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and use. Both past and new users should richly benefit from the sound knowietze amd
practical examples provided in this edition.
Practical application requires understanding the capabilities and advantages of each
NDE method in order to select, compare and optimize detection capabilities. The Probability
of Detection (POD) Section (Chapter 13) is an essential addition to understanding that
NDE procedures are characterized by the unique capabilities for detection of flaws of
different types and sizes (o quantify capabilities, advantages and limitations. It is an aid
to selecting and comparing the capabilities of each nondestructive testing method. POD
emphasizes the importance of discipline and rigor in application to produce reliable
detection results. It is integral to both assurance of structural integrity of new components,
structures and systems; and te fife-cycle (condition based) management of modern engi neering

structures.
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Preface to the T hird Edition

‘practical Non-Destructive Testing’ first published in 1996 has been written essentially to
cover the principles, procedures, applications, limitations and codes and standards of
widely used non-destructive testing (NDT) techniques, that meets the requirements of
graduate students, engineers and practicing professionals. Subsequently, in the second
edition of the book, a few more recently emerged techniques that found increasing practical

applications have been added. 1hese inchude neutron-—radiography, pulsed eddy current
testing, low frequency eddy current testing, SQUID based eddy current testing and mechanical
impedance analysis. Chapter 13 on ‘Reliability in NDT’ has been revised and expanded
with a new title ‘POD Concepts in NDT’. The latest concepts and developments in the arex
of POD were included in this chapter.

The revised second edition has been sold both nationally and internationally and the
book has been well appreciated by the readers. However, a few readers felt that the book
still does not contain adequate practical illustrations with responses to discontinuities for
different techniques and also typical case studies of inspection as practical examples. Based
on this feedback, we have now revised the book and added a few case studies with practical
examples. A member of practical illustrations showing the discontinuity/defect indications
have also been included in the third edition. These additions have been made in various
chapters including Liquid Penetrant Testing, Magnetic Particle Testing, Eddy Current
Testing, Radiographic Testing, Ultrasonic Testing, Acoustic Emission Testing, Infrared
Thermography and In-situ Metallography. We have also added an additional section on
“Total Quality Management in Chapter 13 on ‘PoD concepts in NDT’, in view of its
widespread acceptance and importance in enhancing the reliability of quality and its
emphasis on continued improvement on a sustained basis.

The case studies / practical illustrations included in the third revision represent various
industries such as nuclear, aeronautical, space, petrochemical and power industries and
various materials such as austenitic stainless steel, ferritic steels and super alloys. The case

" studies also represent various types of flaws and defects associated with fabrication and in-

service. These include welding defects, creep, fatigue, stress corrosion cracking and
embrittlement. In the chapter on Eddy Current Testing, we have also included various
types of eddy current probes, multi-frequency eddy current testing and remote field eddy
current testing. In the chapter on Radiography, we have included microfocal radiogruphy.
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In the chapter on In-situ metallography, a few failure analysis case studies have been
included.

We hay; also taken this opportunity to make corrections to the editorial mistakes in the
second edition of the book. It is hoped that this third ecition of the book is more comprehensive
reflecting many practical illustrations and case studies, thus makin
attentive to the readers.

We would li_ke to express our sincere thanks to Dr. Ward Rummel, Retired Chief
Engineer, Quality Department, Lockheed Martin, Denver, USA and Cur;'entl President
and Trustee, D&W Enterprises Limited, Littleton, Colorado, USA, for writi thi Fi d
for the third edition of the book. , ’ = orewer

We are also ‘thankful tomany colleagues from Indira Gandhi Centre for Atomic Research
for their contributions to the third edition of the book.

g it more interesting and

AUTHORS

&
| 4
#

L R T

Preface to the First Edition

Non-destructive testing (NDT) of engineering materials, components and structures has
steadily increased in recent years at an unprecedented rate because of the all-round thrust for
improving material quality, component integrity and performance reliability. The demands
for absolute safety and reliability in strategic industries like atomic energy, aerospace,

)

defence etc. have also contributed to the growth in science and technology of NDT. Further
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more, there is an increasing emphasis in recent years on modern concepts like total quality
management that are aimed to obtain almost defect free components. This is possible only
through effective and reliable use of NDT methods.

Several effective quality assurance (QA) approaches are available for critical components
in engineering structures. Pre-service QA approaches include improved design and
manufacturing processes, selection of samples for destructive testing, proof testing of
components, and non-destructive testing (NDT). The concept of component design strives
towards greater efficiency and improved performance. Economic conditions demand stretching
materials to limits of their performance. This can be achieved by employing materials with
acceptable but minimum level of defects. An important aspect of the assessment of structural
integrity, in power plants, petrochemical plants, nuclear plants etc. is that of nondestructive
evaluation of flaws by using various NDT techniques which may remain in a fabricated
component even after making it to the highest standards of quality. In-service QA approaches
use NDT for on-line monitoring, periodic proof testing for requalification, for assessing
continued use of component or for its timely replacement. As the plants come close to their
design life, for economic reasons, it is the endeavour of the users to increase the life of
various components after assessing their condition through NDT.

There are several NDT methods available for evaluation of components and structures.
Each NDT method is based on a particular physical principle and has its own fields of
application, advantages and disadvantages. In this book, the authors have made an attempt
to discuss various NDT methods, including the five major methods, i.e. liquid penetrants,
eddy currants, mangetic particles, radiography and ultrasonics in great detail. Relatively
modern NDT methods such as acoustic emission, thermography etc. are also finding increasing
applications in recent times for on-line monitoring of plant components. Hence, details on
these techniques are also given in this book.. In order to reduce the inspection costs and to
achieve maximum productivity, analytical techniques such as reliability studies, statistical
quality control etc. are employed. Therefore, the reader is also exposed to these concepts in
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this book. Another highlight of the book is an exclusive chapter on ‘Selection of NDT
Methods’. This chapter is written based on the vast experience of the authors. All in all, the
book would be useful as a guide, and is primarily meant for professionals and technocrats
in the engineering industry, who strive to increase plant’s productivity, reduce shutdowns
and extend life of plants. The book has been written in a simple form to ideally suit those
who are new to the field of NDT but have strong necessity to utilise this technology for
improving quality of component and/or plant performance.

Authors are greatful to many of their colleagues in the Division for PIE and NDT
Development (DPEND), Indira Gandhi Centre for Atomic Research, Kalpakkam for their
valuable contributions. Authors are also thankful to Mr. A.S. Ramesh of DPEND for readily
volunteering to help in preparing the manuscript in the camera ready form, and to Mr. V.
Chandraseker of DPEND for drawing the figures.

Authors are greatful to Dr Placid Rodriguez, Director, Indira Gandhi Centre for Atomic
Research, Kalpakkam for his encouragement and support.

Authors also wish to record their deep appreciation to M/s Narosa Publishing House,
New Delhi and in particular, Mr. N.K. Mehra, for excellent cooperation in publication of the
book.
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An industrial product is designed to perform a certain function. The user buys a product
with every expectation that it performs the assigned function well and gives trouble-free
service for a stipulated period of time. Trouble free service given by any product may be
termed as ‘reliability’. The reliability of a machine or an assembly having a number of
components depends upon the individual reliability factors of all the components. Most of
the machines and systems in the modern day world, for example, power plants, chemical
and other industrial plants, transport machines etc. are quite complex having thousands of
components on which reliable operation and smooth performance depends. To ensure the

reliability of such machines and the plant as a whole, it is important that each individual °

component is reliable and performs its function satisfactorily for an assigned period of time.

Reliability comes through improving the quality level of the components. The quality of
products, components or parts depends upon many factors, important among them are the
design, raw material properties and fabrication techniques. Quality is related to the presence
of those defects and imperfections in the finished product which impair the performance
level. Many defects are also generated during service. The nature of these defects differs
according to the design, processing and fabrication and service conditions under which the
compeonents have to work. A knowledge of these defects with a view to detect and evaluate
them and then minimising them in the product is essential to achieve improved or acceptable
level of quality. An improvement in the product quality increases its reliability and in turn
the safety of the machines and equipment, thus bringing economic returns to the user. There
is, therefore, a need to have methods by which the defects in the products can be examined
without affecting their performance.

Non-Destructive Testing (NDT), Non-Destructive Evaluation (NDE) and Non-Destructive
Inspection (NDI) are the terms used in this connection to represent the techniques that are
based on the application of physical principles employed for the purpose of determining the
characteristics of materials or components or systems and for detecting and assessing the

inhomogeneities and harmful defects(without impairing the usefulness of such materials or
components or systems,
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NDT plays an important role not only in the quality control of the finished product but
also during various stages of manufacturing. NDT is also used for condition monitoring of
various items during operation to predict and assess the remaining life of the component
while retaining its structural integrity. Table 1.1 describes the advantages and limitations of
non-destructive testing over destructive testing. NDT enables optimum utilisation of components
without sacrificing safety. The use of microprocessors for data acquisition and processing
and automated devices for reliable testing have vastly improved the condition monitoring of
complex components and plants. The operator dependency for routine inspection is reduced
and thus the person can concentrate more on the technological aspects. The end result is the
saving in time, cost and improvement in precision and reliability of the results obtained.

Table 1.1 Comparison of Destructive and Non-Destructive Tests

Destructive tests

Non-destructive tests

Advantages
. Measurements are direct and reliable.

2. Usually quantitative measurements.

Limitations

Measurements are indirect and hence reliability
is to be verified.

Usually qualitative measurements.
Measuréments can also be done quantitatively.

e

Non-Destructive Testing: An Introduction 3

Radiography, Acoustic Emission, Thermography, Strain Sensing, Microwave Technique
Holography etc. Among these, Acoustic Emission and Thermography have grown to thé
state of applicability to plant components.

The choice of the specific method depends on many factors including availability
accessibility and suitability based on analysis and past experience. It may sometimes be,
necessary to use one method of NDT to confirm the findings of another. A guide to enable
{;)hﬁ }c(hmce of NDT methods for specific type of defects is given in the chapter 12 of this

ook.

The basic principles, applications, advantages and limitations of the important NDT
methods normally used for inspection of plant components are discussed briefly in the
following chapter. It is outside the scope of this book to provide detailed descriptions of the
various methods. Further details on various methods may be obtained by perusing various
references given at the end of each chapter.

3. Correlation between tgst measurements
and material properties is direct.

Limitations
I. Tests are not made on the objects directly.
Hence correlation between the sample

specimen used and object needs to be proved.

2. A single test may measure only one or a few
of the properties.

3. Inservice testing is not possible.

4:  Measurement of properties over a
cumulative period of time cannot
readily be possible.

5. Preparation of the test specimen is costly.

Skilled judgment and experience are required to
interpret indications.

Advantages
Tests are made directly on the object. 100%
testing on actual components is possible.

Many NDT methods can be applied on the same
part and hence many or all properties of

interest can be measured.

Inservice testing is possible.

Repeated checks over a period of time

are possible.

Very little preparation is sufficient.

6. Time requirements are generally high. * Most test methods are rapid.

NDT methods range from the simple to the intricate. Visual inspection is the simplest
of all. Surface imperfections invisible to the eye may be revealed by penetrant or magnetic
methods. If serious surface defects are found, there is often little point in proceeding further
to the more complicated examination of the interior by other methods like ultrasonics or
radiography. The principal NDT methods are Visual or Optical inspection, Dye penetrant
testing, Magnetic particle testing, Eddy Current testing, Radiographic testing and Ultrasonic
testing. i

The use of high technology in various industries, especially nuclear, defence and space

has placed greater demands on the quality assurance (QA) in these industries. The specific

requirements of these industries coupled with the desire for maintaining high performance
standards have resulted in the development of new techniques and also the advancement of
the principal techniques mentioned above. The emphasis has now shifted from detection of
defects to sizing and characterisation of defects. Some of the new methods include Neutron
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Chapter 2

Visual Inspection

Visual inspection is probably the most widely used among all the non-destructive tests. It is

)

Visual Inspection 5

For visual inspection, adequate lighting i.e. about 800-1000 lux is of prime importance.
The period of time during which a human Inspector 1s permitted to work should be limited
to not more than 2 hours on continuous basis io avoid errors due to decrease in visual

reliability and discrimination.
2.2.1 Defects Which can be Detected by Unaided Visual Inspection

Visual inspection of a component by an experienced inspector can reveal the following
information:

(a) the general condition of the component, (b) the presence or absence of oxide film or

corrosive product on the surface, (c) the presence or absence of C\w%w;mavtion of cracks
and position of cracks relative to the various zones in the case of welds, (d) the surface

= porosity, unfilled craters, contour of the weld beads, and the probable orientation of the

interface between the fused weld bead and the adjoining parent metal, () potential sources
of mechanical weakness such as sharp notches or misalignment etc. and (f) the results of
visual examination may be of great assistance to other tests.

