes may mask residual stress effects. The
fact that ultrasonic techniques offer the possibility of measuring bulk residual stresses
in thick sections of materials can also lead to problems, since the same section of a
material may contain both compressive and tensile stresses whose effects integrated over
the path of the ultrasonic wave will cancel.

Electromagnetic methods are based on stress-induced changes in electrical conducti-
vity, magnetic permeability, magnetostriction, coercive force, retentivity, and
scturation induction. The method which has drawn most attention to date is Barkhausen
noise analysis. The use of Barkhausen noise to measure residual stress is based on the
fact that the size, shape, and oricentation of magnetic domains changes rapidly during
magnetization of ferromagnetic materials inducing noiselike voltage pulses in a coil
inductively coupled to the specimen. This noise is a function of the residual stress
state in the ferromagnetic material. Other methods include eddy current testing,
variable frequency permeability measurements, measurement of the amplitude of electro-
magnetically generated ultrasonic waves, and direct alternating current.measurement of
coercive force, retentivity, saturation induction, and magnetostriction. The major
problem associated with electromagnetic measurement of residual stress is that the
various electrical and magnetic properties are sensitive to other material propertiec,
such as composition, homogeneity, and texture, as well as stress. Moreover, a number
of the proposed methods ace limited to ferromagnetic materials.,

Most of the solid state physics methods proposed for measuring residual stress may
be grouped under the category of nuclear hyperfine effects. These methods depend upon
the strain dependence cf the coupling between nuclear magnetic moments and the surround-
ing atomic lattice. Some of these methods involve only the nuclear ground state, while
others involve the excited states. Of all these methods, the MGssbauer effect has been
most extensively directed at residual stress measurement although limited to alloys
containing iron-57 nuclei. Other proposed methods include electromagnetic nuclear
magnetic and quadrupole resonance, acoustic nuclear magnetic and guadrupole resonance,
ferromagnetic ruclear magnetic resonance, perturbed angular correlation, nuclear magnetic
resonance diffraction (zeugmatography), lithium nuclear microprobe, and piezoelectricity.
Most of these techniques have been limited to research laboratories and require complex,
bulky equipment and highly skilled operators. Some techniques require a large homogeneous
magnetic field, while others require that the specimen fit inside an encircling coil.
Several only work with ferromagnetic or radiocactive materials, while in other cases
ferromagnetic impurities interfere with cesting of nonmagnetic materials., Two of the
techniques require a transducer mechanically coupled to the specimen, one requires the
presence of interstitial hydrogen, and another requires the presence of permanent
electric dipoles in the specimen.

AR (S s



http://www.abbottaerospace.com/technical-library

© ey —————————

Ty S e i 1

rare S e e P

‘4—1--I--lIIIl-I-IIlllllllllll.l-.-.l.....l

ey e o e Tl L A

An excellent reference for obtaining more detailed information about all of the
above mentioned methods for nondestruction evaluation of residual stress is the pro-
ceedings of a workshop held on this subject in 1975,.(159)

CONCLUSIONS

1. At the present time, the best non-destructive techniques for detection and possible
sizing of fatigue macrocracks are ultrasonics, eddy current, penetrant, and
radiography, in order of decreasing sensitivity.

2. The best non-destructive techniques for detection of microcrack formation and
possibly pre~microcrack fatigue damage are ultrasonic attenuation and acoustic
emission.

3. A large number of non-destructive techniques for residual stress (strain)
measurements are candidates for extremely early fatigue damage detection.

In order to transfer some of the techniques from the research laboratory to a field
testing situation, the research worker must be better informed as to specific aircraft
problems and the field inspector must be more willing to try new techniques. 1In the
opinion of the present author, this communication-cooperation gap is the biggest obstacle
to rapid progress in practical implementation of improved non-destructive methods for
the early detection of fatigue damage in aircraft components.
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CONTROLE IN SITU PAR EMISSION ACOUSTIQUE DE SQUDAGES PAR BOMBARDEMENT ELECTRONIQIE
IN SITU INSPECTION OF ELECTRON BEAM WELD BY ACOUSTIC EMISSION

P.P. DUMOUSSEAU - CENTRE TECHNIQUE DES INDUSTRIES MECANIQUES - (C.E.T.I.M.)
52, Avenue Pélix-Louat - 60304 - SENLIS (Prance)

ABSTRACT

The lecture is wainly devoted to discussion of Acoustic Emission (A.E.) applicability
to Non-Destructive Inspection particularly to welding control.

A general presentation of the technique emphasizes instrumentation and signal processing
aspects, Interest is devoted to specific methods : localization, spatial and temporal diseri-
mination...

Application of A.E. to velding control is reviewed., Advantages (sensitivity, real time
monitoring of crack formation, localization of emissive sites...) but also difficulties
(envircnmental conditions, material irfluence, interpretation of signals...) are discussed.

Bxperimental work performesd to check feasidility of applying this control to E.B.
Welding of Gas Turbine Components is detailed. Emiasive behaviour of various materials is
considered referring to their crack susceptibility. It concerns srnealed steel (grade XC 80),
stainless steel (grades 210 CNT 18 and Z12 CND V12), titanium alloy (TA6V), Inconel 718
(grade NC 19 PeNd). Results of tests conducted on linear and circular welds of specimens and
real cowponents are presented and discussed. Finally, the practical problems involved in
industrial application sre considered.

1/ PRESENTATION GENERALE DE L'EMISSION ACOUSTIQUE

L'émission acouastique (E.A.) consiste en la libération d'énergie mécanique sous forme
d'ondes élastiques transitoires. Elle sccompagne en particulier toute variation locale rapide
de 1'état de déformation d'un matériau soumis & coatisintes.

Dans 1a pratique, elle englobe les phénowenes suivants :

. Déformation plastique : mouvement des dislocations, bandes de Lliiders, effet
Portevin-Le Chatelier ;

. Bupture : initiation et propagation de fissures, fatigue, corrosion, corrosisn sous tension ;
« Transformation martensitique j
. Bn milieun fluide : ébullition et cavitation.

L'émission acoustique suscite, pour des raisons évidentes, 1'intérdt des services industriels
de contr8le. Par rapport aux autres méthodes de contrdle non destructif, elle présente cependant
certains treits distinctifs @

« Blle est d'une extrime sennibilité puisque la limite inférieure actuelle de détection des
capteurs est de l'ordre de 10 '2 J, On a ainsi constaté 1'aptitude & déceler des micro-
eriques de l'ordre de 10> mm2, En contrepartie ss posent des problimes délicats de sensi-
bilité & 1'ambiance industrielle et de fiadbilité ;

+ Contrairement aux autres méthodes de CND ce n'est pas une méthode d'imagerie mais une mé-
thode de détection en temps réel des évolutione, La principale difficulté est 1'interpré-
tstion corrects de 1l'information pergue. A moyen terme on pense toutefois que 1'Emission
Acoustique engendrera de nouvelles méthodes d'évaluation de la nocivité des défauts et
de prévision de rupture ;

« La propagation des ondes n'impose pas 1'interaction directe du ceptenr avec le défaut. Pour
des raisons d'accessibilité, d'état de surface, de température, ce peut 3tre une commodité
pour 1'opérateur. Cela permet surtout la localisation du site émissif par des méthodes de
trisagulation ;

+ On rencontre une extrime diversité dans les comportements émissifs. L'énergie détectée est
notamment ’1fluencée par la microstructure et les propriétés mécaniques du matériaun, la
vitesse de sollicitation, les conditions physiques de 1'essai, eotc... BEn simplifisnt
grossiérement, les structures hétérogénes, les mécanismes de type fragile, les carsctéris-
tiques mécaniques élevées sont trés favorables. A l'autre extrime le comportement trés
ductile de certains aciers d'ussge courant peut parfois poser des problémes de détection.
Bn régle générale l'utilisateur devra toujours prendre cet aspect en considération pour
la faisabilité de la méthode.

Y S
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11/ ASPECTS EXPERIMENTAUX

I1.1/ Généralités

Le synoptique d'une chatne d'émission acoustique est schématisé figure 1, Les fonctions
suivantes sont représentées :

. Détection - Elle est communément réalisée par un capteur piézoélectrique résonnant dont la
fréquence nominale est de 1l'ordre de 105 - 106 Hz ;

» Amplification - Elle est de 1l'ordre de 60 & 100 dB pour amener les uV ou mV délivrés par
le capteur & un niveau exploitable. En sortie du capteur le préamplificateur joue un r3le supplé-
mentaire d'adaptation des impédances ;

« Piltrage - L'élimination des bruits parasites liés & l'environnement mécanique ou acoustique

est réalisée par un filtrage passe-haut dont la fréquence de coupure est au moins égale & 40 kiiz ;

« Traitemen: - La méthode la plus couramment adoptée dans les chalnes actuellement commercia-
lisées est un comptage du nombre d'arches du signal dépassant un seuil réglé au dessus du bruit
de fond. Le comptage peut 2tre cumulé ou relatif A une base de temps (taux d'émission acousti~
que). On discutera plus loin des limites de cette méthode et de celles qu'il est également
possible de mettre en oeuvre.

La conception d'une telle chafne est essentiellement liée aux particularités du signal
d'émission acoustique,

Les énergies mécaniques mises en jeu dans la déformation plastique et la rupture s'étendent
de 10714 J (mouvement accéléré de dislocations) & 108 J (empilement de dislocations - rupture
d'un grain) voire 10 J (rupture macroscopique). De plus, selon les matériaux, des phénoménes
semblables se caractérisent par des énergies trés différentes, Nous avons ainsi mis en évidence
des écarts de 40 dB entre acier maraging et acier inox lors de la progression stable d'une fis-
sure [1]. La méthode a donc des exigences particuliéres en ce qui concerne la sensibilité du
détecteur et la dynamique de 1'électronique associée.

On a proposé divers modéles physiques, aussi réalistes qu'on voudra, des mécanismes géné-
rateurs d'émission acoustique., Leur transformée de Fourier conduit toujours & des spectres
large bande dont 1'étendue est grosso-modo égale & l'inverse du temps de production de 1'événe-
ment initial. Ceci est conforme & l'expérience qui détecte 1'émission acoustique du domaine
audible jusqu'a plusieurs dizaines de MHz.

En définitive, la méthode n'est devenue réellement applicable en milieu industriel gque par
le choix de capteurs de fréquence ~ 105 - 10% Hz et par adoption du filtrage passe-haut. Les
premiers prélivent seulement une fraction de la densité spectrale énergétique mais permettent
d'en suivre l'évolution. Le second élimine le domaine des basses fréquences ol le bruit d'eori-
gine industrielle prédomine.

11.2/ Détection

L'élément clé de la chatne instrumentale est le capteur. Les céramiques piézoélectriques
sont seules susceptibles de détecter des déplacements de 1'ordre de 10 2 4 [2 « En contrepartie
leur sélectivité spectrale est sévere car les coefficients de surtension sont de l'ordre de
10" - 102, La fréquence nominale du capteur est essentiellement définie par sa géométrie. Pour
les fabrications usuelles on utilise le P.Z.T. (Titano-zirconate de plomb) dont le Point de
Curie (370°C) et les constantes piézoélectriques (gy3 ~ 1072 V/m/N/m2 ; k ~ 0,7) sont parmi les
plus élevés. A haute température on peut faire appel au niobiate de lithium dont le Point de
Curie est & 1.210°C mais qui est moins sensible et trés onéreux.

Les capteurs résonnants ont une sensibilité de l'ordre de - 75 dB re 1 V/pbar. On peut,
par adaptation mécanique ou électronique, aboutir & des capteurs piézoélectriques "large bande”
mais avec des pertes de sensibilité voisines de 15 dB. L'utilisation de capteurs capacitifs [3],
de 1'effet 6lectret[h), de capteurs électromagnétiques [5] conduit effectivement 3 des récep-
teurs large bande mais moins sensibles d'au minimum 30 dB.

L'étalonnage des capteurs nécessite un rapide effort d'unification et de normalisation.
Les méthodes utilisées sont en effet de trois ordres [6] :

. Caractérisation intrinsique de 1'élément sensible (méthodes de 1'IRE - méthodes impul-
sionnelles) 3

« Méthodes comparatives (réciprocité - jet d'hélium) ;

. Sources standard d'émission acoustique (laser - générateur piézoélectrique d'impulsions -
étincelles - cassure d'un capillaire de verre ou d'un stylet fragile).

11.3/ Traitement du signal

Les méthodes de traitement numérique sont l'avenir mais posent encore, en raison des fré-
quences considérées, des problémes d'échantillonnage et surtont de capacité de stockage.

Le comptage, hérité des techniques nucléaires, souffre d'inconvénients majeurs qui & notre
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avis justifieraient son abandon. Il est en effet tributaire de parsmétres expérimentaux tels que
fréquence, seuil du discriminateur, amoriissement du capteur. Il iuntroduit une pondération défa-
vorable aux signaux énergétiques, Il ne rend pas compte explicitement de la répartition des am-
plitudes. Par dessus tout, le comptage ne peut ¥tre associé a& aucune grandeur de référence.

Une approche énergétique est phyniquement plus séduisante. On peut procéder par intégration
analogique ou numérique des signaux impulsifs délivrés par le capteur, par mesure de la BMS des
signaux continus. C es mesures définissent en réalité la densité spectrale énergétique au voisi-
nage de la résonance principale du capteur. Par étalonnage on peut espérer remonter a l'énergie
mécanique réellement libérés.

L'approche énergétique permet d'obtenir certains résultats masqués lors d'une approche
par comptage et permet en particulier la distinction entre phénoménes de plasticité et rupture [7].

L'analyse spectrale fait 1'hypothése que les durées de certains processus sont différentes
et/ou peuvent évoluer. Ce traitement présente de grandes difficultés en raison du filtrage opéré
par l'ensemble structure-cupteur et de la non-stationnarité du signal, Dans la littérature les
résultats d'ordre pratique sont dorc rares. Pour certains aciers on a toutefois identifié des
caractéristiques spectrales de déformation plastique et de rupture différentes [8] [9]-

L'analyse statistique est une des méthodes les plus prometteuses. L'analyse d'amplitude
permet par exemple de caractériser les processus de rupture des matériaux composites, d'iden-
tifier des phases différentes dans l'acheminement i rupture d'éprouvettes métalliques [10].
Pour notre part nous avons mis au point une méthode extr3mement puissante de traitement sta-
tistique mais wussi chronologique ou paramétrique des informations contenues dans chaque évine-
ment d'émission acoustique : amplitude maximale, énergie, durée, temps de montée, intervalle
entre signaux [11]. 11 constitue A notre connaissance un des instruments les plus avancés
actuellement pour traiter les problimes industriels d'émission acoustique.

I11.4/ Localisation

La localisation est simple dans son principe. Des capteurs répartis sur la structure’
permettent de mesurer les différences de temps d'arrivée Atj; des signaux provenant de la sour-
ce émissive. Des méthodes générales de triangulation hyperbolique ou des algorithmes plus
simples, particuliers A certaines mailles (par exemple triangle équilatéral centré ou losange),
permettent de calculer les coordonnées de la source.