2.3 OPTICAL AIDS USED FOR VISUAL INSPECTION

i 1 act Even thoneh g component
simple, easy to apply quickly carried out, and usually low incost.Even ghacomp It

is to be inspected using other NDT methods, a good visual inspection should be (?arried ‘out
first. A simple visual test can reveal gross surface defects thus leading to an 1}11med131&
rejection of the component and consequently saving much ti‘me and money, which wm.zld
otherwise be spent on more complicated means of testing. It is often necessary to examine
for the presence of finer defects. For this purpose, visual methods have been dcveloped. toa
very high degree of precision. With the advent of microprocessors and computers, v1§ua]
examination can be carried out very reliably and with minimum cost. Image processing,
pattern recognition and automatic accept/reject choice are used when large number of
components are to be assessed. ) - )

In this section,a brief discussion is made on various aids and their applications for visual
inspection of plant components.

2.1 BASIC PRINCIPLE

The basic procedure used in visual NDT involves illumination of the Eeﬁt_sp_eqil_'geq \?;ith
light, usually in the visible region. The specimen is then exar.ninec! with eye or by light
sensitive devices such as photocells. The equipment required for visual inspection is extremely
simple, but adequate illumination is absolutely essential. The surface of the specimen should
be adequately cleaned before being inspected.

2.2 THE EYE

The most valuable NDT tool is the human eye. The eye has excellent visual perception. The
sensitivity of the human eye varies for light with different wavelengths. Under ordinary
conditions, the-eye is most sensitive to yellowgreen light, which has a wavelength of SS§0
_A. The human eye will give satisfacfory vision over a wide range of conditions. For this

intensity, except under the most restricted conditions.

B e B S T
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The use of optical instruments in visual inspection is beneficial and is recommended to (a)
magnify defects that cannot be detected by the unaided eye and (b) permit visual checks of
‘areas not accessible to the unaided eye. In performing visual/optical checks, it is of utmost
importance to know the type of defects that may develop and to recognize the areas where
such failures may occur. Magnjfzing devices and lighting aids should be used wherever
appropriate. The general area should be checked for cleanliness, presence of foreign objects,
corrosion and damage. In many cases, area to be inspected should be cleaned before examination.

2.3.1 Microscope .

An optical microscope is a combination of lenses used to magnify the image of a small
object. The object is placed close to the lens to obtain as hi gh a magnification as possible.
The distance from lens to object is adjusted until the object is at the depth of field of the lens
and is in focus. ;

The simplest form of a microscope is a single converging lens, often referred to as a
simple magnifier. Magnification (M) of a single lens is determined by the equation M = 10/f._.
In this equation, fis the focal length of the lens and 10 is a constant that represents the
average minimum distance at which objects can be distinctly seen by the unaided eye. Using
the equation M = 10/f, a lens with a focal length of 5” has a magnification of two or is said
to be a two-power lens (2x). The focal length of a simple magnifier and its working distance
are approximately the same. The field of view is the area seen through the magnifier. The
diameter of the field of view of a simple magnifier is less than its focal length. Selection of
a magpifier with the proper field of view is important. For example, if a large object is to be
examined, the time involved using a 20 power magnifier (with a field of view slightly
greater than 9.5 mm) would be prohibitive. The proper procedure is to first use a low-power

magnifier, marking questionable areas, and then examine theé suspected areas in detail with .

a higher-powered magnifier.

Depth of field is the term used to indicate the distance a magnifier can be moved towards
or away from a subject with the subject remaining in good focus (sharply defined). At other
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distances, the subject is out of focus and not sharply defined. Depth of field varies with the
power of the lens and is comparatively greater in lower-power magnifiers, decreasing as the
power of the lens increases.

Minute defects and details of fine structure on a surface can be detected more easily with
the aid of microscope. The practical upper limit of the magnifying power of a simple
microscope is in the region of 10x. Optical microscopes are used to evaluate with respect to
shape and orientation of cracks. In the first case a low power microscope having 2 magnification
of 2 to 20x is used, in the second case a magnification of 100 to 500x is used, and in the
latter case a magnification of 1220_19_2_[_)_(195 is needed. .

2.3.2 Borescope

As the name implies, a Borescope is an instrument designed to enable an observer to inspect
the inside of a narrow tube, bore, or chamber. Borescope consists of precision built-in
illumination system havmg a complex arrangement of prisms and plain lenses through
which light is passed to the observer with maximum efficiency. The light source located in
front or ahead of the object lens provides illumination for the part being examined. As the
length of the borescope is increased, the image becomes less bright because of loss of light.
Borescopes are available in numerous models from 2.5 to 19 mm in diameter and a few
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wide range of viewing distances. The working lengths are normally from 60 to 365 cm, with
diameters from 3 to. 12.5 mm--

2.3.5 Telescope

Telescope is used to obtain magnified images of objects at considerable distance from thé
eye. It is particularly useful for providing visual examination of the surface which is otherwise
inaccessible. It consists, essentially, of two lenses (or lens systems) called the objective and
eye piece. The telescope can be used in conjunction with a periscope for viewing a concealed
surface. But, Closed Circuit Television (CCTV) is also used for the purpose.

2.3.6 Holography

Holography is the name given to the method of obtaining an accurate three-dimensional
image of a given object. The process is carried out in two stages. First, a permanent record
in the form of a two dimensional interference pattern is obtained on a photographic plate by
means-of a laser beam. The three dimensional image is then obtained from the two dimensional
record, again using a laser. In this way, a picture having a high definition and free from
aberrations can be obtained without the use of a camera.

HoIography is used for the NDT of surfaces of highly compi:cated and prec:sron components
sthant tha 4

mmeters in length. Generally, the diameter of the borescope depends upon the diameter of the
hole or bore to be inspected. The length of the borescope is governed by the distance
between the available access and the distance to the inspection area. Optical systems are
generally designed to provide direct, right-angle, retrospective and oblique vision. The
choice of the inspection angle is determined by flaw type and location. In most borescopes,
the observed visual area is approximately 25 mm in diameter at 25 mm distance from the
object. The size of the visual field usually varies with the diameter, for a given magnification
system.

2.3.3 Endoscope

The endoscope is much like a borescope except that it has a superior optical system and a’

high-intensity light source. Various viewing angles, as discussed in the case of Borescope,
can be used. A unique feature of endoscope is that objects are constantly in focus from about
4 mm to infinity. Actually, when the tip is about 4 mm from the surface being inspected, a
magnification factor of about 10X is achieved. The ‘no-focussing’ feature of the endoscope
makes it much easier to use than a borescope, which needs to be focused at the inspection area.
Endoscopes are available in diameters down to 1.7 mm and in lengths from 100 to 1500 mm.

. 2.3.4 Flexible Fibre-Optic Borescope (Fiexiscope)

Flexible fibre-optic borescopes permit manipulation of the instrument around corners and
through assages with several directional changes. Woven stainless steel shcathmg protects
the ungge relay bundle during rcpeatea_ﬂ"exmg and maneuvering. These devices are designed
to provide sharp-and clear images of parts and interior surfaces that are normally impossible
to inspect. Remote end-tip deflection allows the viewer to thread the fiberoscope through
complex and series of bends. The end tip is deflected by using a rotating control mechanism
mounted on the handle. Most of the devices have a wide-angle objective lens that provides
a 100 degrge.field of view and tip deflection of + 90°. They all have a fibre-optic image
bundle and are equipped with a focus control to bring the subject into sharp focus over a
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gperation,
a hologram can provide a record of the image of an entire surface which can be readily
compared with that of a standard defect free surface.

2.4 APPLICATIONS

(a) Inspection of plant systems/component for any leakage, abnormal operation etc.

(b) Misalignment of parts in the equipments.

(c) Corrosion, erosion, cracks, fracture etc.

(d) Defects in the new/repaired weldments such as gross surface cracks, lack of penetration,
tear cracks, excess reinforcements, porosities, mismatch etc.

(e) Minute discontinuities with the help of optical aids in pumps, compressors, turbogenerator
parts, instruments etc.



Chapter 3

Liquid Penetrant Testing

Penetrant inspection utilizes the natural accumulation of a fluid around a discontinuity to
create a recognizable indication of a crack or other surface opening defect. Capillary action
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emitted light is in the visible spectrum. Because, the UV light is not normally seen by the
human eye, it is also called black light. The advantages of this in penetrant inspection is that,
regions holding greater amounts of the fluorescent penetrant appear very bright. When the
inspection is performed in very. subdued light, the regions clear of penetrant material will
appear black. Due to this effect, the visibility of small indications is greatly enhanced.

A significant improvement in both the reliability and sensitivity of penetrant inspection
occurred with the introduction of laser scanning devices that are able to automatically scan
large areas. Lasers, being monochromatic light sources, excitation by iaser shows defect
indications distinctly both in form and colour. Use of laser scanners however is confined

currently to laboratory testing and not yet become applicable to in-sity inspection of components
in plants.

3.2 PROCEDURE FOR PENETRANT TESTING

Penetrant inspection is accon_"tplished with the following sequence of operations (Fig. 3.1).

Penetrant

attracts the tluid to the discontinuity as compared to its surroundings. In order to locate the
area of excess fluid (defect region), the background area must be of sufficient contrast thus
leading to distinct detection of the defect on the surface.

3.1 PHYSICAL PRINCIPLES

Penetrant inspection depends mainly on the ability of Jiquid to wet the surface of a solid
work piece or specimen and flow over that surface to form a continuous and reasonably
uniform coating, thus penetrating into cavities that are open to the surface. The ability of
a given liquid to flow over a surface and enter surface cavities mainly depends on the
surface tension and capillary action. The cohesive force between the molecules of a liquid
causes surface tension.

Capillary action is the phenomenon of rise or degregﬁi_g{:_o_f_lii@ in parrow cavities.
Viscosity, another factor, although has negligible effect on penetrating ability of liquid,
affects the flowing ability of penetrant. Very viscous liquids are unsuitable as penetrants
because they do not flow rapidly enough over the surface of a work piece; consequently
they require excessive long periods of time to penetrate into fine flaws.

Visible light or ultraviolet light is required for inspection of penetrant indications.
Initially, the only detection method used was the unaided observation by the eye of the
inspector under visible light. The characteristics of the human eye strongly affect the
perception of brightness of an indication. The nature of the light source strongly affects the
perceived brightness of the coloured region being observed. Thus it is important to have
proper lighting at the inspection area.

Fluorescence describes the release of light energy by some substances when they are
excited by external radiation such as ultraviolet light. In penetrant inspection, when the
particles in fluid are struck by the incident ultraviolet light, they are excited to a higher
energy level. After being excited, each particle then, returns io the original unexcited level
with the emission of light having a wave length longer than the original source. Thus the
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(a) Open defect (b) Applied penetrant in the crack

Penetrant absorbed

Developer with :
in developer

no penetrant

(c) Penetrant cleaned from the

(d) Enlarged width of peneirant due to developer
surface but remaining in the crack

UV or visible light for inspection

(e) Detection of defect by visible inspection
Fig. 3.1 Sequence of operations in liquid penetrant inspection

320 Cleaning

an of the most important steps in the penetrant inspection Pprocedure is the initial cleaning
of the surface area to be inspected. The defect that is being sought must be open to the
surface for the penetrant to enter. Scale, flakes, paint, dirt, grease and other chemicals that
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are not cleaned from the surface will tend to accfun?ulzx.te the penetrant. Tr}is leads‘tc:; elIher
masking of real indications or creation of defect indications where none exist. A satis ac ciry
combination of solvents; brushes, rags. etchants, eic., must be chosen fqr a pafmcu rz:r
inspection problem. Tt is essential that the cleaned surface be adequately drleﬁjt;c_lo;: thz
application of the penetrant since presence o_f any excess cleaning fluid would dilute th
penetrant and diminish the brilliance of the indication.

etrant Application -
iil:t?f;zsec:r‘:g step in thglijnspection process is the application of penetrant fluid Fo the cleanef
surface. The fluid should spread freely and evenly over the surface and move into th‘e‘crach !
The dwel time, which is the amount of time required for t_vhe_ penetrant to move ifito t e;
crack will vary depending on the crack size and shape c_t_?a_raclensulcs g:nd also the emruonmem;t
conditions such as temperature and surface inclination. 5pp.hcat10n of penctrant may ce
achieved by dipping the component in a bath of penetrant liquid or by spraying or__t_)%u;s_h?nc,
A minimum dwel time of about 20 to 30 min may be allowed after penetrant application.
Larger periods may be necessary in certain circumstances.

3.2.3 Removal of Excess Penetrant

et
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3.3 PENETRANT TESTING MATERIALS

A typical penetrant testing involves use of a variety of materials for cleaning and developing
as well as the penetrant material itself. In general, the fluids involved in the penetrant
process are either petroleum-or-water-based and the solvents or cleaners are selected according
‘to the type of penetrant used.

3.3.1 Penetrants
The penetrant material consists of the indicating (tracer) dye plus the carrier (vehicle) fluid.
The indicating dye may give a colour contrast with respect to the surroundings, as is the
ccase for visible dye penetrant methods, or a brightness contrast for the fluorescent dye
penetrants. For visible light penetrants, the dye is usually red in colour, while for fluorescent
penetrants, the dye appears bright yellow-green under ultraviolet light.

One of the significant factors in the choice of penetrant material is the detection sensitivity.
From the experimental results, it has been found that the highest sensitivity achievable is
with the water washable and post-emulsifiable systems.

3.3.2 Cleaners and Emulsifiers

151 »St important siep in the entire process. The desired resultis that the surface
;l;h::hoﬁ;:zeﬁn; clearpof penelrl;m. Yet, the crack/defect retains all of the pen;tramfth;lt
entered into it. Excess cleaning may remove the penetrant from the upper region 0 tve
defect with the result that the developer does not reach the penetrant and no defect is
indicated. On the other hand, insufficient cleaning will leave a_z‘background of penetrant og
the surface. Due to this, the defect will appear only slightly different from the b‘ackg{l(.)un
area. This difference in contrast may not be sufficient for the defect to b_e recpgn{zed, hus,
care must be exercised so that neither insufficient cleaning nor over cleaning is done.

3.2.4 Application of Developer . ‘ .
After removing the excess penetrant, a thin coating of developer is applied over the surface

to draw the penetrant out of the crack and increase its visibility. Another important function -

of the developer is that it covers the surface with a colour that provides good visual contrast
to the penetrant. This increases the visibility of the defect.

3.2.5 Inspection and Evaluation o

The last step in the process is the scanning of the surface for indications. The scanning may-

be carried out under visible light conditions or with ultravif)let or laser incid.ent light and
the defect recognition may be made with the human eye or with automated optical scanners.

Each indication that appears should be evaluated. It may actually be}_lﬂgg_:gmablc; it may
be worse than it appears; it may be falsa;_it may be:r_;c_:_a_]_but non rt.ale\{ant; or it may ac}ually
be acceptable. Because penetrant inspection provides only 1r?chcat10ns correspond:g tc;
surfaGe discontinuities, its severity cannot always be determined at first glance. A rea

indication is caused by an unacceptable flaw such as a crack. A false indication is an |

accurnulation of penetrant caused by a drop of penetrant left on the work pie..ce inad}#crtcntly.
A non-relevant indication is the entrapment of penetrant caused.at certain locations such
as a press fit interface. After the inspection stage, acceptance/rejection of the component
is made based on the applicable specifications and standards.

T T Y
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based penetrants, a simple water wash or rinse is suitable for the cleaning step. For
petroleum-based penctrants, there are two alternate methods for cleanin g the test piece. The
most direct approach is to use an oil or chlorine-based solvent. Another method is to use

A cleaning fluid must act as a solvent for the material that is to be remeoved—Forwater——

ar emulsifier that reacts with the oil-based penetrant to form a water-soluble substance,
which then may be removed by water washing or rinsing.

Two types of emulsifiers, hydrophilic and lipophilic are available. Hydrophilic emulsifiers
are composed of materials similar to common detergents, which react with the oil based
penetrant in a way that removes the penetrant from the surface. Diffusion plays a minor role
in the action of the hydrophilic emulsifiers. Lipophilic emulsifiers, on the other hand, are oil
soluble and they diffuse into the penetrant, breaking down the structure so that the penetrant
may be rinsed away with water. There are a number of methods used in the cleanin g process
such as wiping with a cloth, dipping in a tank, rinsing with a hose, or some combination
of these. The choice of the cleaning process again depends on the many variables of the test,
notably, size, shape and material of the component as well as the test environment. For in-
situ/plant components applications, cleaning with cloth and solvent is most convenient. One
of the .most effective cleaning methods is the use of trichloroethylene vapour.

3.3.3 Developers

The developer material is used to enhance the conspicuity of the indication. For fluorescent
penetrant, the developer background should appear black when illuminated by the ultraviolet
light. The penetrant material concentrated around the defect will appear bright and appear
distinct from the black background of the developer. The developer for visible dye penetrants
normally creates a white background that contrasts the normal red appearance of the dye
pulled out of the crack or pore. : %

The developer material may be one of the several types like dry powder, aqueous (wet)
powder-suspension, solvent-suspendible, plastic-film, and water soluble. Application of the
developer may be decomplished by several -Eechrriques suchras spray, im@g‘@i@g,’passiﬁg the
part through a developer dust cloud chamber, fluidized bed and electrostatic means.



12. Practical Non-destructive Testing i Liqwbl Peiossiunt Tt 5
§ H'lg

Solvent suspendible developer may be used along with both the visible light and fluorescent volume of water would require facilities for adequate draining and .disposal e

penetrants and is most suitable for in-situ applications on plant components. Aqueous or wet
powder-suspension type developers are applied typically by immersion or spray immediately
after the washing step and before the part is dried. Dry powder developer is applied directly
to the part immediately after the penetrant removal process.

The highest sensitivity is obtained with solvent spray, plastic film spray, and water-
soluble spray. The least sensitivity is obtained by the dry immersion and dust cloud
methods.

3.3.4 Special Requirements
When using various chemicals or water penetrant materials on austenitic stainless steels,
titanium, nickel-base or other high temperature alloys, it is needed to restrict the impurities

such as‘sulph};&_ halogen, and alkali materials since these impurities may cause embrittlement - -+

or corrosion, particularly at elevated temperatures. Current standards indicate that impurity
levels of sulphur and halogen exceeding 1% of any one suspect element may be considered
excessive. However, even this level may be considered unacceptable in some cases, so the
actual maximum acceptable impurity level must be decided by the user/designer. For
example, halogens are required to be restricted to 25 ppm in all the chemicals used for

water.

Aqueous
developer

testing austenitic stainless steels by dye penetrant methdods.

3.3.5 Test Blocks
Aluminium and steel blocks are used in quality control of penetrant testing materials. The
(&8t blocks are prepared to rigid specifications as stated in the codes, =

Aluminium test blocks (75 x 100 x 8 mm) are prepared by heating at the center and water
Guenched so as to produce thermal shocks. Heating at the center of the block to 773K and
then quenching in cold water produces cracks on the surface. Steel blocks are also used as
test blocks and are prepared from AISI Type 301 or 302 stainless steel.

The blocks are used for checking the qualitiés of penetrants, emulsifiers and developers.
Among them, the most important quality is the sensitivity of the penetrant, and is described
in brief as given below. For checking the other properties such as water content and
viscosity applicable codes may be referred to.

For checking the sensitivity, the suspected or faulty penetrant is applied on one half of
the surface of the test block and the standard penetrant is applied to the remaining half of
the surface. Operational procedure to be followed is as per the recommended procedure of
the manufacturer. If the sensitivity of the tested penetrant is less than that of the standard
penetrant, the penetrant being tested is considered inadequate in quality and discarded.

3.4 PENETRANT TESTING METHODS

The type of penetrant inspection method that is used depends on a number of factors, The
three principal methods of penetrant inspection are discussed below:

3.4.1 Water Washable Method

In this method (Fig. 3.2), all of the materials used are water soluble. Following the initial
cleaning and drying process, the penetrant applied shall be a water based fluid. Dwell time
for various penetrant inspection methods is given in Table 3.1. After the dwell time, the
rinse or penetrant removal step-is different for various application methods. Use of large

Nonaq;’,‘. £1 1=
developer

Fig. 3.2 Water washable Penetrant method

. Developer application follows the rinse step. When aqueous developers are used, there
1s no need for a drying step prior to the application of the developer. However, the part
must be dried after the application. If fon-aqueous developer is used, the part is dried
before the developer application. ;

Development time begins immediately after application of the dry developer and as soon
as wet developer coating dries on the surface of the part. The development step is complete
\'vhencverl the movement of penetrant coming out of the defect has ceased. Typical development
times are also given in Table 3.1. : '

3.4.2" Post-Emulsifiabie Method
This method (Fig. 3.3) is a combination of solvent and water based inspections. The differences
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Table 3.1 Recommended Dwell Times for Penetrant and Developer

Matericl Form Tvpe of Dwell time (min.) for
discontimuity _—
Penetrant Developer
Aluminium, Castings, Cold shuts, 5 7
magnesium, steel, welds porosity, lack
titanium, various of fusion, cracks
alloys
Wrought Laps. cracks 10 7
cxtrusions
Carbide tpped Lack of fusion. 5 7
tools porosity
Plastic. glass. All forms Cracks, 5 7
ceramics porosity

between the post-emulsifiable penetrant ﬁ)roccss and the water-washable method are (a) the
penetrant used and (b) the need for an emulsifier. If the solvent-based penetrant is used and
followed by an emulsifier application, it allows the remainder of the process to follow’the

o
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': Dry

water-washable path. Both hydrophilic and Tipophilic emulsifiers may be used in this
method. The advantage of the post-emulsifiable system is that solvent penetrants that may
be required for some parts may be removed by water.

3.4.3 Solvent Removable Method )

This process (Fig. 3.4) is an oil-based inspection process. Penetrant removal must be
accomplished by hand wiping the part with a rag dampend with solvent. Solvent technique
is most often applied for the inspection of either a few small parts or for localized inspection
such as in-situ inspection of pipe welds and pressure vessel welds and is most amenable to

portability.
3.5 SENSITIVITY

Since the introduction of penetrant examination, various experiments have been conducted
and methods have thus been formulated to measure the sensitivity. Sensitivity can be
defined as the ability of penetrant to reveal a particular type of discontinuity in a material.
This is related to fine or wide discontinuities which are deep or shallow in nature. Factors
affecting sensitivity are the ability of the penetrant to enter the discontinuity and removal
of the penetrant from the surface of the component without its significant removal from
the defect. In addition, the penetrant must have the ability to come out of the discontinuity,
with the aid of a developer, and to form an indication which is readily visible with good
contrast with respect to the background. :

Following is the list of various systems of penetrant, in the order of decreasing sensitivity
(and decreasing cost):

(a) Post-emulsifiable fluorescent (b) Solvent-removable fluorescent (c) Water-washable
fluorescent (d) Post-emulsifiable visible dye (e) Solvent-removable visible dye (f) Water-
washable visible dye.

=

Dry
D ) Nonagq.
developer l_—ry developer

Fig. 3.3 Post emulsifiable penetrant method

It has been found that visible dye penetrant can detect cracks having width of approx. 5
p#m whereas fluorescent penetrant can detect cracks having width in the range of I to 2 um.

3.6 APPLICATIONS AND LIMITATIONS

In orc!cr to obtain optimum results from penetrant testing, a full understanding of the capabilities
a|.1d llmitaFipns of the method should be appreciated. The method is capable of detecting
discontin ultu:_s open to the surface of the material under test. These are usually cracks, laps
seams, porosity etc. in products like pressure vessels, pipes, weld joints etc. Pen’e:r:m£
method is very reliable in the detection of fatigue cracks which occur during the service life
of a material. Penetrant method has a significant advantage over other NDT methods, with
the. possible exception of MPT. This is because of the fact that a part can be tested over its
complete surface in a relatively short time, irrespective of shape, size and orientation of the
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Solvent wipe

TRy
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testing. The cracks were formed during heat treatment of the component. Figure 3.6 shows
a collar crack extending into a part of a raiser used for casting purpose. The crack is very
tight and the edge of the crack had a large depth indicated by the excess oozing out of
penetrant. .Figure 3.7 shows gross cracks including a branched one revealed by visible dyé
penetrant 1n a cut section of a boiler tube. The broadness of the LPT indication reveals
that the crack is of sufficient depth. A dwell time of 1S minutes was used.

Fig. 3.4 Solvent removable penetrant method

defect. In the case of magnetic materials, MPT is preferred because it will also detect
subsurface discontinuities, defects filled with oxide and defects covered by paint films. The
liquid penetrant method has another limitation that it cannot be applied to porous materials.

3.7 STANDARD

1. IS 3658:1981 Code of practice for liquid penetrant flaw detection.

38 TYPICAL EXAMPLES

Typical examples showing the usefulness of liquid penetrant testing for revealing surface
connected cracks are given here. Figure 3.5 shows the indications obtained in a heat treated -
male part of a die using liquid penetrant testing. For obtaining the indications, solvent ~
removable visible dye penetrant with a dwell time of 30 minutes has been used. The heat
treated die is made from EN-8 steel used for fabrication of containers. Two tight cracks
(indicated by arrows) from the guide pin hole are clearly revealed by the liquid penetrant

Fig. 3.6 A collar crack extending into a part of a raiser, revealed by LPT
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Fig. 3.7 Gross cracks including a branched one revealed l):} visible dye
penetrant in a cut section of a boiler tube
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Figure 3.9 shows another example of fluorescent liguid penctrant indications (arrows)
of 300 micron and 600 micron flat bottom holes in a wheel axle of an undercarriage of
3 defence aircraft. These rounded indications were to serve as reference defects for UT
examination. LPT was carried out using solvent removable fluorescent penetrant system.
Adwell time of 15 minutes was given. The excessive bleed out has resulted in the magnification
of the defect size by more than 10 times. The image is as-viewed through the digital camera
with UV lighting. Figure 3.10 shows liquid penetrant indication from a tight crack in the
wheel axle which was in service. Compared to the reference defect (flat bottom hole), the
crack is inferred to be tight and very shallow (less than 300 microns in depth). Figure 3.11
shows the fluorescent indications of a few tight fatigue cracks revealed by fluorescent liquid
penetrant testing in wheel axles of undercarriages of aircraft. The intermittent indications
revealed in right image (iwo arrows) is an indirect pointer to the tichtness of the crack while
the sharpness of the indication indicates its shallowness.