La localisation sous forme simplifiée est un moyen d'analyse et de contr8le extrimement
fructueux. Sa mise en oeuvre A 1l'échelle des structures industrielles (capacités i pression
lors de l'épreuve hydraulique par exemple) pose par contre de nombreux problimes mathématiques
et physiques dont nous avons fait la revue par ailleurs [12]. Ctest une méthode "lourde" car
elle nécessite un nombre élevé de voies de mesure, leur gestion par miniordinateur, un personnel
averti.

Bn localisation, l'importance des problimes posés par la nature du matériau tient & la
maftrise, encore imparfaite 3 1l'heure aciuelle, de la détection d'une progression ductile stable
de fissure. Or la plupart des aciers industriels courants sont ductiles et présentent dans
certains cas un comportement défavorable & 1'usage de la méthode. De plus il n'y a pas nécessaire-
ment de lien étroit entre émisaivité et nocivité d'un défaut.

La propagation s'effectue généralement sous forme d'ondes de LAMB. Les composantes longitu-
dinales at transversales du mouvement y sont couplées. Comme les ondes de LAMB sont dispersives,
cela se traduit par une pluralité des modes et par la dépendance des vitesses de propagation et
des amortissements du produit fréquence u capteur) x épaisseur (de la structure).

Quelle que soit la maille adoptée des considérations géométriques [12] montrent que la
précision de localisation n'est pas homogéne. Elle dépend fortement de la position relative de
la source comme on le voit figure 2.

11.5/ Méthodes particulidres

L'effet KAISER met en évidence le caractére irréversible des phénoménes générateurs d'émis-
sion acoustique, Si 1'on charge, décharge et recharge de nouveau une structure, celle-ci p'émet
pas tant que l'on n'a pas dépassé le niveau précédent. L'effet KAISER s'applique en principe a la
déformation plastique mais on peut l'utiliser pour vérifier la progression d'une fissure entre
deux mises en charge statiques. Il est par stite possible d'utiliser ce phénoméne pour détermi-
ner les dépassements de contrainte ou la croissance d'un endommagement.

Pour surmonter les problimes posés par l'environnement mécanique ou électromagnétique,
séparer les signaux util. «e signaux provenant de sources concurrentes, des techniques partjcu-
liéres ont été développées : discrimination en fréquence, en amplitude, temporelle, spatiale.

La discrimination de fréquence est systématiquement utilisée pour éliminer les phénoménes
vibratoires ou mécaniques. Elle peut aussi distinguer les processus de rupture des composites.

La discrimination d'amplitude est opérée dans toute chatne d'émission acoustique pour élimi-
ner le bruit de fond électronique, Plus concrétement le tri des signaux par rapport & deux ni-
veaux d'amplitude a été utiliné au contrBle des soudures par points. On sépare ainsi les signaux
provenant de la formation du noyan de ceux provenant de 1'expulsion du matériau en fusion,

o-g/-.-
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La discrimination temporelle est utilisée lors d'essais cycliques pour exclure les phases
od le rapport signal/bruit est défavorable., De mBme dans un processus de soudage séquentiel des
"fendtres" peuvent isoler telle phase utile, La durée du signal peut aussi servir & son identi-
fication.

e v

La discrimination spatiale permet de ne prendre en compte que des signaux provenant d'une ]
aire donnée. Les systdaes '"maltre-esclave" valident les signaux selon l'ordre d'arrivée. Les :
méthodes par colncidence, imposent auy signaux un décalage dans le temps prédéterminé. Your :
éliminer les signaux provenant de sources lointaines on peut utiliser une discrimination selon
le temps de montée. Les systémes de localisation multi-capteurs sont évidemment équipés de sya-
times d'exclusion spatiale soit par le matériel, soit par le logiciel, Des excmples particulid-
rement spectaculaires d'utilisation de ces techniques de discrimination sont donnés en [15]
(soudage de tuyauteries nucléaires), [14] [15] (aétection de fissures de fatigue dans un envi-
ronnement aéronsutique particulidrement séviére). Soulignons enfin que l'adoption de méthodes
de traitement numérique accrolt considérablement les possibilités d'identification et de dis-
crimination des signaux.
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111/ APPLICATION DE L'EMISSION ACOUSTIQUE AU CONTROLE NON DESTRUCTIF

L'utilisateur potentiel espire tirer profit de la méthode principalement pour les raisons
sujvantes :

Sensibilité de détection des défauts et anomalies ;

Transmissibilité des ondes et possibilité de localisation ; i

Aptitude & déceler les évolutions A 1'aide de procédures simples : effet KAISER, inspection
par surcharge périodique... ;

Accés & des informations éventuellement significatives du caractére critique du défaut ;

Possibilités extrimement importantes offertes par le traitement du signal.

En contrepartie il doit tenir compte des sujétions et limitations suivantes :

Nécessité de solliciter la pidce en réalisant un champ de contraintes proche de la réalité ;

« Sensibilité aux bruits et parasites ; ?

+ Dépendance de 1'émissivité envers le matériau, le mode de fabrication, la nature du défaut, 3‘

etcooe 3
« Complexité, dans certains cas, de l'interprétation de l'information pergue ; ) H
« Cofit élevé du matériel et recours a un personnel qualifié.

Avant de nous attacher plus particuliérement au soudage nous allons passer briévement en
revae certains types de contr3les pouvant concerner l‘'aéronautique.

111.1/ Contrdle de fin de fabrication

I1 repose sur un principe aimple : toute piéce défectueuse émettra lorsqu'elle sera sollici- ?

tée tandis qu'une piéce saine restera silencieuse. Il est alors possible de concevoir des procé-
dures industrielles d'acceptation ou rejet., Le C.E.T.I.M. a appliqué avec succés un tel contrdle i
basé sur 1'émissivité des piéces défectueuses a4 la détection des tapures de trempe de barres de R
dévers (figure 3), & la détection de fissures dans des chapes de frein... }
i

I1 est possible que les méthodes basées sur 1'émissivité soient insuffisantes. On peut alors
faire appel a des procédures de traitement plus élaborées., Ainsi, par exemple, la répartition
statistique des amplitudes a permis de distinguer (figure &) des assemblages soudés correctement
d'assemblages défectueux,

Souvent aussi, l'appoint de la localisation est nécessaire pour authentifier la présence d'un
défaut, 3

111.2/ Contr8le des matériaux spéciaux : Composites - Céramiques

Les études de faisabilité concernant ce type de contr8le connaissent actuellement un déve-
loppement impétueux.

IRV

Tous les composites renforcés par dispersion, particules ou fibres sont concernés, Les méca-
nismes de déformation plastique ou rupture de la matrice, de déformation ou rupture de 1'élément .
renforgateur, de délamination a4 l'interface de deux phases sont émetteurs. Toutefois les émissions L
prédominantes sont observées & la rupture des fibres de renforcement (whiskers, verre, métal, a
polymére, céramique). La proportion de fibres rompues peut 2tre établie en fonction de la défor-
mation, :

On connaft la faible résistance & la fatigue des matériaux renforcés ; le contr8le de cenx-
¢i par la technique des surcharges périodiques permet de suivre leur endommagement,

veefoes
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Pour les céramiques on s'efforce d'obtenir des indications de bonne tenue mécanique en
service & partir des microfissurations détectées en réception.

111.3/ ContrBle des assemblages

Les qualités d'adhérence des assesblages colléa sont mises en évidence par émission acous~
tique [Ib? [17] [18]. Le C.E.T.I.M. a obtenu des résultats similaires,

La méthode est aussi applicable aux assemblages nids d'abeilles, Le contr8le des assem-
blages soudés peut s'effectuer par mise sous contrainte mécanique ou thermique. Ainsi lors de
1'épreuve de boites d'engagement sur armes automatiques [19J 1'émission acoustique est le seul
moyen susceptible de qualifier en réception, la tenue ultérieure d'assemblages soudés par ré-
sistance électrique.

I111.A/ Contr8les de réception des récipjents & pression

La premidre application connue remonte & 1963 (épreuve des enveloppes moteur de la fusée
Polaris).

A titre d'fllustration nous présentons l'application & deux cas pratiques du dispositif
de localisation mis en place su C.,E.T.I.M, Ce sont :

+ Détection et localisation d'un défaut ayant conduit 3 la rupture d'une capacité en AGy.
La fissure a été détectée tris longtemps avant de devenir débouchante (figure 5) et a pu
$tre localisée & moins de 5 cm d+ la vosition réelle (figure 6) ;

o Détection sur cuve en acier E24 de défauts réalisés artificiellement et devant conduire &
rupture. Comme le montre la figure 7 la précision obtenue est bonne puisque le barycentre
des positions calculées est & quelques cm du défaut ou sur lui & la précision des reports
prés. La dispersion observée sur les localisations individuelles est inévitable car elle
reflete 1l'influence de la répartition d'amplitude des signaux. Par contre la cobérence et
la précision de localisation s'améliorent au fur et A mesure de la progression drs défants,
Ceci constitue une preuve indirecte de leur caractére critique croissant,

Dans certains cas les résultats sont plus inégaux car tributaires de conditions d'applica-
tion défavorables : structure mal détensionnée ou oxydée, matériau ductile, défauts peu émissifs.

111.5/ Contr8le des circuits hydrauljques nu pneumatiques - Contr8le d'étanchéité

L'émission acoustique permet le contrdle d'ensembles hydrauliques : fonctionnement de pompes,
vannes, servovalves, endommagement par cavitation [20] [21]. Ce cont+8le d'étanchéité a 1'avan-
tage de pouvoir s'effectuer i distance. Compte tenu de la nature no: impulsive du signal la lo-
calisation des fuites s'effectue par des méthodes non conventionnelles : comparaison d'amplitude,
corrélation. La limite inférieure de détection en contrdle d'étanchéité de systémes hydrauli-
ques semble se situer & environ 2 bars/1/h [22]. Pour les systimes pneumatiques elle est d'en-
viron 0,2 cw®/ata/sec [21].

Signalons enfin que le C.E.T.I.M., & la demande d'E.D.F., a mis au point l'appareillage
de contr8le d'étanchéité du circuit primaire des centrales nucléaires lors des épreuves hydrau-
liques réglementaires.

111.6/ Contr8les de composants électronigues

On e signalé récemment [23] que le contr8le de fabrication & 100 % de certains composants
(PTRC) était déja appliqué dans la grande industrie. De m¥me les défectuosités de circuits élec-
troniques sont détectées & l'aide des microdécharges aux points chauds des résistors et transis-
tors, aux fuites des condensateurs ou des circuits intégrés [2&]. On recherche également les par-
ticules perdues dans les assemblages électroniques scellés,

111.7/ Contr8le du fonctionnement (diagnostic acoustique)

Avec l'avantage d'une grande sensibilité aux fréquences élevées 1'émission acoustique peut
Btre intégrée » l'ensemble des méthodes de diagnostic acoustique des mécanismes. Elle est employée
pour roulements a billes, paliers [2&] etc... Souvent 1'endommagement est suffisamment révéle
par 1'élévation du niveau de bruit de fonctionnement. Sinon on doit faire appel aux méthodes dites

de "signature acoustique".

IV/ APPLICATION DE L'EMISSION ACOUSTIQUE AU CONTROLE DU SOUDAGE

IV.1/ Généralités

Les forts gradients thermiques de la zone fondue ou de la zone affectée thermiquement (ZAT)
créent ou sollicitent les défauts engendrés par l'opération de soudage : fissures, manques de
pénétration, collages, inclusions, porosités, etc... Ceux-ci, a des degrés divers, provoquent de
1'émission acoustique. L'information peut 2tre acquise soit en cours de soudage ou immédiatement
aprés (fissuration a chaud) soit en différé (fissuration a froid). Cette derniére peut d'ailleurs
intervenir apres plusieurs dizaines d'heures dans certains aciers & haute ténacité et il n'exis-
te pratiquement pas d'autre moyen que l'émission acoustique pour connaltre le délai d¢ stadili-
sation de la soudure. /
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‘ Les avantages escomptés de la méthode sont multiples : sensibilité (parfois surabondante),
localisation m3me sans accds direct, temps réel donc possibilité de réparation immédiate. La
principale difficulté d'application réside dans 1'élimination éventuelle des bruits propres A
ltopération de soudage (parasites électromagnétiques, changements de phase du matériau, craque-
ment du laitier...). Une autre difficulté réside dans le comportement du capteur 3 températu-
re élevée. L'emploi de céramiques piézoélectriques & haut Point de Curie ou l'usage de guides
d'ondes permettent de la surmonter, De m@me température et conductivité thermique peuvent in-
fluencer 1'émissivité du matériau et la propagation des ondes. La vitesse de celles-ci décrott
en effet avec la température tandis que leur atténuation croft. Par suite, la localisation peut
s'avérer parfois délicate.

A potre connaissance les premiers travaux sur le contr8le du soudage par émission acous-
tique ont été menés au Battelle Northwest par JOLLY [25 « Celui-ci a ainsi prouvé la sensibi-
1ité de la méthode en détectant dans 1'inox 304-L des défauts non décelés par rayons X mais
confirmés Lar examen métallographique, Il a indiqué la corrélation,dans ce cas, entre longueur
de fissure et énergie libérée par émission acoustique.

Depuis, 1'intér8t des milieux industriels s'est principalement manifesté pour le contr8le
des soudages multipasses 26] [27] et des soudages par résistance [28]. Dans le premier domaine
1'intér8t économique est évident en raison de la possibilité de réparation immédiate, Dans le
second le contr3le est possible & 100 % et 1'émission acoustique est la seule méthode qui appor-
te des informations sur la tenue mécanique ultérieure. I'application trés spéciale A des souda-
ges impérativement étanches mérite une mention particulidre : tubes de gainage de combustible
nucléaire [29], capuchons de conteneurs a déchets radioactifs [30].

la littérature portant sur 1'applicabilité de la méthode aux divers modes de soudage fait
ressortir la spécificité de chaque cas notamment pour ce qui concerne l'émissivité des matériaux
ou des défauts et le traitement des signaux le plus adéquat. Nous allons en faire succinctement
la revue en ne retenant que les conclusions les plus générales., Le lecteur se reportera aux
rétérences indiquées pour obtenir les détails concrets d'application.

IV.2/ Soudages avec flux gazeux (TIG-MIG-MAG) [Réf. 29 & 34]

Ces modes de soudage sont favorables & l'application industrielle car le flux gazeux n'in-
troduit pas de bruit perturbateur. Les essais montrent que non seulement la formation et 1'ex-
tension des fissures peuvent généralement &ire révélées mais aussi dans certains cas les manques
de pénétration, soufflures et porosités. De plus l'examen peut se poursuivre longuement durant
la phase de refroidissement.

Les matériaux testés sont nombreux. Citons en particulier 1'inox (inox 316 et inox 304-1L
respectivement, pour les gaineas de combustible nucléaire et les conteneurs mentionnés plus haut),
le titane, l'inconel, 1l'aluminium et ses alliages... Pour les aciers au carbone, il faut tenir
compte de 1'intense bruit perturbateur engendré par lee transformations martensitiques.

1V.3/ Soudages avec flux solide [Réf. 25 & 27 - 33 & 35]

Le soudaze antomatique sous flux solide (arc submergé) concerne principalement les aciers
de construction parfois de forte épaisseur. L'émission acoustique est alors trds sensible A
1'influence perturbatrice du laitier pendant son refroidissement. Les défauts détectés avec le
plus de fiabilité sont les fissures et les inclusions de flux de soudage. Les porosités et man-
ques de pénétration sont décelés s'ils s'accompagnent de fissurations secondaires. Enfin les
conformations défectueuses (cratéres, caniveaux,..) peuvent 2tre distinguées des conformations
soignées,

Le contr8le du soudage & l'arc sous électrode enrobée, qui s'apparente au précédent, pré-
sente les memes difficultés d’application en raison du craquement du laitier.

IV.4/ Soudages par résistance [Réf. 28 - 31 - 34 - 36 & 38]

Le contr8le des soudages utilisant ce principe, notamment par point et par étincelage, a
donné des résultats trés prometteurs. Le soudage a la molette pose des problimes plus délicats
car il s'agit de séparer le bruit produit par l'accroissement du volume fondu des bruits de
positionnement des t3les et d'usure de 1'électrode.

On constate généralement qu'il existe une bonne corrélation entre volume fondu et intensité
de 1'émission acoustique. Comme la qualité de la soudure dépend da la taille du noyau 1l'impor-
tance de 1'émissiun acoustique traduit donc paradoxalement une soudure de qualité et non un dé-
faut. De mdme on a confirmé aussi bien avec du zircalloy [36], du monel ou du laiten [37]qu'il
existe une nette corrélation entre ampleur de 1'émission et résistance mécanique de la toudure
au "déboutonnage"...

Le contr8le industriel de maase par cette méthode a déja débuté. Les appareillages utilisent

généralement un double systéme de discrimination temporelle et de discrimination d'amplitude
pour identifier et caractériser la phase significative du soudage.

1V.5/ Brasage et soudages spéciaux

L'application & la recherche du uanque d'édhérence des brasages entre électrode métallique
et culot céramique de tubes électroniques a été effectuée avec succeés [39].
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Pour le soudage par plasms des essais concluants ont £té effectués sur des alliages aviation
et de 1'inox. De mlme pour le soudage laser [ho]. De plus nous allons consacrer un développement
particulier au contr8le du soudage par bombardement électronique.

»
V/ EBTUDE PARTICULIERE : FAISABILITE DU CONTROLE IN SITU DE SOUDAGES PAR BOMBARDEMENT ELECTBONIGQUE **

Le constructeur mentionné utilise 1'Inconel 718 forgé pour certaines pidces tel 1'arbre de
turbine de la photo 8, Ce matériau offre en effet de nombreux avantages mécaniques & chaud (550°C)
on particulier pour la fatigue oligocyclique. Par contre son soudage par bomdardemaent électro-
nique est particulidrement délicat.

Le couple de matérijau & souder est ici 1'Inconel 718 (NC 19 PeNb) et 1'inox 212 CNDV12. Le
soudage peut introduire les criques longitudinales gue l'on voit sur la photo 9a, Celles-ci
sont contrdlables par les moyens classiques. Il peut surtout introduire dans 1'Inconel une micro-
fissuration initiée dans la zone affectée thermiquement et qui peut, dans certains cas, pénétrer
dans le cordon (Photos 9b & 9d). Ces fissures sont transversales, ne débouchent pas en surface
et sont de taille limitée & quelques 1/100ime ou 1/102me de mm, Compte tenu de la géométrie par-
ticulidre de la piéce les moyens conventionnels ne permettent pas & ce jour de les déceler.

V.3/ Mécanismes génératcurs possibles pour 1'émission acoustigue

La formation des défauts lors du soudage des viroles cylindriques considérées dépend de
1'apport thermique dans le cordon, de la génération des contraintes internes et des phénoménes
métallurgiques associés, Un examen succinct va montrer la liaison de ces facteurs avec la géné-
ration d'émission acoustique.

Le bruit d'impact proprement dit du faisceau est peu important. Par contre la fusion du
métal s’accompagne dans le volume liquéfié de mouvements turbulents, d'ébullitions locales, de
vaporisations, d'éjections. On sait que ces mécanismes sont générateurs d'une émission acous-
tique assimilable & un "bruit blanc" [hl]. Les projections peuvent en outre créer des impacts
parasites.

La solidification entratne des modifications locales rapides de volume et éventuellement
des transformations de phase aptes & engendrer une émission acoustique que nous nommerons
"de solidification", Ainsi on a montré que le retrait A la solidification des métaux fondus
entralne une émission acoustique notablement influencée par l'importance de la contraction en
volume [b2]. De m2me le réarrangement et la contraction accompagnant la transformation marten-
sitique produisent de 1'émission acoustique [43]. On a enfin montré expérimentalement [44] que
1a déformation plastique & hsute température d'alliages A base nickel, tels le waspalloy,
s'accompagne d'une émission de forte intensité, car le mouvement des dislocations est alors
facilité,

La zone affectée thermiquement subit un échauffement tris localisé faisant apparaltre
plusieurs phénomdnes., Du c3té NC 19 FeNh au chanffage il y a redissolution des précipités et
grossissement du grain. La rapidité du refroidissement ne permet pas la reprécipitation compléte
mais est suffisante pour provoquer vers 950°C la précipitation d'un film de carbure de Niobium
aux joints de grains de 1'Inconel 718. Ceux-ci sont rendus incohérents donc fragiles. Du cdté
2 12 CNDV12,au chauffage il y a austénitisation avec grossissement du joint de grain. Au refroi-
dissement il y a transforration martensitique (voir plus haut). Dans le cordon la solidifica-
tion s'effeotue parpendiculairement aux isothermes et engendre une cristallisation allongée
dans le sens du gradient de température. Les limites de croissance des dendrites constituent
un cheminement privilégié pour toute propagation d'une fissuration.

La formation de fissures & chaud ou & froid dépend de 1'état de contrainte local aux points
faibles de la structure solidifiée, La fissuration Jongitudinale apparaft, sous l'influence des
contraintes de retrait, dans le plan médian du cordon & 1'endroit ol les grains de solidifica-
tion créent une discontinuité de structure. La formation de fissures dans la ZAT est liée aux
gradients thermiques et aux concentrations de contraintes dues & la forme du bain. L'apparition,
aux joints de grains les plus faibles et/ou lea plus sollicités, des deux types de fissuration
qui viennent d'2tre décrits engendre de }'émission acoustique. Contrairement & 1'émission acous-
tique de "solidification”, cette émission acoustique de "fissuration"” peut se prolonger pendant
le refroidissement de la soudure.

Pour 8tre complets sur 1'émission acoustique accompagnant 1ls formation des défauta de sou-
dage nous indiquerons que 1'émission acoustique déja signalée qui accompagne les mouvements du
bain liquide peut indirectement révéler la formation de soufflures, porosités... De plus les
contraintes s'exergant sur la cavité ol le gaz est emprisonné peuvent produire 3 chaud des dé-
formations plastiques du type de celles mentionnées plus haut et & froid conduire & des fissura-
tions différées.

V.2/ Essais de faisabilité

Ce qui vient d'tre exposé montre la multiplicité des mécanismes générateurs possidles pour
1'émission acoustique accompagnant le soudage par bombardement électronique. Si l1'on veut effec-
tuer le contrdle lors du soudage proprement dit, il est impératif que les signaux significatifs
d'une émission acoustique de "fissuration" se distinguent du broit de fond inéviteblement 1ié aux
phénoménes annexes de solidification, transformation de phase, etc... Comme ce bruit cesse i la
fin du soudage il semble commode d'essayer de détecter, si elle existe, 1'émission ecoustique en-
gendrée par le développement des fissures pendant le refroidissement. De mlme pour le cas de ls
fissuration & froid.

,: Etude supportée financidrement par la Société TURBOMECA /
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Pour démontrer la réalité de 1'émission acoustique associée & la formation des défauts on a
procédé & une premidre série d'essais comparatifs., On s effectué des tirslinéaires sur plaquettes
d'un matériau facilement criquable (acier XC 80 recuit) et d'un alliage peu fissurant (TA 6 V).
L'émission acoustique a été surveillée pendant le refroidissement.

Pour TA 6 V on obtient une référence de silence absolu en l'absence de toute fissuration,
Pour XC 80 recuit 1'émission acoustique a trds clairement décelé les fissurations longitudinales
du cordon. L'activité pour ce type de défaut peut se prolonger jusqu'da 6 mn apris le soudage.

On a aussi décelé des fissures & froid de taille inférieure & 2/10dme mm prenant naissance au
niveau de soufflures internes (photo 10). De manidre connexe les essais opi montré la possibilité
de localiser les difauts avec une précision acceptable et suggéré une relation croissante entre
émissivité et taille des défauts (figure 11).

Dans une deuxidme série d'essais on a considéré 1'émissivité des matériaux concernés dans
le probldme industriel posé : Inconel 718 et inox (ici Z 10 CNT 18), On a procédé par tirs liné-
aires. On constate sur la planche photo 12 une premidére différence entre les niveaux du "bruit
de fond" pendant le soudage et une seconde différence dans l'activité lors du refroidissement.
Une concordance qualitative a &té mise en évidence entre cette dernidre et la présence de fis-
sures,

Les deux matériaux considérés sont austénitiques y (c.f.c). Leur comportement de fusion-
solidification est donc & priori voisin. La différence principale se situe au refroidissement ot
des précipités apparaissent dans la solution solide d'Inconel 718, Parmi ceux-cijcomme l'atteste
l1'examen métallographique,le carbure de niobium se fixe aux points de grains et cause la fissu-
ration. Il ne semble pas illogique de rapprocher cette explication des différences observées dans
l'émjssion acoustique des deux matériaux au refroidissement, De m@me le passage par un maximum
d'émissivité de 1'Inconel 718 lors du refroidissement paratt 1ié & l'évolution de la température.
Un phénoméne semblable a d'ailleurs été observé lors de la fissuration de l'acier 304 L f25].
D'un point de vue pratique on constate que la phase d'émission acoustique post-soudage est rela-
tivement brive, Sur pidce réelle il paratt donc impératif d'exercer le contrdle pendant le sou-
dage proprement dit.

Dans la troisidme partie de 1'étude on a soudé des viroles cylindriques d'Inconel 718 et
d'inox martensitique Z 12 CNDV 12 pour simuier la fabrication de l'arbre de turbine réel. On
s'est at;.ché 4 1'étude de 1'émission acoustique produite pendant le soudage. (Voir le montage
photo 13).

Les indications données plus haut sur les origines possibles de 1'émission acoustique ont
été confirmées., La présence d'un "bruit de solidification" a été nettement révélée. On voit
photo 14 qu’il se compose de signaux impulsifs extrimement rapprochés, On a de plus coastaté
qu'il est relié & la puissance introduite par unité de volume et qu'il crolt avec elle. Lors-
qu'il y a fissuration les signaux impulsifs correspondants sont engendrés. On le voit sur la
planche photo 15 qui compare, toutes choses égales d'ailleurs, deux cas dont le contr8le métal-
lographique s'est révélé pour 1'un positif (fissuration du type C - Cf, photo 9d), pour l'autre
négatift. La différence d'émissivité apparalt nettement.

L'existence de signaux liés & la fissuration lors de la phase de soudage étant établie, on
peut s'orienter vers la recherche de solutions pratiques pour le soudage considéré. Il est néces-
saire que les signaux de fissuration émergent du "bruit de solidification". C'est donc 1l‘ampleur
de celui-ci, en dernier ressort les paramétres de soudage et le matériau, qui fixent le rapport
signal/bruit et la faisabilité du soudage. Accesscirement le niveau de "bruit" peut servir a
vérifier la continuité des conditions de soudage.

Compte tenu de la sensibilité naturelle de 1'émission acoustique & des hétérogénéités
locales du matériau ou A de légires variations des paramétres de tir on ne peut uniquement opé-
rer, comme il est classique, par des méthodes de seuil, On doit adopter des méthodes complémen-
taires de traitement statistique aptes a distinguer 1'existence de deux populations de signaux.
Pour certains cas spécifiques ol le soudage est bref, l'appareillage peut 2tre simplifié puis-
qu'il y s émissivité lors du refroidissement.

L'expérience montre qu'on ne peut éviter la microfissuration de la ZAT dans 1'Inconel 718,
quelles que soient les conditions de soudage et 1'état métallurgique du matériau. Ceci est mis
en évidence en poussant les grossissements de 1'cxamen métallographique., Le contrdle doit done
se fixer une taille limite des défauts acceptables, ne compromettant pas la tenue de la pidce
en service. L'émission acoustique engendrée par la fissuration & chaud d'un tel défaut de réfé-
rence doit surpasser le "bruit de solidification", Comme ce dernier est essentiellement commandé
par la puissance thermique et le matériau considéré on voit que la méthode ne peut s'appliquer
qu'd des cas spécifiques. Les problimes de reproductibilité et fiabilité doivent également &tre
examinés avec soin,

VI/ CONCLUSION

L'émission acoustique est une technique encore au stade de la recherche et du développement,
Ce n'est pas une technique d'imagerie mais une technique de détection. Ses performances dépen-
dent des phénoménes physiques se produisant dans le matériau et de la valeur du traitement de
1'information pergune. Elle est seule par contre & pouvoir accéder A l'évolution et & 1'éventuelle
estimation de la nocivité des défauts. Il n'y a donc pas concurrence mais complémentarité de
1'émission acoustique et des autres techniques (R. X, Ultrasons, ...).

L'émission acoustique se développe dans un contexte scientifique et technologique favorable :
développement de matériaux a hautes caractéristiques mécaniques, performances accrues des maté-
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riels électroniques, progrds des technigues de traitement du signal, développement des systimes
informatiques.

Un travail important reste i accomplir pour amener l'utilisation industrielle au niveau des
possibilités virtuelles. Il faut en effet considérer, & cB8té des avantages intrinsdques, les
facteurs qui limitent actuellement la diffusion : délicatesse de mise en osuvre, interprétation
des résultats nécessitant un personnel averti, cofit...