Typical examples showing the usefulness of fluorescent liquid penetrant testing for
revealing surface connected cracks are given here. Figure 3.8 shows the indications obtained
by fluorescent liquid penetrant examination on the fillet radius of the leading edge of the
dovetail slots in a aeroengine compressor disc. Two fine cracks have been found to emanate
from the dovetail edges in the compressor disc can be observed (areas marked in the left
figure). On the right is the magnified view of one of the cracks revealed by fluorescent
liquid penetrant testing using solvent removable penetrant system and as observed under
UV lighting. A dwell time of 30 minutes was used. The length of the two cracks was
subsequently measured using a low power microscope and was found to be 4mm and 2mm.

Fluorescent dye penetrant examination of the fillet radii of the leading edges
of the dovetail slots of a compressor disc of an aeroengine. One of the two
fine eracks (indicated by arrows) emanating from the dovetail edges in the
compressor disc is shown in the right fignre (indicated by arrow)

L

Fig. 3.9  Fluorescent liquid penctrant indications (arrows) of 300 micron and 600
micron flat bottom holes in a wheel axle of an undercarriage of a defence

aircraft

Fig. 3.10 Fluorescent liquid penetrant indication from a tight crack in a wheel axle of
an undercarriage of an aircraft



20 Practical Non-Destructive Testing

Chapter 4

Magnetic Particle Testing

Fig. 3.11 Tight fatigue cracks revealed by liquid penetrant testing in wheel axle of an
undercarriage of an aircraft. The intermittent indications revealed in right

image (two arrows) is an indirect pointer to the tightness of the crack while Magnetic particle testing (MPT) is used for the testing of materials (ferromagnetic materials)

which can be easily magnetized. This method is capable of detecting flaws open-to-surface
= and just below the surface. Ferromagnetic materials include most of iron, nickel and cobalt
i alloys and many of the precipitation-hardening steels such as 17-4 PH. These materials lose
their ferromagnetic properties above a characteristic temperature called the Curie point
§ which is approximately 1033K for most ferromagnetic materials. The MPT equipment is
1 cheap, robust and can be handled by semi-skilled personnel without requiring elaborate
protection such as that needed for radiography.

41 MAGNETISM: BASIC DEFINITIONS AND PRINCIPLE OF MPT

Sn S

The ability of a ferromagnetic material to attract other ferromagnetic materials is called
magnetism and the pieces with this ability are called magnets. Magnets are classified- as
/permanent or temporary. The latter type retains magnetic qualities only as long as a
magnetizing force is bel applied. Materials are usually classified into three categories: (a)
~diamagnetic—which i eebly repelled by a strong magnet, (b) paramagnetic—that can be
magnetized but only weakly and (c) ferromagnetic—those Wthh can be strongly magnetized
and are suitable for magnetic particle inspection.
Ferromagnetic materials are not magnetized in direct propomon to the applied magnetizing
force. There is a limit, called the saturation point, beyond which a part cannot be made
| more magnetic.
§ Magnetic lines of force existing in a magnetic field are called-the magnetic flux. The unit
of magnetic force is Maxwell.
Magnetizing force H is that force which tends to set up magnetic flux in a material.
y Flux density B is the flux per unit area. The unit of flux measurement is Gauss.
L * Reluctance is the resistance of material to the establishment of a magnetic field. The
&Y reluctance of a material determines the magnitude of the flux produced. Reluctance can be
compared-to-electrical resistance.

eE T
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Permeability is the ease with which a material can be magnetized. It can be expressed
numerically as B/H. A material with high permeability has low reluctance and vice versa.

By exposing an unmagnetized piece of material to magnetizing current, we can plot the
flux density B of the field induced by the applied magnetizing force H, and the resultant
curve is called the hysteresis loop (Fig. 4.1).

d =3 of = coercive force (£/,.)
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4.2.1 Magnetization using a Magnet

The simplest possible way of magnetizing a component, like a bar, is to position it across the
poles of a horse-shoe magnet (Fig. 4.2). The direction of flux is known and the intensity can
be varied by using a strong or weak magnet, or by introducing a gap in the flux path with
a thin piece of aluminum or other nonmagnetic material. Defects basically transverse to the
test direction will be revealed.

Magnet

Flux flow lines

Mild steel block to
complete path
Fig. 4.2 Magnetization using horse shoe magnet

Test object

4.2.2 Magnetization Using an Electromagnet

B-—
Fig. 4.1 Representative magnetisation (hysteresis) curve for a ferromagnetic material .

4.1.1 Principle of MPT
When a specimen is magnetized, and magnetic lines of force (magnetic flux) are predominantly
inside the ferromagnetic material. The magnetic field introduced into the specimen is composed
of magnetic lines of force. Wherever there is a flaw which interrupts the flow of magnetic
lines of force, some of these lines must exit and re-enter the specimen. These points of exit
and re-entry form opposite magnetic poles. When minute magnetic particles are sprinkled
onto the specimen, these particles are attracted by these magnetic poles to create a visual
indication approximating the size and shape of the flaw. It is the abrupt change in permeability
that causes this particle build-up. d
The magnetic particles can be applied as powder or more commonly as liquid suspension,
usually known as ‘magnetic ink’. To be detected, linear flaws such as cracks must be
favourably oriented in relation to the direction of the magnetic field. The colour of the
magnetic particles should be in good contrast to the colour of the surface of the specimen for
easy detection. For maximum sensitivity, the flux density should be oriented 90° to the
discontinuity. However, it is generally possible to detect flaws which lie upto about £ 45° to
the direction of flux lines. It is important to note that, because of the better sensitivity, when
the discontinuity is at 90° to the lines of force, the magnetic flux should be induced in
several different directions when the possible flaw orientations are not known.

4.2 MAGNETIZING TECHNIQUES

The essential requirements for any test is the application of magnetic field (flux flow) of
adequate intensity along a known direction in the component. There are various techniques
available for magnetizing a component. They are briefly described below.

ST

A more refined method of producing magnetic flux flow is to use an electromagnet with a
variable flux path, adjustable to suit the components (Fig. 4.3). In this method, the energizing
direct current can be varied so as to provide a wide range of induced flux density. Components
of varying cross section will obviously need equi—vaent_\}hr-i'at_ion in flux levels to give the
same sensitivity. For components of simple form and reasoniably regular section, this method
is most satisfactory and gives high sensitivity. B

Adjustable Specimen o
contact head \ /' Direction of flux
___ o

. —_—

Electromagnet

Fig. 4.3 Magnetization using an eleciromagnet

4.2.3 Contact Current Flow Method

By passing current through a component, a magnetic field is induced at right angles to the
current flow (Fig. 4.4). This method locates defects at right angles to the applied magnetic
direction.

For objects of extreme bulk, where the positioning of the object between machine poles
would be difficult, it is quite practical to use heavy welding type cable to feed the power
from the transformer to the object through C-clamps, prods or other means of coupling.
Figure 4.5 shows magnetization with prods. '
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Cylindrical
test object

Flaws

Threading bar

Current flow

Flux lines
Fig. 4.6 Threading bar (central cable) flux flow in a tubular product

defects revealed will be oriented basically at right angles to the flux and therefore in the

transverse direction to the length of the part.

Helical coil

Conductive
gauze pads

Current source
Fig. 4.5 Cables in use with prods

It should be realized that alternating current (rectified and unrectified) tends to travel on
the surface of a component. Thus, the flux will stay on the surface and there will be very
little flux flow inside a tube. Any defects on the internal surface will not be adequately
revealed unless the tube will thickness is less than about 1.5 mm.

4.2.4 Using the Threading Bar

In the case of objects such as tubes, it is possible to obtain the same effects as in the case of
direct current flow by placing a threading bar through the box and energizing it. The bar
should not be of steel but of a good conductor such a copper or aluminum, and it can be
hollow if the diameter is fairly large (Fig. 4.6). The resultant flux field in the surrounding
steel object will be at right angles to the current flow and therefore will show defects
basically parallel to the current direction. A big advantage is that the flux flows both on the
inner surface of the tube as well as on the outer surface so that internal defects can be found.
There is much less risk of burning: with the threading bar than with current flow by direct
contact.

4.2.5 The Coil
If a component is placed longitudinally within a coil carrying the current, flux will be
generated in the component, giving ‘North” and ‘South’ poles at its ends (Fig. 4.7). The

Flux lines in
test object

Defects
Fig. 4.7 Flux flow in a coil

4.2.6 Induced Current Flow

It is very difficult to detect radial defects in large rings because they have unfavourable
shapes and do not respond well to the testing using the coil. The induced current flow
method overcomes this by the use of a special transformer (Fig. 4.8). This transformer has

Flux

Transformer
primary coil

Defect
Fig. 4.8 Flux flow in induced current method
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a core which can be demounted so that the ring may be threaded onto it to become a single
turn secondary winding. Defects will be found basically in line with the circumferential
current flow, i.e. circumferential defects.

4.3 PROCEDURE USED FOR TESTING A COMPONENT

The following stages are necessary to ensure satisfactory detection of defects:

(a) Surface preparation of component before testing: Normally, machined or plated
surfaces do not require any preliminary surface treatment other than degreasing. Loose rust
and scale should be removed from the component to prevent contamination of the ink. On
painted parts, the paint should be removed locally, so as to provide adequate contact areas
for the current flow. Other painted parts will only require degreasing unless the colour of the
paint is the same as that of the particles in the ink to be used and is likely to reduce the
contrast of the defect indications.

(b) Initial demagnetization: Components which have been machined on magnetic chucks
or handled in the vicinity of any magnetic field could have been magnetized either wholly

(c) Degreasing and cleaning: The component should be thoroughly cleaned before testing,
because adhering grease and dirt can mask defects and also contaminate the ink. Degreasing
may be carried out satisfactorily by means of spirit or trichloroethylene bath. When a

component is to be tested in-situ, the cleaning is accompllshe.d by a clean rag or cotton waste
moistened with a suitable solvent, preferably spirit or paraffin.

(d) Magnetization of the component: Magnetization of the component may be carried out
by following one of the methods specified in Section 3.3. It is necessary to choose suitable
operating values of electrical parameters to obtain optimum magnetization of the part being
inspected. Various types of electrical current sources are used to produce the magnetic field.

Electrical Current Sources

Direct current (DC): Direct current is used for detection of both surface and subsurface
discontinuities. Using DC, it is possible to obtain full penetration of flux into the object
permitting detection of subsurface discontinuities, which is a primary advantage. The
disadvantages of using DC are: (i) requirement of battery maintenance, (ii) difficult to
demagnetize and (iii) fixed voltage.

Alternating current (AC): AC is used for the detection of surface discontinuities. It provides
maximum flux density on the surface for obtaining best sensitivity in detecting surface
discontinuities. Particle mobility is better under AC. It is relatively easy to demagnetize. The
shallow penetration of flux makes AC ineffective for subsurface discontinuities.

Half wave rectification (HWAC): HWAC provides higher flux density for the same average
current. Full penetration of flux into object permits detection of subsurface discontinuities.
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HWAC can be obtained from the same test equipment as AC by addition of a rectifier and
a switch. It provides better particle mobility. It is relatively difficult to demagnetize.

The required current value for magnetizing a component can be calculated from the
following relationships:

=

(i) Current flow method in bar, Hes=s 4.1)
(i) Current flow melhod using prod, H = -—‘:5 (4.2)
(ifi) Threading bar o=k (4.3)
. | _— . 6400 R

(iv) Bar inside the coil = IN (4.4)

where H = magnetic field, / = current, d = diameter of the bar, D = distance between the
centers of two prods, R = radius of the test surfacc, N = Number of turns and, L = specimen
length. jot

There are two ways of magnetization of a component. (a) Continuous method and (b

Residual method. Continuous method of magnetization is used by applying the magnetic
p;a{u__cgs while thc current 1s ﬂowm g If the magnetlc particles are apphed after the magnetlzmg
sensitive th than_ the c_o_g_ynuous method. Both methods may be applled with wet or dry
magnetic particles. Dry powders of black, red or grey colour or the_wet methods using
fluorescent or nonfluorescent suspensions are used for both continuous and residual methods.

(e) Applirlzation of magnetic particles: There are two classes of magnetic particles available

depending upon the vehicle or carrying agent used. In the wet method, particles use a liquid”

vehicle and in the dg_;_nethod particles are carried by/—}"J

The particles used in the wet method are suspended in_oil or water, and are obtained from
the manufacturer as a powder or heavy thick pa'!—;te The concentration of particles is about

J_ﬁ;,h.y volume for optimum results The particles must be ca:efully and completcly dispersed

wet mcthod are available in blac ____o_:_md_mlour and _ﬂugrcsccm

Since the dry particles depend upon air t&’carry them to the surface of the part, care must
be taken to apply them correctly. When using the dry powder method, it must be remembered
that a light and even distribution of the magnetic powder is the best type of coating because
a heavy coating will impede the particle movement towards the leakage field.