Le contexte industriel est cependant favorable & tarme car les performances demandées ot
les exigences d'économie et sécurité s'accroissent. Ainsi, pour se limiter au domaine aéronauti-
que, 1'US Air Porce souhaite développer pour la flotte des avions cargos C5 les dispositiis déja
utilisés pour détecter les fissures dans les ajles et réservoirs du C 135. Elle espire ainsi une
économie de maintenance de 1'ordre de § 35 millions. De m3me l'émission acoustigue a déjad rempls -
cé rayons X, ultrasons et techniques électromagnétiques pour la détection des corrosions de 1'em-
pennage de 1'avion P 111,

Les études prospectives [45] estiment qu'elle sera une des méthodes de Contrdle Non Destruc-
tif dont le taux de développement sera le plus rapide et qu'd long terie elle atteindra un niveau
d'utilisation comparable & celui des moyens actuels.
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Pigure 3 - Détection de tapures de
trempe par émission acoustique. Les
pidces avec tapures (C-D) se distin-
guent des pidces saines (A-B) par une
émissivité nettement plus prononcée
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Pigure & - Contr8le d'assemblages soudés au
moyen d'une analyse d'amplitude - Assemblages
corrects A, B, C, ¢ - Assemblages défec-
tueux D, B, ¥

Pigure 5 - Evolution de 1a valeur efficace (RMS) du signal d'émission acoustigue
lors de 1'essai d'éclatement d'une capacité & pression en AGy
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Figure 8 - Photographie d2 1'arbre de turbine a contr8ler (soudage Inconel 718 - Z 12 CNDV 12)

Photo 9a - G x 25

Photo 9c - G x 100 Photo 94 - G x 500

FPigure 9 - Photographie 9a : Fissuration longitudinale du cordon ~ Photographies 9b & 9 d :
Fissuration transversale du cordon a divers grossissements
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Figure 12 - Comparaison du comportement d'¢
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Pigure 10 - Pissuration initide
par une soufflure interne

A gauche : jinox

Pigure 13 - Photographie du montage
expérimental pour le contr8le lors
du soudage (systime a 2 capteurs)

élevé de ce dernier pendant soudage et 1’
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Figure 1) - Mise en évidence de la rela-
tion qualitative entre émissivité et
taille des défauts

mission acoustique pendant et immédiatement aprés soudage

A droite : Inconel 718

Pigure 14 - Mise en &vidence des signaux
d’émission acoustique liés & la solidifi-

cation du bain
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TRANSOUCTEURS ULTRASONORES A LARGE BANDE
POUR LE CONTROLE NON DESTRUCTIF DE PIECES AERONAUTIQUES

par Jean-Francois de BELLEVAL

Office National d’Etudes et de Recherches Aérospaticles (ONERA)
92320 Chatillon (France)
ot Université de Technologle de Compiigne

*

Résumé

Le contrdle non destructif de pidces adronautiques par ultrasons nécessite de détecter des
défsuts de plus en plus petits et de plus en plus prds de la surface de ces pidces. L'évaluation
quantitstive de ces défauts, permettant une prévision plus précise de leurs conséquences mécani-
ques, doit sussi itre améliorée. Ceci exige l'utilisation de transducteurs ultrasonores plus sensibles
ot présentant une plus large bande passante.

La principale méthade utilisés & présent pour augmenter la bande pessante de transducteurs
piézodiectriques entraine une réduction importante de leur sensibilité ; eile est fondée sur Famor-
tissement de la lame pidzoélectrique par sa face arridre. On propose d'utiliser su contraire un
smortissernent par une face avant A plusieurs couches. qui permet I'sugmentation simultanée de
fa sensibilité et de la bande pessante. Pour étudier la faisabilité de ce procédé, un logiciel Jordi-
nateur a été mis au point pour calculer la propagation d’'une onde & travers des couches d’épais-
ssurs différentes. Co programme permet d’optimiser les caractéristiques (impédance et. épaissaur)
des diverses couches constituant le transducteur. Des comparaisons svec des transducteurs réels
ont permis de valider ce# modéle théorique.

BROAD-BAND ULTRASONIC TRANSDUCERS FOR NON-DESTRUCTIVE INSPECTION
OF AERONAUTICAL COMPONENTS
Summery

For ultrasonic non-destructive inspection of seronautical components, it is msndstory to
detect defects both smaller and smaller, and nearer and nearer the surface of thess components.
The quantitative evaluation of these defects, allowing a definition of their mechsnical consequen-
ces, must siso be improved. This requires the use of more sensitive uitrasonic transducers, with 8
lerger bandwidth.

The main method used at present to incresse the bandwidth of piezoslectric transducers
entails an important decreate of their sensitivity : it is based on the demping of the piezoslectric
wafer on its reer face. We suggest to use instead damping by 8 muitilayer front face, which allows
8 simultaneous incresse of both sensitivity and bandwidth. In order to study the fessibility of this

process, a computing prcgramme has been developed to calculate the propsgation of a wave through

several layers of different thicknesses. Thisprogramme makes it possible to optimize the characte-
ristics (impedance and thickness) of the various layers making up the transducer. Comparisons
with actual transducers allowed the validation of this theoretical model.

1. INTRODUCTION

L'évolution des techniques de fabrication et des qualités
mécaniques exigbes pour les piéces aéronautiques requiert
un contrdie non destructif de plus en plus sévére. Les techni-
ques de contrdle doivent donc s'affiner dans les prochaines
années. En ce qui concerne les piéces maitresses d'un turbo-
réacteur que sont les disques de turbines et de compresseurs,
la principsie méthode utilisée est le contrdle par uitrasons
en immersion (échographie). Les principales améliorations
susceptibies d’étre apportées A cette technique sont les sui-
vantes :

(a) augmenter la résolution prés de la surface des piéces
8 contrdler,

{b) détecter des défauts plus petits,

{c) améliorer I'évaluation quantitative des défauts détectés,

(d) rendre le contrdle plus sutomatique 3 la fois pour
augmenter [a productivité et pour saffranchir de I'erreur
humaine.

Actuellement de iére industrielle en ondes longitudi-

nales, on ne détects pas les défauts dans une zone de 3 3
4 mm d’épaisseur 3 partir de la face d’entrée des ultrasons.
Ceci est di & I'6cho trés important lié A la face d'entrée
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qui masque pendant un certain temps (environ 1 us} les échos
liés aux défauts susceptibles de se trouver dans cette zone.
Pour les piéces importantes des turboréacteurs (disques de
turbines et de compresseurs par exemple), cette zone est
enlevée ar  ~urs de {'usinage ce qui garantit que la piéce
finale est s Jéfaut. Les nouvelles techniques de fabrication
faisant appel a la métallurgie des poudres {(hot isostatic pres-
sing (HIP) and isothermal forging) peuvent produire des dis-
ques de dimensions plus proches des dimensions firales ce
qui pourra réduire considérablement les cotits d'usinage et
les quantités de matiéres utilisées. |l sera alors nécessaire de
détecter des défauts beaucoup plus prés des surfaces des
piéces.

Parallélement une amélioration du rapport de la poussée
au poids d'un turboréacteur dépend de I’augmentation possi-
ble des efforts demandés aux piéces, laquelle est évidemment
liéé a I'amélioration de la connaissance de la répartition des
contraintes mais aussi 4 la possibilité de détection de défauts
plus petits et a leur meilleure évaluation quantitative.

2. LES CAUSES DES LIMITATIONS ACTUELLES

2.1. Résolution prés de la surface

Le principe de I'échographie ultrasonore est schématisé
sur la figure 1. Les ultrasons émis par un transducteur excité
par une impulsion électrique sont transmis par de l'eau jus-
qu’'d la surface de la piéce ol ils sont partiellement réfléchis
et partiellement transmis & travers I'interface. Les lois régis-
sant la réflexion et la transmission sont parfaitement connues.
Le fait important est que, pour I'angle du faisceau ultr-so-
nore le plus favorable (incidence normale}, moins do 15% de
'énergie est transmise 3 travers Iinterface. Aprés la traver-
sée de I'interface le faisceau ultrasonore peut interagir avec
un défaut. L’énergie ultrasonore réfléchie par le défaut va de
nouveau devoir traverser l'interface et seulement 15% sera
encore transmise pour étre finalement détectée par le trans-
ducteur. Globalement il existe un rapport de I'ordre de 1078
entre le signal correspondant au plus petit défaut que I'on
veut pouvoir détecter et le signal correspondant 3 la réflexion
sur I'interface de la piéce.

Face avant

Fond

Défaut

(-

Instrument

Transducteur Eau

Détaut

Fig. 1 — Schéma représentant un systéme d'échographie
ultrasonore.

Pour avoir une bonne résolution en profondeur (dans

la direction de propagation des ultrasons) il faut pouvoir
distinguer les différents trains d’onde correspondant aux
différents échos (échos d'interface et échos de défauts}, il
faut donc que ces trains d'onde soient les plus brefs possible.
En particulier tant que le niveau du signal correspondant &
I'écho sur !'interface n'est pas inférieur a celui du cignal
correspondant cu plus petit défaut que I'on veut pouvoir
détecter, ce type cde défaut est masqué. On a ainsi une zone
au voisinage de la surface des piéces oli {'on ne peut détecter
les défauts, Vépaisseur de cette zone dépend de la briéveté
du signal détecté, laquelle est eile-méme liée & celle du train
d’'onde.

La figure 2 illustre ce phénomeéne. Elle représente les
signaux d'échographie détectés pour deux transducteurs
ultrasonores de caractéristiques différentes en fonction du
temps ou, ce qui revient au méme, en fonction de ls pro-
fondeur de pénétration des ultrasons dans la piéce. Le pre-
mier pic(dépassant le cadre de la figure) de chaque courbe
correspond & 1'écho d’interface, le deuxiéme 3 I'écho li¢ &
un trou de 0,5 mm de diamétre visé perpendiculairement a
sa génératrice. Pour [a figure 2 a ce trou est & 5 mm de
profondeur par rapport & la surface d’entrée des ultrasons
alors que pour la figure 2 b il est & 10 mm. Nous obser-
vons que I'écho d’interface dans le cas (a) masque les défauts
dans une zone d'environ 3 mm de profondeur alors que dans
le cas (b} il masque une zone de l'ordre de 6 mm, c’est ce
qui explique qu‘il n'a pas été possible dans ce cas de détec-
ter le trou situé 3 5 mm de profondeur.

(2) Transducteur n° 1

Echos d’interface Echos de défauts

]

T e ol

(b) Transducteur n® 2
Profondeur en mm

0 5 10 15

L.

Fig. 2 — Signoux d'échographie pour deux transducteurs de
carectéristiques différentes.
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Fig. 3 — Réponses impulsionnelles mesurées des deux trans-
ducteurs (échographie sur un plan réflecteur).

Nous avons remarqué précédemment que I'épaisseur de
la zone ol les défauts sont masqués dépend de la durée du
train d’onde ultrasonore émis. L'excitation électrique créant
cette onde étant une impulsion, cette durée est liée 3 la
réponse impulsionnelle du transducteur utilisé. Nous carac-
tériserons expérimentalement cette réponse impulsionnelle
en excitant le transducteur par une impulsion électrique trés
bréve puis en détectant au moycn de ce méme transducteur
'onde réfléchie par une surface plane perpendiculaire au
train d’onde émis. Sur la figure 3 sont représentées les ré-
ponses impulsionnelles des deux transducteurs utilisés pour
tracer les échogrammes représentés sur la figure 2. Nous
remarquons que la réponse du premier transducteur (fig. 3 a)
est beaucoup plus bréve que celle du deuxiéme transducteur

{fig. 3 b} qui était moins perfarmant sur le pian de 1a réso-
lution au voisinage de la surface (fig. 2 b). Sur cette figure
est également tracée 'enveloppe du signal {signal détecté),

laquelle est seule représentée sur les appareils utilisés en con-
trole industriel: c’est cette enveloppe qui est représentée sur

la figure 2.
Il est bien connu que la durée de la réponse impulsion-

nelle d'un systéme guelconque est inversement proportion-
nelle & sa bande passante:c’est ce que nous observons sur

la figure 4 ol est présentée la réponse spectrale de chacun
des deux transducteurs utilisés. Notons cependant que la
condition de large bande passante ne suffit pas, la forme

de la réponse spectrale est importante ; suivant cette forme
des rebondissements de la réponse impulsionnelle peuvent

se produire. Un exemple trés théorique est donné sur la
figure 5 correspondant & une forme de réponse spectrale

en créneau. Nous observons des rebondissements de la répon-
se impulsionnelle. Remarquons que ce cas particulier ne peut
absolument pas représenter ia réponse réelle d’'un transduc-
teur car un systéme ayant ces caractéristiques n‘obéirait pas
au principe de causalité. Cet exemple est une simple ilius-
tration du phénoméne décrit. La forme idéale (minimisant
les rebondissements} de la réponse spectrale pour une bande
passante donnée est une courbe de Gauss avec une caracté-
ristique de phase linéaire [1].

(a) Transducteur r° 1
{b) Transducteur n° 2

Fréquence (MHz)

0 5 0 5
Fréquence {MHz)
Fig. 4 — Réponses spectrales de ces mémes transducteurs
{échelle linéaire).

(a)

Fréquence

Fig. 5 — Exemple purement théorique d'une forme de répon-
se spectrale non optimale {a) réponse spectrale ;
(b) réponse impulsionnelle.
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2.2. Evaluation des défauts

Le contrdle non destructif a pour but de détecter tous
les défauts dans une piéce, qui entraineront une perte de
performances mécaniques la rcndant inapte 3 i'utilisation
prévue. Suivant la zone de la piéce ou suivant la piéce elle-
méme, les efforts seront plus ou mains grands, on poutra
donc tolérer des défauts plus ou moins importants. It est
donc nécessaire d'évaluer le défaut ou de le caractériser pour
en déduire les conséquences mécaniques sur la piéce. Actuel-
iement cette évaluation se fait par comparaison de 'ampli-
twde de l'écho ultrasonore lié au défaut avec ceile de !'écho
lié 3 un défaut-type {fond plat d'un trou ou trou cylindri-
que visé perpendiculairement & sa génératrice) dans un échan-
tillon de composition identique. Le choix d'un échantillon
de composition identique a pour but de s'affranchir de tou-
tes les variations d'énergie qui dépendent de la transmission
de I'onde ultrasonore au niveau de |'interface eau-matériau.
Cette transmission est fonction des propriétés acoustiques
du matériau {impédance). Remarquons qu'il est théoriquement
possible de tenir compte de ces variations de transmission
d’'un matériau 3 'autre et donc de faire I'étalonnage sur des
défauts-typé dans un autre matériau. Finalement |2 seule
grandeur mesurée dans ce contrble est I'amplitude de {'onde
ultrasonore rétrodiffusée par le défaut. On congoit aisément
que cette amplitude dépend d'un trés grand nombre de
paramétres du défaut (orientation, forme, état de surface,
...), qui pour certains n'ont aucune relation avec les consé-
quences mécaniques de la présence de ce défaut. De nou-
velles méthodes sont & I'étude qui permettront de beaucoup
mieux caractériser les défauts. Elles font appel 2 I'analyse
spectrale d’'une onde ultrasonore diffusée (dans une ou plu-
sieurs directions) par le défaut. Présentons comme exemple
{fig. 6) un résultat extrait de [2]. Les courbes de cette
figure sont les spectres des ondes rétrodiffusées par une
cibie circulaire de 3,2 mm de diamétre, fa cible étant placée
sous différents angles par rapport & 'onde incidente. Nous
notons une trés grande variation de la forme du spectre en
fonction de I'angle, cette variation de forme s’accompagne
évidemment d'une variation de niveau qui n'est pas repré-
sentée sur la figure. Une variation de niveau pourrait étre
interprétée comme une variation de l'importance du défaut
alors que le spectre nous donne des renseignements supplé-
mentaires qui permettent dans ce cas de déterminer 'angle
d’incidence. L'interprétation de telles mesures est évidem-
ment trés complexe et loin d'étre résolue actuellement.

-0 T
o [8'0‘
. /
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5
2, ]
; 1-0 T ! T
b 152 25:5°
N
; {\ NINN

T

3 4 0 1 2 3 4
Frequency {MHz]

Fig. 6 — Densité spectrale pour un réflecteur de 3,2 mm de

diamétre a différentes valeurs de l'angle d'incidence.

H nous suffit cependant de comprendre gue la caractérisation

d'un difaut nécessite une trés grande quantité d'informations

au sens de la théorie du traitement des signaux. Cette impor-
tante quantité d'informations fournie par les signaux détectés

A partir de la diffusion d’ondes ultrasonores dans une ou plu-
sieurs directions devra subir un traitement complexe (analyse
spectrale, reconnaissance de formes, ...}, qui permettra de classer
les défauts dans le but de les caractériser. Rappelons quun
signal contient une quantité d'informations proportionnelle &

la largeur de son spectre, on peut en déduire que |'évaluation
d'un défaut au moyen des techniques ultrasonores ne sera possi-
ble qu’au moyen de transducteurs & targe bande. Rappelons
aussi cependant qu’une autre amélioration des techniques
demandée est la détection de défauts plus petits,ce qui entraine
qu‘il est nécessaire sirultanément & l'augmentation de la bande
passante des transducteurs d'augmenter leur sensibilité.

Nous pouvons conclure que 'amélioration des techniques
faisant appel aux ultrasons nécessite |'augmentation de la bande
passante des transducteurs sans perte de sensibilité, aussi bien
pour augmenter la résolution prés de la surface des piéces que
pour obtenir une évaluation quantitative des défauts.

3. CONCEPTION DE TRANSDUCTEURS A LARGE BANDE

En échographie (fig. 1) le méme transducteur est utilisé
pour générer 'onde ultrasonore et pour détecter les ondes réfié-
chies par les défauts, on utilise donc pour cela des transducteurs
réversibles. Pour simplifier 1'exposé on s'intéressera principale-
ment & leur fonctionnement en émetteur sachant que le fonc-
tionnement en récepteur est analogue.

Les transducteurs uitrasonores utilisés en controle non
destructif utilisent une lame piézoélectrique comme élément de
couplage électromécanique (c'est I'élément qui transforme
I'énergie électrique en énergie vibratoire et inversement). lis
sont constitués principalement de (fig. 7) :

— la lame piézoélectrique (souvent une céramique) métallisée
sur ses deux faces pour la connexion électrique,

— un matériau sur la face arriére de la lame piézoélectrique
(son rdle est d’amortir la vibration de la lame et d’absorber
'onde acoustique émise vers |'arriére),

— une face avant {ses deux rdles possibles sont : assurer la
protection mécanique de la lame piézoélectrique et améliorer
le transfert acoustique entre cette lame et le milieu de couplage),

— un boitier enfermant ie tout.

Face arriére

+-Face avant

H— Pastille pi¢zoélectrique

/
Métallisation‘——j

Fig. 7 — Constitution d'un transducteur piezoélectrique.

AR

Considérons pour commencer un transducteur composé
uniquemant d'un élément piézoélectrique d'impédance Z, et
d‘une face arriére d'impédance Z, (fig. 8). Supposors ce
transducteur immergé dans un milieu (le milieu de propa-
gation des ultrasons ou milieu de couplage) d'impédance
Z... Si I'on excite I'élément piézoélectrique par une impul-
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sion électrique, I'énergie fournie par le générateur va étre
transformée en énergie acoustique (ou vibratoire) ; sous
certaines hypotheses, il sera créé aux niveaux des inter-
faces quatre impulsions de pression représentées sur la
figure 8 [3, 4] :

s impulsion (0) proportionnelle & Zo/(Zo + Z.) se pro-
pageant vers l'arriére, cctte impulsion devra étre absorbée
par la face arriére,

o impuision (1) proportionneile a ZC/(ZO + Z,) se pro-
pageant vers l'avant,

« impulsion (2) proportionnelle & Z /12, + Z.) se pro-
pageant vers l'arriére,

» impulsion (3} proportionnelle & Z,/1Z, + Z,,) se
propageant vers [‘avant.

Zo Ze 2o
—_ ! 211
0 3
Face  Elément Mitieu de
arriére  piézoélectrique propagation
|
d
e ————

Fig. 8 — Génération d’impulsions mécaniques par effet
piézoélectrique.

Aprés réflexion et transmission au niveau des deux
interfaces de i'élément piézoélectrique, les impulsions (1),
(2) et (3) donnent au niveau de la face avant du trans-
ducteur, en fonction du temps, une pression acoustique
représentée sur la figure 9. On constate que la variation
de pression est quasi-périodique (de périodicité égale au
double du temps de propagation dans l'élément piézoélec-
trique et constituant la période nominale : T = 1/f,).
La durée de cette variation dépend des coefficients de
réflexion aux interfaces.

AP L T=2d/Vv;

3 2

Fig. 9 — Pression acoustique en fonction du temps.

On peut considérer que l'élément piézoélectrique se
comporte comme un résonateur mécanique excité par
Iimpulsion électrique. La dissipation d’énergie de ce réso-
nateur est principalement due au rayonnement acoustique
par la face arriére (énergie perdue parce que dissipée dans
le mutérian constituant cette face) et par la face avant
{énergia utile). On peut en conclure que :

(i) Vefficacité du transducteur dépend du coefficient
piézoélectrique (ou du facteur de couplage électroméca-
nique) et du rapport entre I'énergie acoustique transmise

AE

par la face avant & l'énergie acoustique transmise par
face arriére,

(i) la bande passante d¢pend du rapport de l'énergie
rayonnée & |'énergie mécanique (ou vibratoire} emmuga-
sinée dans la lame piézoélectrique au moment ou €st pro-
duite Vimpuision électrique.

Ces considérations permettent d’envisager d’augmenter
la bande passante des transducteurs en créant un amortisse-
ment de I'élément piézoélectrique au niveau de sa face arriére
ou/et de sa face avant.

3.1. Amortissement par la face arriére

PA

q ] Hﬂﬂunnn.‘

"‘V

UUUUUUUW

(a) Excitation

électrique (b} Zo/Z_o= 2

(0 2o/Z6=6 @2, [Z =18

Fig. 10 — Réponses de transducteurs (amortisserrent par .
face arriére).

La méthode la plus classique consiste & augmenter le
rayonnement d’'énergie par la face arriére. i suffit pour cela
d’augmenter le rapport Z,/Z_, e rapport optimal pour I'élar-
gissement de la bande passante étant 1. Cette méthode a
cependant l'inconvénient de diminuer I'énergie rayonnée vers
I'avant donc !'efficacité du transducteur, compte-tenu du
fait que les impédances de |'élément piézoélectrique et du
milieu de propagation sont généralement fixées. Pour illustrer
ce phénomeéne, nous présentons sur la figure 10 la réponse
en pression de transducteurs excités par une impulsion élec-
trique de durée égale au temps de propagation d’'une onde
acoustique dans i‘épaisseur de I'é!{ément piézaélectrique
{fig. 10 a). Le choix de cette excitation électrique a été
effectué pour minimiser dans le calcul I'effet des trés hautes
fréquences, qui dans la réalité sont beaucoup plus vite atté-
nuées que les basses fréquences. Nous observons que pour
des impédances de la face arriére élevées le signal est plus
bref (donc la bande passante plus grande) mais son ampli-
tude est plus faible. Ce phénoméne est encore accentué en
échographie quand le transducteur est utilisé en émetteur
puis récepteur aprés réflexion de 'ordre ultrasonore sur un
obstacle {interface de la piéce ou défaut). Le signal détecté
(s'il y a eu réflexion parfaite de 'onde ultrasonore, par
exemple sur un plan perpendiculaire au faiscesu) est alors
proportionnel au produit de convolution de la fonction pré-
cédemment calculée (fig. 10) par elle-méme. La figure 11
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présente la simulation d'un tel cas pour les mémes impédan-

ces que celles utilisées dans la figure 10. La figure 12 repré-
sente la réponse spectrale des mémes transducteurs que pré-
cédemment également dans les conditions d‘utilisation de
I'échographie. Ces réponses sont chacune normalisées en
amplitude pour permettre une comparaison plus aisée des
bandes passantes. Nous observons évidemment une bande
passante beaucoup plus itroite pour l2s transducteurs dont
tes impédances des faces arriéres sont faibles.

Notons que la réponse spectrale d’un transducteur au
sens rigoureux du terme est en fait prooortionnelle 2 la
racine carrée de celle représentée sur ta figure 12. Nous avons
choisi cette représentation cer elle correspond aux conditions
expérimentales utiisées (par exemple pour le résultat de la
figure 4), donc facilite la comparaison entre la théorie et
"expérience.

11

[ ”lﬂﬂﬂﬂnnn‘ﬁ ty
[k

zo/z co=2

3
’H\””DE t t

zo/zw=6 ZO/Z°°=18

Fig. 11 — Réponses des transducteurs en échographie (amor-

. sserment par la face arriére) Z_/Z,, = 18.

Fig. 12 — Réponses spectrales des transducteurs en échogra-
phie (amortissement par la face arriére) -
Z,/Zo0 = 18 - les courbes ont été normalisées par
rapport a leurs maximums.

3.2. Amortissement par la face avant

On peut également augmenter le rayonnement d’énergie
vers I'avant par I'utilisation de couches adaptatrices d'impé-
dance entre I’élément piézoélectrique et e milieu de propa-
gation. On sait que pour une onde monochromatique, on
peut augmenter la transmission entre deux milieux en inter-
cafant une lame entre ces deux milieux. La transmission sera
maximale pour une lame d‘impédance égale & la moyenne
géométrique des impédances des deux milieux et d’épaisseur
égale au guart de la longueur d’onde. C’est un principe bien
connu et largement utilisée en optique par exemple ou le
traitement des lentilles par de telles couches permet une bien
meilleure transmission. Le probléme est cependant plus com-
plexe pour les transducteurs ultrasonores pour deux raisons :

(i} parce que les rapports des impédances des milieux
entre lesquels on veut améliorer la transmission est beaucoup
plus grand {dans le cas que 'on étudie il est de !'ordre de
20, alors que en optique il est de l'ordre de 1,5},

{ii) parce que |'on veut améliorer la transmission dans
un domsine de fréquence des ultrasons étendu {transducteur
a large bande).

Dans ce cas le principe exposé précédemment n'est plus
valable; pour optimiser de telles couches adaptatrices d'impé-
dance, on est obligé de calculer la réponse impulsionnelle
d’un transducteur en comportant. Plusieurs auteurs |5, 6, 7]
ont abordé ce probléme au moyen de 'analogie électroméca-
nique des transducteurs ultrasonores; nous avons préféré (8]
étudier la propagation de chaque impulsion de pression géné-
rée aux interfaces de la lame piézoélectrique dans un milieu
stratifié pouvant comporter jusqu'a cing couches {le milieu
constituant la face arriére d’'impédance Z,, la lame piézo-
électrique d’'impédance Zc, deux couches constituant la face
avant d'impédance Z, et Z, et le milieu de propagation
d'impédance Z,,). Ce sont ces impulsions qui aprés propaga-
tion dans ces différentes couches créent le champ ultrasonore
du transducteur. Nous pourrons ainsi optimiser théoriquement
la conception d'un transducteur & face avant multicouche.

4. CALCUL DE LA REPONSE D'UN TRANSDUCTEUR
4.1, Principe du calcu!

Comme nous l'avons exposé précédemment une excita-
tion é&lectrique impulsionnelle crée aux interfaces de la lame
piézoélectrique quatre impulsions de pression représentées sur
la figure 13 schématisant le transducteur. Nous supposerons
toujours que la face arriére est trés absorbante et donc que
I'impulsion (0) qui vy est créée -t complétement absorbée et
ne peut revenir vers "avant. Par contre les impulsions (1), (2)
et (3) vont étre transmises et réfléchies 3 chacune des inter-
faces entre les différentes couches et produiront une variation
de pression dans le milieu de propagation. A un instant donné
ia pression produite par le transducteur sera donc égale & la
somme des impulsions qui auront mis le méme temps pour
se propager depuis leur lieu de création jusqu’au point con-
sidéré. 1l est donc nécessaire de dénombrer tous les trajets
possibles de propagation de chaque impulsion & travers les
différentes couches, de calculer pour chacun d’eux le coeffi-
cient de transmission et le temps de propagation. Par une
sommation a chaque instant de ces différentes impulsions
on obtient la réponse impulsionnelle du transducteur. Le

T et e v
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ditail de la modélisation de ce calcul et exposé en

{8]. Ls principale difficulté du programme de calcul provient
du nombre tris important de trajets possibles, lequel s’accroit
de manidre exponentielle en fonction de la longueur des
trajets pris o1 compte {ou ce qul revient au méme en fonc-
tion du temps de propagation). Pour donner un ordre de
grandeur de cs nombre, It suffit de préciser que pour cal-
culer le tamps de réponse d'un tel transducteur sur un in-
tervalle de temps égal 3 dix fois ls période nominsle du
transducteur, NOus avons pris en compte plus de 10° *.ajets
différents.

‘ﬂ’ 2
OU’ ‘u

d L L]

Foce | Edmant couche § Couche 2] Miliou de
wrides | pibzodlectrique propagation

2z, | 2,

hﬁ:‘ l\l
Y

Fig. 13 ~ Schéma d'un transducteur 3 foce avant & deux
couches.

4.2. Présentation de queiques résuitats

Ls figure 14 permet fa comparaison des réponses de
tramsducteurs d Ia méme excitstion que dans le cas de la
figure 10. Les transducteurs simulés per ce caicul ont une
face arvidre d'impéddance Z,/Z,, = 2 ot une lame piézoé-
lectrique d'impédance Z_/Z,, = 18. Nous constatons quse le
fait de rajouter une lame d'impédance Z,/Z, = 2 et d'¢-
peisseur ¢, = A, /4 (0ol A, est la longueur d’onde dans le
matérisu constituant la lame pour la fréquence nominale du
tramaducteur) permet d'améliorer 3 la fois le temps de ré-

EA P
I ¢ l'l.““ﬂﬂﬁﬂﬁ t

(N} 5"‘"'”" ) Sans couche
oA PA
l
] I
” n_.ﬂ.ﬂ-——; B = g ';

{e) Une couche u {4) Deux couches
ZSIZ_- 7 2y/Ze 8 292,02

Fig. 14 — Résultats de coleul (Z/Zpy = 18, 25/20y = 2).

L T ——— - ARG AT

porsa, et {'efficacité du transductsur d’un rapport su moins
égal & 2. Une face avent & deux couches (Z,/Z,, = 6,
Z,/Zy = 2) améliors encors le risultat tant en temps de
réponse qu’en sensibilité (fig. 14 d). Nous pouvons égale-
ment observer sur la figure 16 'effet de ces couches sur la
réponse spectrale des transducteurs dans les mémes conditions
que celles de ls figure 12. Comme nous le verrons par la
suite I'impédance Z, = 2,7 X Z, pour une face avant 3 une
seule couche est Yimpédance optimale. La forme de la ré-
ponse spectrale de s figure 15 ¢ peut nous faire suppcer
que les valours des impédances Z, et 2, ne sont pas les
waleurs optimales.