The magnetic properties and particle size are similar for all colours, making the particles
equally efficient. The choice of colour is such that the powder will show up or give the best
contrast of the parts being inspected. For best results, the particle mean size shall be = 6

pm and shape can be a mixture of roughly spherical and columnar.

(f) Viewing: The black or red paste or powder indications are viewed under proper illumination.
The level of illumination can be 500 lux at the surface. Good daylight is the best. The
fmwmr particles must be viewed under wt—and ‘the equipment-
or inspection area must be darkened with a booth or curtain to cut off normall light (room
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lighting must be reduced to around 10 lux) and must be equipped with an adequate black
light source. :

(g) Marking of defects: All relevant indication should be marked after allowing the ink
to drain. For permanent record, apart from television recording and photography, the area
under inspection can be covered with a transparent adhesive film. When the film is peeled
off, it comes out with magnetic particles adhered corresponding to the indications.

(h) Demagnetization: All ferromagnetic materials retain some residual magnetism after
magnetic particle inspection. Demagnetization can only be accomplished totally when a
material is heated to approximately 1033 K. The basis of electrical demagnetization is the
diminishing, reversing magnetizing force sufficient to overcome the original field. In
general, two methods are used for demagnetization:

(1) The part is placed in the field of an AC coil and withdrawn slowly to about 1.2 to
2 m away. Small parts should be kept close to the .D. of the coil.

(ii) Part is subjected to a reversing, diminishing DC or HWAC current. When separate
demagnetizing units are required, for demagnetizing large numbers of small parts,
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of welds, magnetic yokes are often adequate and very easy to use. They are able to give a
strong field to that portion of the part that lies between the poles of the yoke.

Yokes are available for using with either AC or DC. In one model, permanent magnets are
used. The latter permits inspections where no source of electric current is available, or where
its use is not permissible because of the fire or explosion hazard in the area where inspection
must be made. For longitudinal magnetization of shafts and spindles and similar articles,
portable kits are furnished with a fixed coil covered with a heavy protective coating.

(b) Large portable equipment: Large portable equipment is used where higher power is
required or heavier duty cycles make the small kits inadequate. One of the smallest of this
series operates at 120 V AC and delivers up to 700 amperes, either AC or half wave DC.
Dual prods for direct contact are provided. Flexible cable for making loops for longitudinal
magnetization are included. Large units with output upto 6000 amperes, delivering either
AC or half wave DC are used for testing castings, forgins or weldments, where such heavy
currents are required. '

(c) Stationary magnetizing equipment: A large variety of stationary, bench-type units is

available, with various characteristi ize

- ed Tma nurmber of sizes, since
demagnetizing efficiency is higher when the parts nearly fill the coil opening. In the
case of special inspection units, special demagnetizers are often built into the unit
to suit the size and operating cycles required for the particular application.

The effectiveness of the demagnetizing sequence can be measured in one of the following
ways:

(i) Magnetometer: A sensitive laboratory instrument usually not applicable to general
inspection.
(ii) Field Indicator: A small pocket sized device which is quite accurate when properly
calibrated. This instrument is generally used for MPT.
(iii) Compass: To be used only when a qualitative estimation is needed.
(iv) Tag Wire: A magnetic piece of wire Hung such that it moves freely when placed in
a magnetic field. This is used for very rough estimation only. :

(i) Removal of ink from the component: Ink particles can be deleterious during later
assembly of the component. A’ paraffin oil wash by hand brush is usually adequate for
removing the ink. N

4.4 EQUIPMENT USED FOR MPT

Magnetic particle testing equipment serves the following purposes. It provides (i) sufficient

power of the right type, (ii) suitable contact and coils, (iii) convenient means for accomplishing

proper magnetization with respect to field strength and direction, (iv) means of applying the

magnetic particles, and (v) well lighted space for careful examination of the part for indications.
To suit the various needs, the following types of equipment are available.

{a) Simple equipment: Foroccasional testing of small castings or machine parts for detection
of surface cracks, small and easily portable equipment is most convenient. For the inspection

G
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equipment is used for small parts that can be easily transported and handled by hand. The
larger ones are used for heavy parts such as long diesel engine crankshafts, where handling
must be made by crane. Such units are made to deliver AC or DC with various types of
current control.

(d) Large heavy duty DC equipment: Very versatile types of heavy duty stationary
equipment are those direct current units designed for application of the “overall” method
of magnetizing, for the inspection of very large and complicated castings. Rectified three-
phase AC is delivered with current values running as high as 20,000 amperes. Such high
currents are needed to magnetize, at one time, an entire casting which may weigh many
tonnes. Another feature of these units is that they deliver currents, separately and in rapid
succession, through three circuits, thus making it possible to locate cracks in all directions
in one operation itself. The system is known as multidirectional magnetization. By means
of electromechanical switching, demagnetization can be accomplished by utilizing one
circuit in conjunction with reversing DC and a 30 point step-down switch.

4.5 SENSITIVITY

MPT methods are sensitive means of locating small and shallow surface cracks in ferromagnetic
components. Many incipient fatigue cracks and fine grinding cracks having sizes less than
0.02 mm deep and surface openings of one tenth of that or less can be located using MPT.
Detectability generally involves a relation between surface opening and depth. A surface
scratch, which may be as wide at the surface as its depth, usually does not produce a
magnetic pattern, although it may do so at high level of magnetization. Because of many
variables, it is not possible to establish any exact values for this relationship, but in general
a surface discontinuity whose depth is at least five times its opening (width) at the surface
will be detected. Exceedingly wide cracks will not produce a particle pattern if the surface
opening is too wide for the particles to bridge.
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If the defects sought are usual cracks, comparatively low level of magnetic force will
give sufficient build-up. However, to find minute cracks or subsurface flaws, the flux level
should be high. Theoretically, a level just below saturation would give the most sensitive
results. But this is impractical owing to the non-regular shapes of the components encountered.
In practice, lower levels are quite adequate. An accepted standard is about 40% of saturation
of the material being tested.

Sensitivity also depends on the type of current used. Various tests have conclusively
proved the following information:

(a) Alternating current magnetization is most effective for surface defects.
(b) Alternating current magnetization is not effective for subsurface defects.
(c) Direct current (straight or half wave) must be used for subsurface defects.
(d) Half wave DC gives superior penetration as compared to straight DC

(e) Half wave DC dry method gives the greatest penetration.

4.6 LIMITATIONS

There are certain limitations for using MPT methods. It can detect only surface opening
and subsurface defects in ferromagnetic materials. The operator must know that thin
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aircraft, revealed by fluorescent magnetic particle testing. The sharpness of the indication
reveals the tightness of the fatigue crack.

Root Crack

coatings of paint and other nonmagnetic surface layers such as plating adversely affect
sensitivity. For best results, the magnetic ﬁe}d must be in a direction that will intercept the
discontinuity at 90°. Sometimes this requires two or more sequential inspection steps with
different magnetization directions. Care is necessary to avoid local heating and burning of
finished parts or surfaces at the points of electrode contact. Another limitation is the
necessity for complete demagnetization of the part after completing the MPT.

4.7 STANDARDS:

. IS 3415:1987
. IS 9709:1980
. IS 6994:1981
. IS 6410:1971
. IS 6752:1972

Glossary of terms used in magnetic particle flaw detection.

Code of practice for magnetic particle flaw detection.

Code of practice for magnetic particle flaw detection of welds.
Specification for magnetic flaw detection ink and powders.

Code of practice for magnetic flaw detection of ferrous pipes and
tubes.

Recommended practice for magnetic particle testing and mspectlon
of steel forgings.

Dry powder magnetic particle testing.

Stray flux testing of ferromagnetic seamless steel tubular products.
Recommended practice for wet magnetic particle examination.

h B b o=

6. 1S 7749:1975

7. IS 10543:1983
8, IS 11655:1986
9. IS 12147:1987

4.8 TYPICAL EXAMPLES

Typical examples showing the usefulness of magnetic particle testing for revealing surface
and subsurface cracks are given here. Figure 4.9 shows a tight fatigue crack emanating from
the fir tree root region of a steam turbine blade, revealed by fluorescent magnetic particle
testing. Figure 4.10 shows a fatigue crack in a wheel axle of an undercarriage of a defence

o Sy S S A

Fig. 4.9 Tight fatigue crack in fir tree root region ot a steam turbine blade, revealed by
fluorescent magnetic particle testing

Fig. 4.10 Fluorescent magnetic particle indication of a fatigue crack in a wheel axle of
an undercarriage of an aircraft

In magnetic particle testing, ‘Ketos ring’ is used to serve as an indicator of the magnetic
field strength to ensure reliable detection of defects. A typical reference defect indications
in the ‘Ketos ring’, revealed by magnetic particle testing is shown in Fig. 4.11. It can be
seen that the field strength is adequate in the vertical directions as well as at 30 degree
inclination. However, the absence of the indication in the horizontal direction reflects the
inadequate magnetic field strength in the horizontal direction.
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Fig.4.11

The magnetic particle indications observed in a standard ‘Ketos ring’ indicating
inadequate filed strength in the horizontal direction

Chapter 5

Eddy Current Testing

Although the evolution of the basic eddy current theory can be traced back to the initial
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discovery of both electricity and magnetism by early man, the scientific development of
eddy current theory started with the discovery of the law of electromagnetic induction by
Faraday in 1832, Faraday’s law states that when a magnetic field cuts a conductor or when
a conductor cuts a magnetic field, an electrical current will flow through the conductor if
a closed path is provided over which the current can circulate. From Oersted’s discovery,
a magnetic flux exists around a coil carrying current proportional to the number of turns
in the coil and the current. Eddy currents are defined as oscillating electrical currents
induced in a conductive material by an alternating magnetic field, due to electromagnetic
induction. Eddy current testing (ECT) is used for sorting materials, measurement and
control of dimensions of tubes, sheets and rods, coating thickness and for pre-service and

. in-service examination of heat exchanger tubes for detection of defects.

5.1 PRINCIPLES

\ In ECT, an alternating current (frequency 1 kHz-2 MHz) is made to flow in a coil (also
“called probe) which, in turn, produces an alternating . magnetic field around it. This coil,

when brought close to the electrically conducting surface of a metallic material to be
inspected, induces an eddy current flow ir the material due to electromagnetlc induction
(Fig. 5. 1}' These eddy currents are generally parallel to the coil winding. The presence of
any defect or discontinuity in the material disturbs the eddy current flow. These eddy
currents, in turn, generate an alternating magnetic field (in opposite direction) which may
be detected either as a voltage across a second coil or by the perturbation of the impedance
of the original coil.

The impedance change is affected, mainly, by electrical conductivity, magnetic permeability
and geometry of the material, test frequency and the spacing between the coil and the
material. This impedance change can be measured and correlated with the changes in the
above mentioned parameters.
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Factors which affect the eddy current are:
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frequency is the only parameter that can be varied by the inspector during inspection.
Although higher frequencies are suitable for achieving higher inspection speeds and better

extent that sometimes even masking the signals due to defects. Similarly lower frequencies

yield reduced noise due to lift-off or fill factor but at the cost of sensitivity. In view of this,
enough care should be taken while selecting the test frequency.

Depth of penetration and frequency: The depth of penetration of eddy currents in a material
is a critical factor. For example, in the case of tube inspection, if the eddy currents do not
penetrate the wall thickness of the tube, then it is possible to miss the defects. The depth
of penetration of eddy currents can be found by the relation

500

\/GW (5.1)

where & = standard depth of penetration (mm), o = conductivity (mhos/m), i = relative
permeability, f = inspection frequency (Hz).

The standard depth of penetration is generally taken to be that depth at which the eddy
current field intensity drops to 37% of the intensity at the surface of the conductor

6:

Test paramerers
(i) Frequency
(ii) Type and geometry of test coil(s)
(iii) Fill factor
Test object
(i) Electrical conductivity
(ii) Magnetic permeability
(iii) Dimensions
(iv) Temperature
Effect of test frequency: The importance of test frequency is tht_zt it determines the df’,pth
of penetration of eddy currents in the material. The eddy current dw]:_mﬂnﬂx
from the material surface but the rate of decrease depends on the test frequency, the
electrical conductivity and the magnetic permeability of the test material. Figure 5.2 shows
the eddy current and magnetic flux distribution with depth into a conductor. The test

1o
. ¢ = ¢, sin (@0 : _
“ I =1,sin (@) ¢ = Magnetic flux density
R 1 = Applied current/excitation
current
I'= 1 sin’(or) I, = Induced current/secondary
& ¢ = ¢, sin (wi) £ @ = Angular frequency (2nf)
I \‘/ ’ B = Phase change
i : = Time
[ = I.(x) sin (et —) t
’ i x = Thickness (variable)
e/ 0= 0.x) :
sin (wr—- B9 . =
p

Fig. 5.2 Eddy currents and magnetic flux distribution along the depth into a conductor

(Fig-5:2)- As can be seen thar higher the frequency, lower the depth of penetration. Thus
a frequency must be chosen which permits penetration to the depth upto which defects are
to be found. For general tube inspection, the frequency used is often the frequency at which
the standard depth of penetration is equal to the wall thickness of the tube. This is given

by the equation,
sl 250 KHz
B (5:2)

where ¢ is the wall thickness of the tube in mm.