N

a.Sans face avant

N
b.Une couche Z3 /z,.: 27

Py S l (.
v T L

N Tt

c.Deux couches 2; /z..:e , 22 / Zoon2

Flg 15 — Réponse spectrole des trunsducteurs en échogre-
phie (Z /2= 18, 2 (7, = 2).

i i i . e e JU——
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4.3. Optimisation des transducteurs

Ce programme de calcul permet d'optimiser les impé-
dances et les épaisseurs des différentes couches dont est
revitu un transducteur, en fonction de 'utilisation qui en
sors faite. La figure 16 nous permet de déterminer I'impé-
dance optimale d'une couche unique d’adaptation au niveau
de la face avant du transducteur dans le cas ol l'on s'inté-
resse & une réponse impuisionnelle la plus courte possible.
On peut remarquer que cette impédance optimale dans le
cas btudié (Z,/2,, = 2, Z./Z,, = 18) est égele & 2,7 X 2,
les impédances plus faibles entrainant une réponse impuision-
nelle insuffisamment amortie et les impédances plus fortes
entralnant une réponse impuisionnelle ayant des rebondisse-
ments qui peuvent étre trés néfastes, par exemple pour dé-
tacter des défauts prés de la surface d'une pidce. L'épaisseur
de is couche est égale dans ce cas A A,/4,00 A, est la lon-
gueur d'onde dans le matériau constituant la couche pour la
fréquence nominale du transducteur. Nous pouvons remar-
quer que |'optimisation ainsi obtenue ne correspond pas 3
celle de la transmission pour une onde monochromatique :
cette optimisation serait en effet obtenue pour Z,/Z., = 4.

Ao Ap ~
n n o t= q O~ - ':
UU = U Iy |
. 1
J -
z,/z,:z z /z..z,7
Ao
2 2
ﬂ Nn-t nn t
= 21[24233 o 21/2.34

Fig. 16 — Optimisation de l'impédance d’une couche unique.
(2,120 = 2, Z,/Zoo = 18).

De Ia méme manidre, |'épaisseur de la couche d’adap-
tation 8 une importance primordiale sur la réponse du trans-
ducteur. On sait que pour une onde monochromatique la
tramamission est optimale pour une épaisseur de cette couche
de \;/4, 3 \y/4, 5 )\/4, ...; ce n'est plus vrai pour une
onde impuisionnelle. Nous pouvons sn effet observer sur les

figures 17 ot 18 les réponses temporelies et spectrales dans
ie cas d'une couche d’impédance 2,7 X Z, d'épaisseur A,/4
ot 3 A4/4, Nous constatons un rétrécissement important de
is bande passant, correspondant & un amortissement moins
bon et des rebondis<.nents de la réponse temporeile dans

P |
|

b. o,=3x1/4

Fig. 17 — Réponse d'un transducteur dont la face avont
comporte une couche d'impédance Z,[Z., = 2,7
(2,)20=2; 2,2, =18) ; (a) &y = N4 ;

(b} ey = 3 N4 (méme condition d'excitation que
figure 10).

| k
3
—{

+— !
fn f
b. &= 3A‘/4

Fig. 18 — Réponse spectrale dans le méme cas que la figure
17 (mémes conditions que figure 12).

s,
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le cat o0 Vépaisseur est égale & 3 ), /4.

Un autre exemple d’optimisation qu’il est possible d'ef-
fectuer est présentd sur la figure 19. Pour une face avant
imposie per des contraintes de fabrication (dans I‘exemple
choisi cette facs avant est constituée d’une lame de verrs et
d'une lame de résine époxy), il peut #tre intéressant d’opti-
miser Fimpédance de ls face arriére pour obtenir une forme
ds ls réponse spectrale adaptée & l'utilisation qui sera faite
du tramducteur. Pour certaines spplicstions ol il est néces-
ssire d’avoir une tris bonne sensibilitd, la réponse de la fi-
gure 19 a sera la plus intéressante. Si I'on veut une réponse
spectiale pius régulidre, on sera par contre obligé d'augmen-
wr Fimpédance de fa face arridre. On obtient alors la réponse
spectrale présentée sur la figure 18 ¢

T
'S 20/2.34
/
f
b Zo/Z.sO
4
N f
c Zo/Z.:1O

Fig. 19 — Réponse spectrale de tronsducteurs & foce avant
9 deux couches en fonction de |'impédance de la
foce arriére.

g ooy

6. COMPARAISON AVEC DES TRANSDUCTEURS REELS

v o -

Des traneductsurs ayant des faces svant composées d'une
ou deux couches ont été fabriqués. Leur réponss a ét4 mesurfe
o dchographie (comme pour la figure 3). La figure 20 per-
met de comparer las résultats théoriques sux mesures corres-
pondantes. Nous observons un accord sastisfaisant compte tenu
des phénomines néylighs (effat pidrodlectrique inverse par
exemple).

) } qq
W‘ 4
{s) Mesure

{d) Caleut

Une couche i/ 2

! F n Aol
V vvvf' -
!
{e) Mesure {d? Calcud

Fig. 20 — Comparaison entre les résultats du calcul et de lo
mesure.

Catte méthode de calcul peut de plus donner des indi-
cations sur les défauts de fabrication des transducteurs. Nous
présenterons un seul exemple de cs cas : aprés fabrication
d’un transducteur & face avant 3 deux couches quart-d‘onde
Zy/Z0 = 8,21/20= 10, 22/ 2= 2 ot Z /2= 18, 8 =
A/4 et #; = X3/4) nous svons mesurd sa réponse spectrale
en échographie, qui est présentée sur la figure 21. Nous ob-
servons deux pics d'inégales hauteurs slors que le calcul
prévoit deux pics d’égeles hauteurs (fig. 22 8). Un deuxiéme
calcul effectud avec les mémes paramdétres excepté I'épaisseur
de ls couche (1) qui s été prise 20% plus faible donne une
réponse spectrale présentée sur s figure 22 b. Nous obser-
vons une diminution importante du deuxiéme pic comme
wur is réponse expérimentals. Nous pouvons ainsi sttribuer
cette irrégularith de ls réponse spectraie du transcucteur
réslisé » une imprécision de I'épaisseur d’une des couches
de la face avent.

Remerque - Signalons pour donner une idée de la difficulté
de fabrication de tels transductsurs que la ccuche (1) dans
le cas étudié est une couche de verre de 00 um d’épaisseur

SR
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o Ia couche (2) une coucha de résine époxy de 130 um
d’épeisseur, ce qui explique I'imprécision obtenue sur les
dpsisseurs de ces couches.

N

Fig. 21 —~ Réponse spectrale mesurée d'un transducteur 3
face avant o deux couches (Zoy/Z2pp = 6, Z1/Z0 =
10, 23200 = 2, Z /2, = 18 ; €y.= M\ /4, €3 =
A2/4).

Fig. 22 — Réponse spectrale calculée : (a) transducteur de
caractéristiques, identiques & figure 21 ; (b} trans-
ducteur de mémes caractéristiques sauf ey =
0.8 (\/4).

6. CONCLUSIONS

Les résultats obtenus tant par le calcul que per les
premidres réalisations de transducteurs ulirasonores & face
avant muiticouche permettent de conclure que de tels trans-
ducteurs auront une meilleure efficacité et une meilleurs
bande pessante que fes transducteurs de conception classique.
Caci permettra de résoudre un certsin nombre de problémes
qQui se posent en contrdle non destructif par ultrasons (aug-
mentation de la résoilution prés de la surface des pidces,
détection de défauts plus petits, ...).

La méthode de calcul présentée permet de guider fa
réalisation de tels transducteurs qui seront adaptés aux appli-
cations envisagées, d’une part en fournissant par une étude
paramétrique les caractéristiques de fabrication et d'sutre
part en permettant I'interprétation de leurs réponses mesurées,
on fonction des défauts de fabrication.
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1. MOTEURS D'AVIONS

C-74-701328 CA-TLSE

LA PIABILITE VECUE DANS LA PRATIQUE A AIR FRANCE.

Ravier (Mo), FRY(Fo), CYPKIN (Ro).

Aiz France

Mronaut. et Astronaut. : (Fr.), N® 42 (1973-4), pp. 17-37, 18 fig. 3 tabl,

Présentation d'une série de trois exposés sur la fiabilité : théorie et pratique de la fiabilité des
équipements : importance des moyens de surveillance d'état des moteurs ; fiabilité avion et systimes
(ACA-DA) . .
Piabilité avion. Fiabilité. Equipement de bord. Entretien maintenance aéronef. Motaur adronef. Méthodes
statistiques. Opération compagnie aérienne. Détection défauts. Surveillance.

Air Prance. Temps moyen entre pannes. Contrdle non destructif. Intervention Etat. 01 02, 14 O4.

C-78-006341 MD

CRITICAL INSPECTION OF BEARINGS FOR LIFE EXTENSION

{Inspection critique de paliers en vue de la prolongation de leur durée de vie).

Barton(J.R.) , Kusenberger (F.N.), Smith (R.T.).

Mvisory Group for Aerospace Research and Development

AGARD Conference Proceedings, vol CP-234, N*®12 (3/78), pp. 1-29, 26 réf. bibl. 1 fig. 1 tadbl.,
22 phot. Voss (27-29/9/77), ISBN 92-835-0213~2, Me.372-15

Racherches effectuées pour le développement de méthodes de contrSle non destructif plus s(res

(en particulier contrSle magnétique)

Palier. Fiabilité. Contrdle qualité., Durée vie matériel. Essai non destructif., Moteur aéronef.
Propriété magnétique. Domaine magnétique. Détection défaut. Contrainte résiduelle. Installation essai.
Signature magnétique. Roulement bille.

Contrdle non destructif. Programme fiabilité, Pratt vhitney J57 moteur.

C=~77-03395 MD

ACCEPTABLE METHODS TECHNIQUES AND PRACTICES. AIRCRAFT INSPECTION AND REFAIR

{Inspection et réparation d'un avion. Méthodes, techniques et pratiques acceptables).

Pederal Aviation Administration (US),

PAA-AC-43-13-1A

Advisory Circular (1972), 333 p. , nombr. fig., tabl. et Phot. (Comprend 1'Amendement du 5/12/75).
Cet cuvrage comporte 16 chapitres traitant de l'inspection de la réparation des aéronefs. Réparation
des structures, des revétements, du ciblage, des équipements, des systémes électriques, radio et
#lectroniques de rotors, hélices et moteurs. Protection contre la corrosion (CAEN/GM).

Entretien maintenance aéronef. Réparation. Norme. Etats Unis. Inspection. Ac ire aéronef. Cellule
aéronef. Equipement électrique aéronef. Structure aéronef. Moteur aéronef. Protection corrosion. Essai
non destructif.

C~78-006674 MD

X=RAY DIFFRACTION : FROM STRUCTURAL X-RAY DIFFRACTOGRAPHY TO X~RAY OSCILLOGRAPHIC DIFFRACTOSCOPY
{La diffraction des rayons X : de la diffractographie i la diffractoscopie oscillographique des
structures).

TRONCA (A.).

Advisory Group for Aercspace Research and Development,

AGARD Conference Proceedings, vol. CP-234, N*8(3/78), pp. 1-12, 3 réf,. bibl,, 3 tabl. , 12 phot.
voss (27-29/9/77), ISBN 92-835-0213-2,

Me. 372-15

pésultats obtenus par trois méthodes d'inspection rapide d'aubes de compresseurs de moteurs i réaction:
diffractographie classique de rayons X ; inspection oscillographique rapide.

Rayon X. Diffraction. Essai non destructif. Pilm radiographique. Oscillographe. Détection défaut.

Aube compresseur. Moteur réaction. Alliage aluminium. Acier. Courant Foucault. Analyse diffraction
rayon X. Contrfle non destructif.

B-1
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C-78-006411 MD

SURFACE CORROSION EVALUATION BY FELATIVE MAGNETIC SUSCEPTIBILITY MEASUREMENTS

{Analyse de la corrosion de surface par des mesures de susceptibilité magnétique relative).

Walther (H.).

Advisory Group for Aerospace Research and Development.

AGARD Conference Proceedings, vol. CP~234,N°6(3/78), pp. 1-11, 1 réf, bibl., 11 fig. Voss (27-29/9/77),
ISBN 92-835-021 3-2.

Me. 372-15

Etudes ¢'aubes de turbines d'avions en In-100, d'aubes de turbines de centrales et d'échantillons de
fluage en INCONEL X-750 : principe de la méthode,

Susceptibilité magnétique. Résistance corrosion. Propriété surface. Essal non destructif.
Superalliage. Alliage nickel. Acier inoxydable. Mesure cxpérimentale. Transformation phase.
Oxydation. Carbonisation. Aube turbine. Détection défaut.

Contréle non destructif. Oxydation alliage. Inconel alliage.

" A-77~011606 MD

MAGNETIC PARTICLE INSPECTICM OF AVIATION ENGINS VANES

Aleksandrov (A.G.), Shelikhov (S.G.)

Soviet Journal of Nondestructive Testing, vol. 12, N°1, Nov. 1976, p. €2-65

Translation. Magnetic Measurement. Jet Vanes. Nondestructive Tests. Powder Particles. Aircraft
Engines. Cracking Fracturing.

A-77-011603 MD

SIGNAL-TREATMENT METHODS DURING AIRCRAFT-ENGINE INSPECTION BASED ON VIBROACOUSTIC NOISES.
Izokh (V.V.), Mikulovich (V.I.} :

Soviet Journal of Nondestructive Testing, vol.l2, N°1, Nov 1976, p. 25-34. 15 refs.

Engine Design. Acoustic Measurcments. Aircraft Engines. Spectrum Analysis. Signal to noise ratios.
Nendestructive Tests. Translation.

AD-AO36 000/8SL MD

EVALUATION OF CALIFORNIUM-252-BASED NEUTRON RADIOGRAPHY AND PHOTON SCATTERING TECHNIQUES FOR THE
INSPECTION OF HOT ISO-STABICALLY PRESSED COMPONENTS OF T-700 . AIRCRAFT ENGINE. FINAL REPT.
Harper H. , Young (J.C.), Baltgalvis (J.), Weber (H.), John (J.).

Irt Corp San Diego Calif.

Contract DAAJO1-75-0-0895.

Aug. 76, .84p. Rept n®. IRT-6102-003

The Evaluation of two non destructive gas turbines. Turboshaft engines. Neutron radiography.
Nondestructive testing. Isostatic pressing. Hot pressing. Gages. Compton scattering. Phctons.
Scattering. Three dimensional. High resolution. Helicopter engines. Californium. Radioactive
Isoctopes. 14 02. 21 05.81 o4.