Equation 5.1 shows that higher the permeability, lower is the depth of penetration. Since
relative permeabilities of ferromagnetic materials are of 500 to 2000, eddy currents in these
materials are concentrated at the surface. Hence subsurface defects are not detectable in
ferromagnetic materials. Also, small variations in ‘permeability give rise to relatively high
impedance change. Hence, conventional ECT fails to inspect. ferromagnetic materials. A
detailed discussion on the use of advanced techniques to solve these problems is given in
a later section.

Effect of lift off: For a simple geometry like eddy current probe over a metallic plate, the
distance between the probe and the plate being inspected is called life-off (in case of
encircling or inside coils as used for inspecting rods or tubes, it is termed as “fill factor’).
As lift-off increases, the eddy current density in the material, in turn, the impedance change
in the probe decreases. In view of this, for achieving better sensitivity, it is always desirable
to set lift-off as minimum as possible. However, its adverse affects can be minimised by
adopting special probe designs (like differential pickup coils) and procedures that would
yield enhanced phase separation between the signals due to wanted and the unwanted, in
the present case the lift-off. Also it is interesting to note that lift-off is a function of coil
diameter. The bigger the diameter of the probe, the smaller the lift-off.

Although Tift-off signals are not preferred during routine defect detection, they are of
great help in determining thickness of non-conducting coatings like paints on non-ferromagnetic
and ferromagnetic materials.




36 Practical Non-destrictive Testing

Effect of conductivity: The material in which eddy ‘currents can be induced should be of
_conductive in nature. All materials have characteristic resistance to the flow of electric
current depending on which they can be classified into three categories: insulators, semi-
conductors and conductors. We will limit our discussion to conductors only since both
insulators- and semi-conductors with their high resistivity will permit virtually no flow of
eddy currents in the test material. Conductivity is the reverse of resistivity and is the
measure of how easily the current can flow through the material. Conductivity is measured
most conveniently by referring to the International Annealed Copper Standard (IACS) sets
the conductivity of copper as 100% and for other materials as its percentage. In general,
conductivity of a material is affected by(i) chemical composition (ii) heat treatment and
(iii) temperature. ECT can be used to detect changes in any one of these properties in
isolation. s

Effect of magnetic permeability: Magnetic permeability is the ratio of magnetic flux
density to the magnetizing force of the coil. The magnetic permeability of a metal affects
the ease with which magnetic lines will flow through it. In a material with a high permeability,
a larger density of these lines will be created for a given source and the lines will tend to
concentrate in the material. This has two effects; firstly a greater amount of magnetic
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energy can be stored in the coil which increases inductance and secondly plenty of eddy
currents are generated which increases the ‘lift off” effect. The tendency of the lines of
force to concentrate in the material causes very little penetration.

Effect of geometry: The geometry of a component under test causes many difficulties in
ECT. A curved piece of metal will have a different ‘lift off” response compared to a flat
one, and the edge effect can distort the eddy current field and produces a signal lag. Another
feature of the geometry is on the actual thickness of the material under test. If the eddy
currents penetrate the full thickness, there will be some effect when the thickness changes.
Signals from thickness changes are used to detect the loss of metal due to corrosion.

5.2 INSTRUMENTATION FOR ECT
*

In most inspections, probe impedance (voltage) changes only slightly as the probe passes
a defect, typically less than 1%. This small change is difficult to detect by measuring
absolute impedance or vdltage. Special instruments have been developed incorporating
various methods of detecting and amplifying small impedance changes.

The main functions of an eddy current instrument are illustrated in the block diagram
of Fig. 5.3. A sipe wave osci generates sinusoidal current, at a specified frequency,
that passes through the_test coils. Since the impedance of two coils is never exactly equal,
balancing is required to eliminate the voltage difference between them. Most eddy current
instruments achieve this through an idee or by subtracting a voltage equal to the
unbalance voltage. In general, they can tolerate an impedance mismatch of 5%. Once
balanced, the presence of a defect in the vicinity of one coil creates a small unbalanced
signal which is then amplified, filtered and displayed on X-¥ monitor (storage oscilloscope)
after converting to DC signal. The coil output may vary in both amplitude and phase and
the relative variation of the parameters may be important for evaluation of the material
‘under test. There are many variations—in-the-design of eddy current instruments. For
understanding the functional details of the circuits, the references given at the end of the
chapter may be consulted.

[
Fig. 5.3 Block diagram of eﬂdﬁ current test instrument

Simple ECT instruments usually operate at a fixed frequency and have an analog meter
output, thus having limited applications. Modern ECT instruments utilize bdth a_rn:}:li[uhtﬁ
and phase information of the eddy currents. Such instruments permit test frequency to be
varied over a wide range enabling selection of suitable skin depth. ECT is a comparative
test; signals from real defects are compared with those from calibrated artificial defects to
establish type and depth of defects. The calibration and-inspeetion TESUIES are normally
recorded on dual channel chart recorders and on magnetic tapes. The data stored on
magnetic tapes can be played back at a later stage for further evaluation or documentation.
Recently, personal computer based eddy current instruments have been developed. These
are very compact, light in weight and very efficient in acquiring, processing and storing
eddy current data.

Coils: Coils are necessary in ECT to produce a sufficient magnetic field from limited
current or a sufficient current from a limited magnetic field. A field from adjacent wires
in a nearby coil add to provide a total magnetic field depending on the number of turns in
the coils. This type of magnetic field from a coil is similar to that from a permanent magnet,

Eddy current generation: When the coil is brought in close pmximi'ty with the conductive
material, the alternating magnetic field (primary field) will pass through the material. The
coil can be placed onto the material, or encircle it or be inside a tube, or sideways (o the
object (Fig. 5.4) and eddy currents will be induced into the material. It can be shown that
they normally have circular paths at right angles to the primary field, in other words,
parallel to the coil winding (Fig. 5.1).

Eddy current detection: The eddy currents in the conducting material generate their own
magnetic field (the secondary field) which in fact opposes and modifies-the-primary field:
This in turn modifies the primary current usually in both phase and amplitude. If the current
.f10wing through the primary field is shown on a display, then variations in it can be seen
in presence of defects.



38 Practical Non-destructive Testing

NEEE

Eddy current
flow

(b) Coil inside object

Eddy current flow
o]

Eddy current I
flow

=4

@ (RIS

(c) Coil encircling object

(a) Coil end on to object

i

Eddy Current Testing 39

Table 5.1 Comparison of Absolute and Differential Probes

Absolute Probes Differential Probes

Respond to both abrupt and gradual change

More sensitive to abrupt localised changes,
in properties and dimensions,

Prone to drift due to temperature changes. Immune to drift due to temperature changes.
May yield signals difficult to interpret.
Detects only the ends of long defects.

Less sensitive to probe wobble.

Interpretation of signals is simple.
Can detect the length of defects.
Sensitive to probe wobble.

Probe selection: The selection of a test coil (probe) is influenced by a number of factors,
viz. (a) shape of test specimen (sheets, plates, tubes, rods, wires, etc.), (b) likely distribution
of variables affecting eddy currents and type of information required-crack detection,
conductivity variation, permeability variation etc.), (c) accessibility.

Probe size requirements: The probe size requirements for ECT of the tubes are determined
by the ‘fill factor’, where

Eddy current flow

©)

(d) Coil edge on {tangential) to object
Fig. 5.4 Eddy current flow with different coil arrangements

Coil arrangement: The same coil which is used for t')othlgenerating the. p}'lmar¥ Iﬁfldhz;zg
detecting the secondary field is called an absolute coil (Fig. 5.5). then it is usefu ?mund
two coils in close proximity which are electrically arranged to bc.m opposn];on}:.e. o
in opposite directions. This arrangement reduces ﬂ?e effects. which affec; oi; d.t;t?l r:n .
example lift off, material variations and temperature. Signals which 3ffect each co : : :caﬂ :ci
for example a crack sensed by one coil at a tlme,.are enhanced. This afra:lgemen e
differential coil mode. Table 5.1 shows the relative advantages ancl. disadvantages o
most widely used eddy current probe types; absolute and differential.

Display

Display

%

(s Absolies coft (b) Differential coils
a) Abso

Fig. 5.5 Coil variations

i
Fill factor =. 322- (5.3)
where D, is the diameter of the probe and D is the ID of the tube.

Ideally the fill factor should be as close to 1.0 as possible. A fill factor of 1.0 can never
be achieved in practice since the probe would not travel down the tube. As a rule of thumb,
the optimum fill factor for tube testing is approx. 0.7. This allows reasonable sensitivity
to be achieved whilst still maintaining adequate clearance when dirt or dents may be present
in the tube.

Figure 5.6 shows different types of eddy current testing probes used for various applications.
The details of the probes given in the Fig. 5.6 are as follows.

Probe 2 Probe 4

Probe 3

Probe 5.

Probe 1

Fig. 5.6 Different types of eddy current testing probes used for various inspections
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1. Focused pencil type absolute probe with adjustable probe holder for the inspection of

with limited accessibility . ‘

% g;r::r?; ?sgéid absolute probe for detecting surface and near surface defects in col:dui.:;nﬁ
non-ferromagnetic plates. A spring is used to apply a constant load on the probe whic
would avoid lift off variations and wobbling during pro.be movemen‘l and scanning.

3. Reflection type probe used for inspection of bolt holes without removing the bolts. A;
can be seen from the figure, the inner diameter of the probe should match the bolt hea

i ter defect detection. .

4. izgilff?:rr:nettia] encircling probe used for inspection of small diameter tubc?,. One su;h
example is the inspection of steam generator and heat exchanger tubes during thg tuf e
manufacturing stage, as part of quality control procedure. An(‘)ther example is ?1:
inspection of fuel cladding tubes used in nucfle.ar reactors. A stainless sFeel tzlbe \\fn ;
a typical outer diameter of 5.31 mm aréd thlckne_ss of 0.35 mm, used in Indian fas

st reactor is shown in Fig. 5.6.

5 ]E)rief;:f;n?:l bobbin type probe used for ISI of heat exchanger and steam generator lu?es
in chemical and power plants. Differential probes are .normal!y used for eliminating
slow varying thickness and temperature variations during testing.

- -—n—-v-¢1
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Fig. 5.7 Constant current ECT technique

Testing with encircling coil

5.3 TECHNIQUES
5.3.1 High Sensitivity Techniques

(a) Constant current drive ECT technigues: Enhanced sensitivity and better _cliscn mma[ror;
are possible with the use of constant current excitation of test coils. Additionally, use o

this method can result in reducing nonlinear response inherent in the conventional balance

bridge, virtually total discrimination against coil temperature changes, and ease of operation

at high test frequency (1-30 MHz). . .
An eddy current coil system employing constant current drive is s.hown in Fig. 5.7.The

analysis reveals that

Vuur. = I(Z] - ZQ) (5‘4)
i E I‘ il impedance, Z, = search coil
where [ = the excitation current 22,) Z, = balance coil imp 2y
impedance, V; = input voltage and V,,, = output voltage.
dV,,
Sensitivity (§)=—22 (5.5)

dZy
which is totally independent of the value Z,. Using excitation current it is seen that, at
balance condition, the current drive system has twice the sensitivity of the bridge system.

(b) Scanning Probe Technigue: Scanning probe,_ shown in Fig. 5.8(a), is USCd'foi' wire g:lu:l
tube testing for detecting very small defects whlct.m are not dstec‘table b_y encirc 1;%}::0(1 s;
Scanning probe can be used with normal hand rotation or automatuf rotation aroun f; .e;t
material. The resolution of a scanning probe is independent of the dla_rfleter of the test obje

because only a limited area of the object is seen by the probe. Figure 5.8(b) shows a

oL 4 ]
1 1 — i
\— Transmitter coil M Ref !
Receiver coil Ou 5y 150 e
Testing with scanning probe
(a) (b)

Fig. 5.8 (a) Scanning probe; (b) Comparison of sensitivity of scanning probe and encircling coil J

comparison of the test results obtained from encircling and scanning probe techniques. It
can be seen that scanning probe performs better as far as sensitivity of testing is concerned.

(c) Detection of surface defects using absolute probe: An absolute probe is normally used /
for scanning the surface of plates and other rectangular shaped objects for the detection of _
surface opening and subsurface defects. Typical eddy current signals from a plate having ‘
notches of different size detected using an absolute surface probe has been shown in

Fig. 5.9. Vertical (in phase) and horizontal (quadrature) components of eddy current ' )
signals, corresponding to 0.1mm, 0.2 mm and 0.3 mm deep, 0.1 mm width and 2 mm long

notches in a 3 mm thick stainless steel plate using an absolute probe. Actual notches of 0.1 )

mm, 0.2 mm and 0.3 mm deep present in the stainless steel plate is also shown in the figure.
The frequency of inspection is 50 kHz.

5.3.2 Inspection of Heat Exchanger Tubes by Single Frequency ECT System )
One of the best applications of ECT is for in-service examination of heat exchangers.
Specifically the heat exchangers are checked periodically during shutdown periods after }
they have entered into service. The purpose is to identify tube deterioration due to pitting,
other corrosion or cracking such that failed or suspect tubes can be replaced or blanked
avoiding failure during actual use.

In- the case of heat exchanger tubes, the normally used configuration of the coil is
differential and self comparison type where twe coils are wound side by side on a bobbin |

S _—
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100% Through wall

80% Through wall
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— 40% Through wall
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0.1 mm 0.2 mm 0.3 mm

Fig. 5.9 Typical EC response from a different size surface opening defects
present in a stainless steel plate.

and are very sensitive to localised defects. The two coils form the'two arms of a Wheatstone
bridge. The bridge is initially balanced by using instrument controls to cc{mpensate fqr
minor variations between the two coils. The bridge unbalanced signal is amplified and split
into its resistive and inductive parts, by sample and hold circuits. These signals can be
displayed on X-Y scope. _

While one of the coils senses a flaw, the bridge gets unbalanced. The signals are usually
recorded on a magnetic tape recorder for real-time display latter. A two channel strip chart
recorder is also used to facilitate analysis and also to serve as a ‘hard copy’ record.

In order to achieve reproducible results, a calibration standard is essential. In the case
of in-service inspection of heat exchanger tubes, an identical tube of the same heat i‘s taken
as a standard tube and artificial defects are created in the tube by drilling holes to different
depths. As per ASME Section XI, a through-wall hole, and flat bottom holes (FBH) 'of
80%, 60%, 40% and 20% of wall thickness drilled from outside and a circumferential
groove of 10% on OD side and 20% wall thickness from inside are taken as reference
defects (Fig. 5.10). The signals obtained from these artificial defects are used for calibratifm
of the output of the instrument. The probe is pushed inside the tube and then while
retracting the probe, the data are collected and analysed. When the probe approa(;hes a .flz.lw.
the impedance of the leading coil changes and this causes an imbalance of the bn'dge giving
an output signal to move the spot on the X-Y scope downward and to the right, in a.cun’e‘d
path. The maximum deflection from the center occurs approximately when the leading coil
is under the flaw. On continuing the probe movement, the flaw moves away from the

{b)

Fig. 5.10 (a) Typical ASME calibration tube and (b) Composite signal representation from
the OD discontinuities of the ASME calibration tube at the proper frequency

leading coil and simultaneously, the trailing coil starts sensing it. When both the coils are
equidistant from the flaw, the impedance of both the coils will be the same and the bridge
output will again be zero, and the spot will return to origin completing a loop. After this
the trailing coil passes the flaw and completes the upper part of the loop, completing a
‘figure of eight’ shape. The ‘figure of eight’ shape, which is the locus of the scope spot
will remain fully visible if a storage oscilloscope is used. The phase angle for the ‘figure
of eight’ shape with the X-axis will vary with depth of the defect and the size of the loop
depends on the area of the defect. A calibration curve is drawn, as seen in Fig. 5.1,
showing typical signals from different reference defects. Now on the actual job when an
indication is obtained from a flaw, from the phase angle of the ‘figure of eight’, the depth
of defect is found by comparing the calibration curve. For heat exchanger tubing, the depth
of the defect is very much important as it is related to the integrity particularly the
remaining life of the tubes.

5.3.3 Multifrequency ECT

Multifrequency mixing eddy current testing technique is applied to eliminate disturbing
signals during eddy current testing. This technique is predominantly used for eliminating
support plate signals during heat exchanger tube inspection. In this technique, two frequencies.
are simultaneously applied to an EC probe. The primary frequency is chosen to interrogate
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Fig. 5.11 Eddy current phase angle/defect depth calibration curve

the tube material and partially the support plate, based on the skin effect equation. The
second frequency is normally chosen as the sub-harmonic of the primary, which would
interrogate the tube material and fully the support plate. The support plate signals at these
two frequencies are made to be same by suitably adjusting the gain and phase controls in
the eddy current testing instrument. The arithmetic difference between these two signals
would then be free from the influence of support plate. If defects are present under.the
support plate, the mixer will show only the signal due the defect and in this way support
plate influence is completely eliminated. Figure 5.12(a) shows the influence of support
plate on the signal from a through hole defect present under the support plate in dual
frequency inspection. After proper mixing, the signal is found to be (shown as MX1) free
from support plate influence and the phase of the signal is also maintained. Here D11 is
the Impedance plane signals from 120 kHz which is the primary frequency. D21 is the
Impedance plane signals from 60 kHz Second frequency. D31 is the Impedance plane
signals from 100 kHz which is not used in this particular mixing because two frequencies
are sufficient for eliminating one variable namely the support plate. Hence, only D11 and
D21 are considered for mixing operation. Time domain signal from one frequency (D11H)
and vertical output of the mixer channels (MX1V) are also shown on the left side of the
figure. The tube under inspection is an ASME calibration tube made of AISI type 304
stainless steel with 19 mm OD and 16.5 mm ID (Fig. 5.12(b)).

Fig.5.12(a) Eddy current signals due to a defect present under the support plate.
Only the defect signal is seen in the mixer module and the support plate

influence completely eliminated using dual frequency mixing technique

B colibration

lihe

Differential

O probe

Fig. 5.12(b) Typical ASME calibration tube used for heat exchanger inspection
with support plate and the differential probe bobbin probe

: The multifrequency eddy current technigue can be used to eliminate any number of
disturbing variables during testing such as wobble and magnetic deposits. The general rule
for the number of frequencies to be used is as follows. If we have N number of disturbing
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variables, we should use N+1 number of excitation frequencies and N number of mixing
sequences to eliminate them. But large number of mixing operation would also result in
poor signal to noise ratio which would again influence the detection sensitivity. Modern
eddy current instruments use 4 frequencies and 3 mixer modules such that 3 disturbing
variables during testing can be eliminated.

5.3.4 High Frequency ECT
In specialised applications for detecting fine surface cracks like fatigue cracks, the use of
higher frequency is desired in order to reduce the penetration depth thus achieving high
current density on the surface. To achieve this,

electron spin precision resonance in ferromagnetic hge

crystals such as Yttrium Iron Garnet (YIG) or
Gallium doped YIG is employed. A spherical
ferromagnetic crystal is placed in DC magnetic
bias field and excited with a single coupling loop
containing the DC magnetic bias in its plane, which
produces the magnetic field with the frequency
range 500-4000 MHz (Fig. 5.13). In microwave

T
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5.3.6 Inspection of Ferromagnetic Materials

Conventional ECT is not suitable for inspecting ferromagnetic materials such as carbon
steel because of drastic attenuation of eddy currents and poor signal-to-noise ratio mainly
due to permeability variations. The problem can be overcome by considering (a) saturation
techniques or (b) remote field eddy current techniques.

Magnetic saturation can be achieved by adopting an electromagnet or a permanent
magnet. While electromagnets are preferred for inspection during manufacturing stage
permanent-magnets are preferred during in-service. In the permanent magnet ECT,ba buicitj
in n.]agnet is used to magnetically saturate the tube wall and an eddy current coil to carry
out inspection. The coil impedance change'is therefore affected primarily by the combined
probe ﬁll factor and tube wall thickness changes, and other defects. If complete magnetic
saturation of the tube wall is not obtained as in the case of thick walled ferritic tubin?g the
coil impedance change is predominantly affected by the permeability and probe fill fa:ctor
changesA Thus, saturation of the ferromagnetic materials during ECT is essential. The
tec}_mlque Is most suitable for tubing with thickness of about 0.9 mm. Figure 5.15 shows
typical eddy current signals obtained from a high magnetically permeabile Monel-400 tube

Support Flat

nlate pits
T T

frequencies, the skin depth under ideal conditions
is of the order of micrometers, much smaller than
the dimensions of typical flaws. This means that
the eddy currents do not flow deep into the material.
The main advantage of this feature is the maximum
concentration of eddy currents at the flaw and
gives maximum detectable sensitivity. This technique
is capable of providing the morphology of the
defect in addition to its better detection sensitivity.

h = Height

Fig. 5.13 Schematic sketch showing
magnetic field and the eddy
currents in high frequency

5.3.5 3D or Phased Array ECT

Conventional eddy current probes can not detect
defects that are parallel to their windings (laminar
or circumferential defects) because of limited
interaction of eddy currents with the defects. The
3D system uses a substantially different bridge
circuit where each of the three coils are driven
with a unique phase of the inspection frequency A
(0, 120, 240 degrees). The magnetic field generated
by this three coil configuration results in a constant
magnitude rotating magnetic field (Fig. 5.14). The
3D system is not sensitive to any concentric variations
such as an expansion transition zone, tube sheet or
support plate. The current flow pattern in a 3D
probe causes both circumferential and axial current
flow to occur at every point within the tube at some point in time. This makes the 3D ECT
sensitive to circumferential and-longitudinal defects and pits; whether these defects be at-
an expansion transition zone or eisewhere in the tube.

&Constam magnitude

rotating magnetic field

Circular rotating
current flow

LR _U

Fig. 5.14 Constant magnitude
rotating magnetic field
generated by a 3D probe
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Fig. 515 Eddy current signals from a high magnetic permeability Monel 400 tube (test
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with and without magnetic saturation. From the above figure, it is clear that saturation
techniques are very effective in inspecting ferromagnetic materials.
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Fig. 5.16 Schematic representation of the remote field concept showing double
diffusion of the electromagnetic field through the tube wall

In the case of remote field eddy current technique (RFECT), the probe uses a single

internal sinusoidal exciter coil coaxial with the pipe and a circumferential arra

coils mounted near the inner surface of the pipe wall. Unlike conventional eddy current
tools, this detector array is located typically two to three tube diameters axially down the
tube from the exciter as shown in Fig. 5.16. With this arrangement, the technique can detect
internal and external defects in the tube wall with equal sensitivity. The schematic of the
RFEC instrumentation setup shown in Fig. 5.17 consists of a function generator (sine wave
excitation and reference square wave), low-distortion 20W power amplifier, special filters
and a lock-in amplifier. The amplitude and phase lag (with respect to reference square wave
of the exciter) of the receiver coil voltage are measured by a lock-in amplifier. The ourput‘
of the lock-in amplifier is digitised using an ADC card and stored in the computer.’
Figure 5.18 shows typical remote field eddy current signals from_ 10%, 29%‘ and 30%
percentage wall loss grooves in a modified 9Cr-1Mo steel tube. Studies have indicated that
the technique has detection capabilities of upto 10% wall thickness loss and thus has great
promise for inspection of small diameter ferromagnetic tubings.

Remote 9Cr-1Mo tube

) : field (17.2 mm OD,
2 - ..._ —"—p -b i 23 mm thick)
i i i v
Power Rasct I . Pre-amplifi
S -amplifier
G055+ @
Sine = ot S = —
wave —— — 5
e Exciter [§— 45 mm —p| Receiver Lock-in
Function Amplifier |
generator Reference
square wave
Power
supply
Fig. 5.17 Schematic of instrumentation and the coupling of indirect field to the
receiver coil §

/
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Fig. 5.18 Remote field eddy current signals from 10%, 20% and 30%
percentage wall loss grooves. Two peaks correspond to a single
defect, one when the receiver is passing through defect and another
when the exciter is passing through the defect

5.4 SENSITIVITY

The sensitivity of defect detection depends upon the test material, its structure, the type of
defect, the orientation of the defect, the depth of the defect, material quality and surface
condition, i.e. surface roughness and surface layers such as scale. Furthermore, the detection
sensitivity depends upon particular test technique, the type, magnitude and frequency of the
excitation, and the type, size and performance of i i

that encircling coils see a large surface area of the material under test. Their sensitivity is,
therefore, intrinsically less than a point probe system. In addition, the ‘lift-off” effect is
inescapable and the ‘fit’ of the coils round the test object is critical. The greater the
mismatch between the diameter of the coil and the diameter of the object, the lower will
be the sensitivity. Increasing the amplification of the measurement signal will partially
overcome this problem but such amplification applies also to noise levels and the sensitivity
is usually limited by this factor.

5.5 ADVANCED EDDY CURRENT TEST METHODS

For over four decades, eddy current testing has been one of the leading in-service inspection
methods for detection of surface and subsurface defects. Significant improvements have
been made to enhance the capabilities, reliability and user friendliness of the method.
Modelling the effect of defects on eddy current response has also contributed significantly
to the understanding of the key eddy current parameters as well as the reduction in the effect
of noise and lift-off. Improved probes and instrumentation have been developed, and the
effective use of low frequencies has enabled inspection of metallic layered structures for
detection of defects in the second and third layers. The magneto-optic imaging (MOI)
system is one of the spin-offs of the eddy current technique, and it is becoming an
increasingly practical method for corrosion assessment of aircraft structures. Additionally,
pulsed eddy current testin g (PECT) and low frequency eddy current testin g (LFECT) have
recently emerged for specific applications. In this section, the principles and applications
of MOI, PECT and LFECT are briefly described.