T-7C0 engines. NTISDODXA

AD-AQ35 181/7SL MD

FEASIBILITY DEMONSTRATION OF USING PULSE LASER HOLOGRAPHIC TECHNIQUES TC INSPECT NAVAL AIRCRAFT
ENGINE COMPONENTS. FINAL TECHNICAL REPT...

Jacoby (J.L.), Wright (J.E.).

TRW Systems Group Redondo Beach Calif Space Vehicles Div,

Contract N° C156-74-C-1580. Proj. F414C1. Task WF41461400.

27 Jun 75, 34p. Rept N° TRW~AT-SVD-TR-75-9

The feasibility of employing pulsed laser holographic int.

Non destructive testing. Turbine blades. Pulsed lasers. Holography. Interferometry. Aircraft
entines. Airfoils. Cracks. Inspection. Transients. Vibration. Feasibility studies. Dynamic
loads. Turbine wheels. 14 02.21 05.01 03.81 04.82 oO1.

T-56 engines. TF-41 engines. NTISDODXA

AD-904 725/9SL MD

AIRBORNE ENCGINE CONDITION ANALYSIS INSTRUMENTATION (AECAI). FINAL REPT.,.

Harris W.J., Minnear (J.). Chang (J.D.), Ziebarth (H.K.}. ;
Airesearch Mfg CB Los Angeles Calif,

Contract N° 0019-71-C-0304. Distribution limitation now removed.

Jul 72, 262p. Rept N° 72-8518.

Aircraft engines. Monitors. Turbofan engines. Monitors. Jet bombers. Attack bombers. Performance
Engineering. Aircraft equipment. Detectors. Instrumentation. Airborne. Degradation. Fuel systems. Oils.
Lubricants. Sampling. Control systems. Data processing. Recording systems. Display systems. Non
destructive testing. Real time. Acoustic detectors. Vibration. Analysis. 21 05.01 03.
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AD/A~000 660/1SL MD

SOME QUESTIONS ON THE CREATION OF AN OPEN STAND FOR ACOUSTIC INVESTIGATIONS OF DTRD'S.
Balmakov (A.I.), Enenkov (V.G.).

Foreign Technology Div Wright-Patterson AFB Chio,

18. Edited machine trans. of Rizhskii Institut Inzhenervov Gradzhanskol Aviatsii. Trudy (USSR)
n® 174 p. 135-152 1971 by James R, Moore.

22 Oct 74, 25p. Rept n°® FTD-MT-24-863-74.

Contemporary methods of experimental research on the acoustic characteristics of DTRD's are

examined in the article. Primary attention is given to the full scale experiment on an open stand.
The purposes of acoustic investi. Turbofan engines. Test stands. Acoustic emissions. Acoustic fields.
Acoustic equipment. Test facilities. USSR. Translations. 21 05.20 0O1.

NTISDODAF.

AE77-00427 CA-TLSE

PRODUCTION INSPECTION OF NEAR NET SHAPE TURBINE DISKS.

(Méthode de contréle de Fabrication de disques de turbine forgés pratiquement aux "cotes finies").
Doherty (J.), lLagrotta (J.M.), Wheeler (E.}.

AIAA Paper ; N° 77-882 (7/77), 5p. 4réf. bibl. 6 fig. (IAA-A77-3B8572).

Me 300-1

Contrdle qualité. Moteur aéronef. Turboréacteur. Turbine gaz. Rotor turbine. Disques. Métallurgie

poudre.
Contr#le fabrication. Contrdle non destructif. Essai ultrasonique. Cotation fabrication.

AD-ACO7 850/1SL MD

NONDESTRUCTIVE HOLOGRAPHIC TECHNIQUES FOR STRUCTURES INSPECTION. FINAL TECHNICAL REPT.
1 Jul 71~ 30 Apr 74. '

Erf (R.K.), Gagosz R.M,, Waters 'J.P.), Stetson {(X.A.), Aas (H.G.)

United Aircraft Research Labs East Hartford Conn Air Force Materials Lab.

wright Patterson AFB, Ohio.

Contract F33615-71-C~1874. Proj. AF-7351. Task 735109.

Oct 74, 181p. Pept n° UARL- N991208-36

The theoretical and experimental work, performed during a three vear study concerned
Holography. Nondestructive testing. Rirframes. Structures. Surface roughness. Compressor blades.
Adhesive bonding. Cracks. Detection. Strain Mechanics. 14 02.14 05.01 03.73 04.82 01.51 o03.
NTISDODAF

Radiography. Fluorescent screens. Nondestructive testings X ray photography. Photographic materials.
Photographic contrast. Chotographic imaces. Aluminium alloys. Titanium alloys. Honeycomb cores.
Fractography. Turbine blade.

N78-22101/7SL. CA-TLSE
IN-PLACE RECALIBRATION TECHNIQUE APPLIED TO A CAPACITANCE-TYPE SYSTEM FOR MEASURING ROTOR BLADE
TIP CLEARANCE

Earranger (J.P.).

National Aeronautics and Space Administration. Lewis Research Center, Cleveland, Ohio

Apr 78, 35p. NASA-TP-1110, E-9395,

The rotor blade tip clearance measurement system consists of a capacitance sensing probe with self con-
tained tuning elements, a connecting coaxial cable, and remotely located electronics. Tests show that
the accuracy of the system suffers from a strong dependence on probe tip temperature

Blade tips. Clearances. Rotor blades Turbomachinery. Capacitance. Calibrating. Coaxial cables.

Jet engines. Nondestructive tests. Sensors. Transducers. 21 05.81 04

NTISNASA

N78-11991/45L CA-TLSE

LA RECHERCHE AEROSPATIALE Bi-Monthly Bulletin N° 1977-2,

European Space Agency, Paris (France)

Tran-Transl. into English of Ic Rech. Aerospatiale, Bull. bimestriel (Paris).

N° 1977-2, Mar. 2pr 1977 p. 67-132. Misc-original French Report Available from ONERA, Paris, FF 30.
SeF 77. 181 p. ESA-TT-408

No abstract

Acoustic emission. Boundary layer transition. Bolographic interferometry. Thermosetting resins.

Trajectory optimization. Cascade flow. Compressibility effects. Fluid mechanics. Incomgiessible

boundary layer. Structural analysis. Switching theory. Turbine blades. Turbulent jets. 01 01.22
03.11 09.05 o©1.51 0©01.84 04.71 15.

Translations. France. NTISNASAT.
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N74-121 87/2 ]

FLIGET MONITOR FOR JET ENGINE DISK CRACKS AND THE USE OF CRITICAL LENGTH CRITZRION OF FRACTURE
MECHANICS

Barranger (J.P.).

National Aercnautics and Space Administration. Lewis Research Center, Cleveland, Ohio.

Nov 73, 21 p. NASA-TN-D- 7483, B-7570.

A disk crack detector is discussed which is intended to operate under flight conditions. It monitors
the disk rim for surface cracks emanating from the blade root interface. An eddy currant type sensor,
with a remotely located capacitance/conductance bridge and sigral analyzer, can reliably detect a
simulated crack 3mm long.

Crack propagation. Eddy currents. Non destructive tests. Rotating disks. Practure mechanics. Jet
engines. Surface cracks., Turpocoapressors.

NASA.

M-76-221487

MAGNETIC POWDER MONITORING OF AIRCRAFT ENGINE BLADES
Aleksandrov (A.G.) , Shellikhov (G.S.)
Defektoskopiya, Jan. Feb. 1976 (1) , 81-85 (Russian)

Turbine blades. Nondestructive testing. Magnetic particle testing.
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I1. MOTEURS NON EXPLICITEMENT D'AVIONS

A-77-046815 CA~TLSE
RBOLOGRAPHIC TESTING IN THE INDUSTRIAL ENVIRONMENT.
Nicholls (D.W.)

Society for Experimental Stress Analysis,

Spring Meeting, Dallas, Tex. May 15-28 1977, Paper. 18 p.

Non destructive tests. Engine parts. Structural Members. Turbines. Holography.

A-77-03764S

ADVANCED NONDESTRUCTIVE INSPECTION TECHENIQUES AS APPLIED TO FRACTURE MECHANICS DESIGN FOR TURBINE
ENGINE COMPONENTS.

Packman (P.F.)

Amarican Society of Mechanical Engineers, New York.

Fatigue life technology, Proceedings of the Symposium, Philadelphia, Pa. March 27-31 1977, p. 95-116,
19 ref. Contract N®* F44626-76-0-0042.

Nondestructive tests. Gas Turbine Engines. Fracture Strength. Engine Tests. Engine parts.

A=-77-030173 CA-TLSE

JET ENGINE ISOTOPE INSPECTION

Guillen (J.A.)

World Conference on Nondestructive Testing, 8th , Cannes, France, September 6-11 1976, Proceedings.
Paris, Institut de Soudure, 1976, Section 58, Paper $8-6. 8 p.

Nondestructive tests. Radiography. Radiocactive isotopes. Engine tests, Jet engines. Iridium isotopes.

A-76-032141 MD

DEVELOPMENT OF STRESS ENHANCFD ULTRASONIC COMPRESSOR BLADE INSPECTION EQUIPMENT

Lake (W.¥W.), Thorp (J.), Barton (J.R.), Perry (W.D.)

Southwest Research Institute, San Antonio, Tex,

Symposiuvm on Nondestructive Evaluation, 10th, San Antonio, Tex. April 23-25, 1975, Proceedings
p. 181-193, 8refs. Grant N* DAAJO1-73-C-088B1.

Gas turbine engines. Ultrasonic tests. Compressor blades. Engine tests.

A-75-046564

PROTON RADIOGRAPHIC DETECTION OF MICROPOROSITY IN AERO~-ENGINE TURBINE CASTINGS.
Stafford (P.), Sherwood (A.C.), West (D.)

Non destructive Testing

Vol 8 Oct 1975, p. 235-240

Heat resistant alloys. Turbine blades. Cast alloys. Nondestructive tests. Microporosity. Proton
irradiation.

A-74-043166

TURBINE BLADE INSPECTION

Exf (R.K.)

New York , Academic Press, Inc.

1974, p. 343-354, 7 ref. (A74-43151 22~14) . Contract N* NOOO19-69-C-0271.

Turbine blade inspection via holographic interferometry.
Turbine blades. Nondestructive tests. Vibration measurement. Holographic interferometry.

. A=74-027452 »

PARAMETER SELECTION FOR MULTIPLE FAULT DIAGNOSTICS OF GAS TURBINE ENGINES.

Urban (L.A.)

American Society of Mechanical Engineers, Gas Turbine Conference and Products Show, Zurich, Switzerland,
Mar 30 Apr 4, 1974, Paper 74-GT-62, 6p.

Paramster selection for multiple fault diagnostics of gas turbine engines. SASME paper 74-GT-620

Gas turbine engines. Thermodynamic cycles. Engine monitoring instruments. Nondestructive tests.
Engine analyzers.
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A-74-027444 o]

RESIDUAL STRESSES IN GAS TURBINE ENGINE COMPONENTS FROM BORKHAUSEN NOISE ANALYSIS.

Barton (J.R.), Kusenberger (F.N.)

American Society of Mechanical Engineers, Gas Turbine Conference and Products Show, Zurich, Switzerland
Mar 30, Apr 4, 1974, Paper 74-GT-51, 9 p. 22 ref.

Residual stresses in gas turbine engine components from Borkhausen noise analysis. SASME Paper 74-GT-510

P S T -

j Gas Turbine Engines. Stress Mesasurement. Nondestructive tests. Residual stress. Engine parts. Engine noise.

1 A-74-027417 o)

DIAGNOSTIC SONICS FOR GAS TURBINE ENGINES

Zabriskie (C.J.) )

American Society of Mechanical Engineers. Gas Turbine Conference and Products Show, Zurich,
owitzerland

Mar 30 Apr 4, 1974, Paper 74-GT-18, 10 p.

Diagnostic sonics for gas turbine engines S5ASME Paper 74-GT-180,.

Sonograns. Gas turbine engines. Engine monitoring instruments. Nondastructive tests. Acoustic measurements,

A-74-016480 TLSE
NON DESTRUCTIVE INSPECTION OF TITANIUM JET ENGINE DISKS
Vicki (r.J.)

Proceedings of the Second International Conference, Cambridge, Mass.
' May 2-5 1972, Volume 1 (A74-16444-05-17) New York, Planum Press, p. 733-741
Non destructive inspection of titanium jet engine disks.

Jet engines. Non-destructive tests. Titanium alloys. Engine parts.

AD-AO43 959/6SL CA-TLSE
. ULTRASONIC INSPECTION OF CERAMICS OONTAINING SMALL FLOWS. Final Technical Rept.
i 19 Peb 76 18 red 77
: Derkacs (T.). Matay (I.M.), Brentnall (W.D.)
! TRW Inc Cleveland Ohio, Contract N® 622269-76~C-0148
; Max 77, 77 p. Rept n® TRW-ER-7867-F

A 45 Mz ultrasonic shear wave technique was developed and evaluated for detection of small defects.
Ceramic materials. Defects Materials. Ultrasonic tests. Nondestructive testing. Bigh Frequency. Gas
turdbines. Silicon carbices. Silicon nitrides. Boron. Doping. Hot pressing. Sintering. Fracture Mechanics.
! Plexural strength. Shear stresses. Surface finishing. Fractography. 11 02.21 05.14 02.71 04.94 10.81
Caralloy 147A. NTISDODXA

AD~AO40 333/7SL CA-TLSE

A COMPARISON OF VARIOUS NON-DESTRUCTIVE INSPECTION PROCESSES USING HOT ISOSTATICALLY PRESSED PONDER
TURBINE PARTS.

; Pinal rept. Jun 75 - Jun 76

| Mulk (D.E.)

1 Ganeral Electric Co Lynn Mass Aircraft Engine Group

Contract DAAJO1-75-C 0894

Dec 76. 173 p.

Pour smerging NDE (non destructive evaluation} processes.

Non dastructive tasting. Turbine parts. Powder metallurgy. Hot pressing. Isostatic pressing. Gas

turbines. Turboshaft engines. Cracks. Defects materials. Surface analysis. Parasity. Uitrasonic Inspection.
Fluorescence. Holography. Acoustic detection. Neutron radiography. Campton scattering. 14 02.21 05.54

10.81 o4.

T-700 engines. Nicket alloy Rene 95 . NTISDCDXA

AD-AO23 246/7SL | o]
WELDED ROTOR INSPECTION DEVELOPMENT PROJECT TS55-7-827
Pinal rept. 1 Jun 75 15 Mar 76

Jain Sushiel, Strautman Victor, Jodon Paul

Avce Lycoming Div Stratford Conn

Contract DAAJO1-75-C~0339

1S Mar 76. 64 p . Rept n® LYC-76-16

The results of this project show that the pulse-echo techniques used in ultrasonic testing offers the
best resolution and flow detectability on a welded rotor shaft. Based on these results, detailed procedures
have been established defining acceptance criteria and equipment used. This project also covered
Ultrasonic tests. Nondestructive testing. Gas turbine rotors. Welds. Acoustic emissions. Welded joints.

; Gas turbines. Electron beam welding. Inertia 21 05.14 02.81 04.73 O1

} NTISDODXA

:
L |
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AD~-A027 357/3SL M
NONDESTRUCTIVE EVALUATION OF CERAMICS

Pinal technical rept. 20 Jan 75 19 Apr 76

Derkacs (T.). Matay (I.M.) , Brentnall (W.D.)

TRW Inc Cleweland Ohio , Contract N° 0019-75-C- 0238
19 May 76, 124 p. Rept n® TRW-ER-7798-F

An ultrasonic nondestructive evaluation (UNDE) techniques was dcveloped to successfully datsct small
defects in gas turbine quality ceramic materials. A high frequency (25-45 MHz), longitudinal wave mode,
pulse-reflection.

Gas turbines. Ultrasonic tests. Silicon carbides. Silicon nitrides. Nondestructive testing. High
frequency. Ultrasonics. Flexural strength. Hot pressinc. Defects materials. Fracture mechanics.
Bonding. Sintering. 11 02.71 04.73 o1

Refractory materials . NTISDODXA

AD-ADO8 273/5SL MD

DEVELOPMENT OF NONDESTRUCTIVE INSPECTION EQUIPMENT FOR JET EnNGINE COMPRESSOR BLADES
Final Rept. 21 Aug 73 - 31 Jan 75.

Perry (W.D.) , Silvus (H.S.), Barton (J.R.)

Southwest Research Inst San Antonio Tex Army Aviation Systems Command, St. Louis, Mo
Contract DAAJO!-73-C-0881.,

Peb. 75, 60 p. Rept N* SWRI-15-3707

The report presents the results of a program to develop a prototype syttem to semi-automatically
inspect compressor blades using the "stress enhanced ultrasonic method” .

Non dsstructive testing. Compressor bladec. Ultrasonic tests. Ultrasonic inspection. Jet engines.
Cracks. Fatigue mechanics. Test equipment. 13 08.21 05.14 02.73 01.94 02.81 04,

T-53 engines. NTISDODA

AD~-769 317/9 ™D

PROBLEMS OF DYNAMICS AND DURABILITY.

Number 229, 1972 (selected articles)

Pallei (Z.S.); Pivovarov (V.A.)

PForeign Technology Div Wright-Patterson RFB, Chio,

18. Edited machine trans. of Voprosy Dinamiki i Prochnosti (USSR) n® 229 p. 1-74 1972, by Robert

Allen Potts.

27 Sep 73, 74 p. Rept n® FTD-MT-24-660-73.

Predicting the service life of the rotor blades of turbines on the basis of equivalent bench tests, Pre-—
di cting the service life of turbine rotor blades, Analysis of the failures of turbine rotor blade.

Gas turbine blades. Performance Engineering. Life Durability. Rotor blades Turbomachinery. Gas turbines.
Failure. Thermal properties. Oscillation. Nondestructive testing. USSR. Translations.

Ar.

77-32471/3SL CA-TLSE

BOLOGRAPHY AND APPLICATIONS (GENERALITES SUR L'HOLOGRAPHIE ET SES APPLICATIONS)

Smigielski (P.)

Institut Franco-allemand de recherches, St Louis (France).

Conf-presented at the conf. On inform. sur les Appl. de l'Holographie au controle non destructif,
Paris 22 Jun 1976. Language in French

30 Aug 76, 44 p. ISL-CD-209/76

A review of the history and phyzical principles of holography is presented.

Applications using interferometric holography are discussed with regard to nondestructive tests,
dimensional control, dynamic measurement of deformation.

Holographic interferometry. Non destructive tests. Holography. Deformation.

Hydrodynamics. Turvine blades. 14 05.21 05.14 02.82 01.94 10

France. NTISNASAE

N76-33526/4SL MD

INSPECTION OF CCMPOSITES USING A COMPUTER-BASED REAL TIME RADICGRAPHIC FACILITY

Roberts (E.J), Vary (A.)

National Aercnautics and Space Administration. Lewis Research Center, Cleveland, Ohio
Conf-Presentdd at the 2D Conf. on Automated Inspection and Product Control, Chicago, 19-21 Oct 1976
1976 12p. NASA-TM-X-73504

A radiographic inspection facility was developed at the NASA Lawis

Compogite materials. Gas turbine engines. Radiography. Research facilities. Digital computers. Epoxy
resins. Imaging techniques. Real time operation. Ring structures. Ultrasonic rests. X ray analysis, 21
05.11 04.14 02.81 04.71 06.84 10

Non destructive testing. Diagnostic equipment. NTISNASA

i e e T — 5 o 2 R SRS .
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ANL-MSD-78~5 CA-TLSE

MON DESTRUCTIVE EVALUATION TECHNIQUES POR HIGH TEMPERATURE CERAMIC COMPONENTS
Quarterly Report, January- March 1978

Argonne National Lab. 111 Department of Energy.

Contract W-31-109-ENG-38.

Mar 78, 15p.

“Ihe use of holographic interferometry techniques for the nondestructive evaluation of ceramic heat
exchanger tubes and ceramic rotors for high temperature (avove 1200 exp O C).

Possil-fusl power plants, Heat exchangers. Tubes. Ceramics. Gar turbines. Holography. Interfercmetry.
Nondestructive testing. Research programs. Very high temperature. 10 02.14 02.11 02.10 01.21 05.13
11.94 10.97 09.94 09.97 12.81 O4. ERDA/200104. ERDA/420500. Electric power plants. Gas turbine
rotors. NTISDE.

UCKL~78280 ARC

PLASH RADIOGRAPHIC TECHNIQUE APPLIED TO FUEL INJECTOR SPRAYS

Sahl(X.L.), Vantine (H.C.)

California Univ. Livermore, Lawrence Livermore lab. Energy Research and Development Administration.
Contract W.7405-eng-48. American Society for Nondestructive Testing Flash X-Ray Symposium, Houston,
Texas, United States of America (USA), 27 Sep 1976, Jun 76 17 p. CONF-760914-4

A flash radiographic technique, using 50 ns exposure times, was used to study the pattern and density dis
Pusl injection systams. Furnaces. Gas turbines. Internal combustion engines. Density. Distribution.
Droplets. Sprays. X-ray raciography. 21 05.21 07.87 04.81 10

ERDA/330100, ERDA/420500. ERDA/421000, NTISERDA

»-78-220792

USE OF A SEMI-AUTOMATED EDDY CURRENT INSPECTION SYSTEM ON AN INCOLOY 901 MATERIAL
Lewis {R.R.)

ASNT 37th National Pall Conference. ASNT, Columbus, Ohio. 1977, 410-421. (English).

Nickel base alloys. Nondestructive testing. Superalloys. Eddy current testing. Jet engines. Turbines.
Cracks, Incoloy 901 WNI. SP

»-78-220764

ACOUSTIC EMISSION FLOW DETECTION IN TURBINE COMPRESSOR BLADES

Green (A.T.), Pricker (R.), Welr (D.B,)

ASNT 37th National Fall Conference. ASNT, Columbus, OChio 1977, 19-21 . (English).

Turbine Blades. Nondestructive tasting. Acoustic emission.

»-78-220761

CRACK DETECTION BY HOLOGRAM INTERFEROMETRY

2arutskii (M.A.)

Sov. Phys. Tech. Phys. May 1977, 47, (5) , 641-642 (English).

Holography. Crack propagation. Turbine blades. Flow detection.

M-78-220588

COMPOSITE FAN BLADES CAN BE INSPECTED HOLOGRAPHICALLY
Delgrosso (E.J.); Carlson (C.E.)

Autowot. Eng. Dec. 1977, BS (12) , 62-65 (English).

Turbine blades. Nondestructive testing. Titanium bagse alloys. Composite materials. Baron. Aluminium
Bolography. Ti-6Al1-4V. TI.

M=78-220240

POSSIBILITIES OF LOW TEMPERATURE RADIOGRAPHY

Keor (P.)

Br. J. Non-destr. Test. Sep 1977, 19 (5) , 239-241. (English).

Turbine blades . Nondestructive testing. Radiography. Low temperature.

w77-221371

INSPECTION OF JET ENGINES WITH 1SOTOPES

Martinex (J.A.G.)

Nondestructive Testing. Asoc Espanolo Paro el Control de la Calidad, Bilbao.1976- 121-125 (Spanish).

Jet engines. Nondestructive testing. Inspection. Radiography. Radiocisctopes.
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H=77-22137%
INSPECTION OF JET ENGINES WITH THE BOROSCOPE

. Rublo (J.)

Nondestructive tasting. Asoc Espanocla Paro el Control de la Calidad, BIlbao 1976,
157-163 (Spanish). '

Jet engines. Nondastructiwve testing. Inspection. Maintsnance

#-77-220985 :

INSPECTION OF WELDS BY AN ACOUSTIC-EMISSION METHOD DURING ELECTRON-BEAM WELDING.
Bolotin (Y.I.) , Belov (V.M.)

Scar. Proizvod. Apr 1976 (4), 29-31 (Russian).

vauuui\- steels. Welding. Electron beam welding. Welded joints. Nondestructive testing. Turbine

blades. Acoustic emission.

"=77~2200323

PROVOCATIVE TECHENIQUES IN THERMAL NDT IMAGING.
Trezek (G.J.), Balk (S.)

Marer. Eval. , Auf, 1976, 34, (8), 173-176 (English).

Turbine blades. Nondestructive tasting. Thermal radiation. Flow detection.

M~76-220981 .

TESTING COMPLEX-SHAPED PARTS BY THE ULTRASONIC ECHO METHODS
Shraiber (D.S.)

Defektoskopiga. Nov.~ Dec 1975 (6) 17-25 (Russian)

Turbine blades. Nondestructive testing. Ultrasonic testing.

M-76-220292

APPARATUS FOR MEASURING BLADE DISPLACEMENTS IN FULL~SCALE TURBODYNAMO DISCS.
Ostopchuk (II)

Probl. Prachn. Sep 1975 (9) 100~101 (Russian)

Stainless steels, Dimensional analysis. Nickel base alloys. Testing equipment . Design. Nondestructive
testing. Turbine blades.

M-76-220269

NON DESTRUCTIVE TESTING ON INCONEL TURBINE BLADES USING SMALL ANGLE NEUTRON SCATTERING.
Cherubini G. , Olivi A. , Pizzi P, , Walther H.

Metall, Ital. June 1975, 67 (6) , 315-319 (Italian).

Superalloys. Nondestructive testing. Nickel base alloys. Turbine blades. Neutron radiography.
Inconel X750. SP. NI. Inconel 700

M-76-220064

ULTRASONIC TESTING OF METAL-METAL SOND IN INTERNAL COMBUSTION ENGINE CYLINDERS

Deputat (J.) Pawlowski (Z) , Rulka (R.)

Paper N* C-49, 7th International Conference on Nondestructive testing, Warsaw, Poland. 1973, 9p.
(Pamphlet) . (English).

Engine cylinders. Nondestructive testing. Cast iron. Aluminium. Ultrasonic testing. Adhesive bonding.

%-75-220377
SHARP PFOCUS IMPROVES X-RAY ANALYSIS

Spaulding (W.H.)

Met. Prog. Dec 1974, 106 (7) , 86-88 (English)

Jet Engines, Nondestructive testing. Welded Joints. Titanium base alloys. Radiography.

"-~75-220012
SIGNAL TO NOISE RATIO IN THE INSPECTION PENETRANT PROCESS

Alburget (J.R.)
Mater. Eval. Sep 1974 22, (9), 193-200 (English).

Fluid penetrant testing. Penetrants. Acoustic measurement. Turbine blades. Nondestructiwe testing.
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H-74-510500

INCRRASING THE SOUNDNESS OF TURBINE BLADE CASTINGS BY THE LOST WMAX PROCESS.
shpindler (S.8.), Portnoy (YP) Kalashnikovs (K.N.) , Grigorash (E.r.)
Liteino. Proizv, PFeb 1974 (2) , 2-) (Russian).

Turbine blades. Casting. Beat resistant alloys. Investment casting. Casting defects. Men &structiw
tasting.

"-74-220333

HIGE ENERGY RADIOGRAPHY ~ A NEW TECHNIQUE IN THE DEVELOPMENT OF EFFICIENCY AND INTEGRITY IN AERO
C+8 TURBINE ENGINES.

Pullen D.A.W.

Mater. Rval. Peb. 1974, 32 (2) 25-30 , 37. (English).

Jet Engines. Nondsstructive tasting. Radiography. Linear accelsrators.
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14. Abstract

This Lecture Series No.103 on the subject of Non-Destructive Inspection Methods for
Propulsion and Components is sponsored by the Propulsion and Energetics Panel of AGARD

and implemented by the Consultant and Exchange Programme.

The safety in use of mechanical systems is dependent on the identification of possible

defects in their component parts. This particularly applies to turbine engi
components of which, especially turbine and compressor discs and blades,
particularly severe stresses; creep, low cycle fatigue, thermal fatigue,

These potential defects must be detected, on the one hand when the parts

manufacturing stage and, on the other, during periodic inspections in service.

It is, therefore, essential to have available non-destructive inspection methods which, while
they are accurate and sensitive, can be used in the workshop for the detection of even minor

defects and cracks.

A considerable amount of research work has been done throughout the world in this field
and has led to the development of various methods; ultrasonic, magnetometer, X-ray. New
procedures, which are complementary to these now conventional methods, are in process of

development or optimization; acoustic emission, laser holography, eddy ¢

The aim of this Lecture Series is to survey the means currently available, with particular
emphasis on the intrinsic possibilities and present limitations of the non-destructive inspec-
tion methods most widely applied to turbine engines, and to describe the state of progress

of research on more recent methods.
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These potential defects must be detected, on the one hand when the parts are at the
manufacturing stage and, on the other, during periodic inspections in service.

it is, therefore, essential to have available non-destructive inspection methods which,
while they are accurate and sensitive, can be used in the workshop for the detection of
even minor defects and cracks.

A considerable amount of research work has been done throughout the world in this
field and has led to the development of various methods; ultrasonic, magnetometer,
X+ay. New procedures, which are complementary to these now conventional
methods, are in process of development or optimization; acoustic emission, laser
holography, eddy current etc.

The aim of this Lecture Series is to survey the means currently available, with particular
emphasis on the intrinsic possibilities and present limitations of the non-destructive
inspection methods most widely applied to turbine engines, and to describe the state of
progress of research on more recent methods.

The material in this publication was assembled to support a Lecture Series under the
sponsorship of the Propulsion and Energetics Panel and the Consultant and Exchange
Programme of AGARD and presented on 2324 April 1979 in London, UK, and on
26 -27 April 1979 in Milan, Italy.

ISBN 92-835-0237-X
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inspection methods most widely applied to turbine engines, and to describe the state of!
progress of research on more recent methods.

The material in this publication was assembled to support a Lecture Series under the
sponsorship of the Propulsion and Energetics Panel and the Consultant and Exchange
Programme of AGARD and presented on 23--24 April 1979 in London, UK, and on
26- 27 April 1979 in Milan, ltaly.
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