51 Magneto-optic/eddy current imaging (MOI)

In order to simplify the detection of defects and to visualize the eddy current response, the
MOI technique has been developed. The MOI technique combines application of planar
eddy current induction and magneto-optic imaging. MOI allows real time imaging of
defects in components without removing surface coatings, if any. Since, the MOI system
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employs an inductively coupled eddy current source, and because only magnetic fields are
being sensed, there is no life-off correction. Therefore, paints and other coatings need not
be removed prior to inspections. MOI system is a hand held portable instrument that
requires minimal training. The speed and reliability of inspection are high.

(a) Principle of MOI: The development of MOI is based on the use of combination of
principles of magneto-optic effect and eddy current induction. Faraday’s law of induction
states that a time varying magnetic field in the vicinity of an electrical conductor will induce
a time varying electric field and thus a conduction current in the same conductor, which
is the basis for the eddy current testing. The Faraday magneto-optic effect is defined as
follows: When plane polarized light is transmitted through glass in a direction parallel to
an applied magnetic field (M), the plane of polarization of linearly polarized light gets
rotated by an angle (Fig. 5.19). The degree of rotation depends on the strength of the
magnetic field and the value of the specific Faraday rotation of the glass or other material
employed. In MOI, bismuth doped iron garnets with very large specific Faraday rotation,
i.e., up to 30,000 degrees of rotation per centimeter of thickness is used instead of glass,
thus increasing the sensitivity for detection of small variations in the magnetic fields,
associated with fine defects in materials.
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In the vicinity of a defect having a dimension perpendicular to the induced eddy current
flow, there will be an inhomogeneity in the eddy current density that will produce a stray
magnetic field in the direction normal to the surface. When this stray field is added to the
magnetic bias field introduced through the bias coils (Fig. 5.20) of the system, the Faraday
rotation of polarized light transmitted through the area of the film will be in the opposite
direction to that of light transmitted through a portion of the film where the stray magnetic
field is absent. In other words, the polariser and the analyser are arranged in such a way
(Fig. 5.20) that light is transmitted only when the Faraday rotation corresponds to defect
free region with no stray magnetic field. Flawed areas of the sample are therefore discriminated
from unflawed areas by detecting only the light that has been rotated corresponding to
absence of stray magnetic field. Hence, flawed areas with fatigue cracks and corrosion, for
example, are displayed black while unflawed areas are brighter. This output can be diréct]y
visualized through an eyepiece of the MOI system and can be filmed and displayed on a
monitor or digitized for computer storage and signal processing. .

.H Analyzer

igh
Polarizer Glass/Garnet Analyzer W
Light’ Lap joint Polarizer
source Induction
ol Bias coil
/4
M : Fig. 520 Schematic setup of magneto-optic imaging
Magnetic g ; ”
ol (b) Applications of MOI: The MOI system is designed to provide images of a relatively

Fig. 5.19 Faraday magneto-optic effect

MOI uses a reflection mode geometry similar to that illustrated in Fig. 5.20. The
reflection mode meets the twin requirements of near contact imaging: (1) The garnet film
must be close to the sample otherwise the magnetic field variations become weak with
distance away from surface and (2) The need to reduce surface light reflections from the
garnet film. In the MOI system, the magnetic garnet film (sensor in Fig. 5.20) senses the
magnetization of a test piece across a circular area of 100 mm diameter. To increase the
sensitivity, two garnet films separated by a distance of 500 um are used as it doubles the
Faraday rotation of the incident light. The eddy current induction mechanism of the MOI
induces eddy currents to flow linearly across the surface of the sample throughout the test
region. Unlike in conventional eddy current technique which relies on currents flowing in
coils to induce magnetic fields in the test piece, in MOI, the magnetic field with current
is induced in a thin, planar foil (Induction foil in Fig. 5.20) placed near, and parallel to
the surface of the test piece. With this arrangement, the induced eddy currents are not
circular but planar and linear in nature, and hence these are referred to as ‘sheet currents’.

large area compared to that covered by conventional eddy current probe. Because of this,
this method is more suitable for large, flat. convex, and relatively unobstructed areas. This
also makes it ideal for examination of aircraft structures, viz. fuselage, wing and control
surfaces. This technique has proved to be highly reliable and accurate in detection of fatigue
cracks below the rivets and also for characterization of corrosion and other subsurface
defects. Figure 5.21 shows a magneto optic image of fasteners without and with cracks in
an airframe structure. The MOI system has also been employed for detection of inclusions
that have different magnetic properties than the surrounding steel material.

5.5.2 Pulsed eddy current testing

(a) Introduction: Conventional eddy current techniques use single frequency sinusoidal
excitation and measure the defect responses as impedance or voltage changes on an impedance
plane display. To detect the defects, the magnitude and phase changes are interpreted.
However, these methods are sensitive to a variety of parameters that hamper the complete
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Fig. 5.21 Magneto-optic image showing fasteners with and without cracks
in an airframe structure

characterization of the defects. Multiple frequency measurements can be combined to more
accurafely assess the integrity of the structures by reducing unwanted interfering signals that
might otherwise mask the signals due to defects. Initial de_velopment led to t%lc use qf djual
frequency eddy current testing where frequency-mixing functions al!owed thr.a quick application

o giics s DpTo O W O 0ot 1 (1T )
variations in plate separation when inspecting for second layer corrosion in lap splices of
aircraft structures, for detection of defects under baffle plates in heat excha:)gcr Lupes etc.

The dual frequency method is advantageous when performing large area inspections by
means of eddy current C-scans of specimens with corrosion under fasteners. Unfortunately,
conventional multiple frequency methods can provide limited quantitat?ve‘data. Swf:-pl
frequency measurements using impedance analyzers perform well in quantitative corrosion
characterization studies, especially in conjunction with theoretical models. Howeven:, the
application of these techniques is too laborious. Howev?r, pulsed eddy current technique,
discussed in this section, overcomes many of these limitations.

(b) Principle: In contrast to the conventional eddy current method that us§sbtimc—k‘1arm.onic
excitation of probes, pulsed eddy current (PEC) excites the probe’s driving co.rl ?\uth‘a
repetitive broadband pulse, such as a square wave. The advantages of pulsed' excitation lie
in its broadband nature; a spectrum of eddy current frequencies is applied mmult.aneously
to the test specimen. The resulting transient current through the coil in_cluces tranm.ent eddy
currents in the test piece, which are associated with highly attenuating mz%gnetlc puls_es
propagating through the material. At each probe location, a series of Volta_lge—tlme dgta pairs
are produced as the induced field decays, analogous to ultrasonic inspect{on data. Sll:lce the
produced pulses consist of a broad frequency spectrum, the reflected signal conFams the
depth information of the defect. Physically, the pulse is broadened and delayed as it travels
- deeper into the highly dispersive material. Therefore, defects close .to th‘c su.:rftdcc?T affect the
eddy current response earlier in time than the defects located interior. Similar to the
ultrasonic methods, the modes of presentation of PEC data can include A-, B- and C- sca‘ns.
The excitation pulse, signal gain, and sensor configuration can be modified to suit specific
applications. ' ;
Faraday’s law states that eddy currents are induced in a conductor by a varying magnetic
field. This magnetic field can be generated by passing a sinusoidally varying current
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through a coil. This is usually the situation in the conventional eddy current testing,
discussed earlier. However, the current can be of other waveforms such as a train of pulses.
Working on these lines, pulsed eddy current technique is based on send-receive principle,
where the flow of eddy currents is monitored by observing the effect of their associated
electromagnetic fields on the induced voltage of the receiver coil. The voltage pulse is
analyzed by observing its amplitude with time. This pulsed eddy current response data can
be analysed either in time domain or in the frequency domain or both. In time domain
analysis, the peak amplitude is used to determine the size of the defect and the time of zero
crossing is used to determine the depth of the flaw or in many cases the wall (thickness).
The deeper the defect is located inside the test material. the longer the time to zero crossing.
Time to zero crossing and phases at two different frequencies have also been used to
determine the depth, length and height of flaws under rivets.

The pulsed eddy current technique, in a sense, is an extension to the multi frequency
eddy current technique. The pulsed dri ving current produces an inherently wideband frequency
spectrum, permitting extraction of more selective information that can not be obtained from
the test specimen by single frequency method. This provides an opportunity for better
discrimination of defect signals against interfering signals.

=ady-eurrents-have advantage of penerrating into subsurface layers and therefore being
sensitive to their condition, whether or not the layers are mechanically bonded. Pulsed eddy
current technique is used for detection of hidden corrosion in layered structures such as
aircraft lap-splices and corrosion under insulation in insulated components. The technique
has the potential for distinguishing true metal loss and mere separation of the plates in lap-
splices. A 10% loss of metal from the backside of a 4 mm thick plate of aluminum is the
typical sensitivity that is achieved with PECT.

(c) Instrumentation: Pulsed eddy current system has special requirements in terms of
excitation and-detection. A large excitation coil is needed because of the predominantly low
frequency components. Two types of systems are used for this technique: one is based on
step function excitation at constant voltage of a single absolute coil and the other is based
on a two-port reflection type probe. In the two-port system, an outer drive coil is excited
with a constant voltage step function and the e.m.f. induced in a second coaxial coil is
monitored. For detection, induction coils have less sensitivity because of their weak response
to slow rate of change of magnetic field. A better solution is to use magnetic field transducers,
such as magnetostrictive and Hall effect devices.

Typical block diagram of a pulsed eddy current instrument is shown in Fig. 5.22. The
instrument is normally PC based with a 1 MHz 16 bit A/D converter card, a probe,
electronic circuits for driving the probe and pre-conditioning the signal before digitization,
Typical two-port pitch-catch probe consists of two coaxial air-core coils. The probe is
excited with a 5V, 1kHz TTL square wave and the current in the coils is monitored by
digitizing the voltage across a 1 Ohm resistor in series with the coil. A preamplifier
provides a gain of 10 dB to the signal from the current-monitoring resistor prior to
digitization. The system has a bandwidth of at least 200 kHz and most of the signal is
centered at about 20 kHz. The high speed ‘of the A/D card is important to achieve high
bandwidth for making the measurements that give adequate resolution:

The high dynamic range is required because of the necessity to measure small change
in the impedance caused by a defect as compared to high hackground signal. To make these
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Pulsed eddy current technique can also be employed for testing materials with high
iProbe driver A/D convertor | electrical conductivity, such as copper, where single frequency techniques generally fail.
This technique also enables detection of flaws, near the surface and at depth, simultaneously,

without the need to change the probe and the operating frequency.

Pulsed eddy current technique is also used for inspection of corrosion under insulation
(CUD) in insulated pipelines. M/s. Rontgen Technische Dienst bv., The Netherlands, has
B developed a system INCOTEST (Insulated Component Test) for inspection of thermally
insulated carbon steel components. The method, originated in the USA, is based on worldwide
patents held by M/s. ARCO, USA. The technique measures the wall thickness without the
need to have contact with the steel component itself, thus avoiding labor-intensive and
expensive insulation removal. An eddy current sensor of a design with extremely tight
tolerances is placed on top of the thermal insulation. This sensor consists of a transmitter
coil and a receiver coil, again within narrow tolerances, to achieve a quasi-focusing effect,
thus giving a smallest possible sensing area, called ‘footprint’.

The current through the transmitter coil is pulsed. First, the transmitter coil is excited,

Fig. 5.22 Block diagram of pulsed eddy-current (PEC) instrument

small signals visible, the reference signal corresponding to a defect free region is subtracted the current flows and a magnetic field is built-up in the material. Then the current is
from the incoming signal and this subtracted signal is used for display. Average of 100 to switched off and the magnetic field vanishes. As a result, eddy currents are induced in the
500 signals is used to obtain a stable, relatively noise free display. Typical experimental’ near surface region (skin) of the material. These eddy currents then diffuse into the wall

esults-atong-with-theoretical comparison-for detectiono o-thinning at-the-bottor and decay with a certain rate. Once they arrive at the far surface (back wall), the eddy
of top plate and top of bottom plate in a lap joint consisting of 1 mm thick 2024 aluminum currents decay more rapidly. Using the receiver coil, this time of arrival at the back-wall

plates are shown in Fig. 5.23. There is a good agreement between the theoretical and
experimental values. The subtle differences in the patterns for the signals due to metal loss

is sensed. At places with wall loss, the arrival time will be earlier than at places with no
wall loss. From this time of arrival, the system calculates the average wall thickness. A

in top plate and bottom plate include: much less shift in time to the peak signal with change in the wall thickness indicates the presence of corrosion/erosion. Each measurement

increasing metal loss, and the time shift increases with increasing metal loss in the later takes several seconds depending on the thickness of the material/component.
case. This is attributed to the fact that the metal/air interface in the later case remains The system can measure wall thickness through insulation up to 100 mm thickness, and
stationary, with the second interface (air/metal) receding with increasing loss of metal. in favourable circumstances even up to 150 mm (including chicken wire as reinforcement
i 8.0E-3 . , : 8.0E-3 ' + — ; and aluminum or steel sheathing). The system is also suited to detect erosion (at the inside
Bottom of 1st layer Top of 2nd layer surface). The measurement area (foot print) depends on the thickness of the insulation
Absolute Probe - 3 0% Absolute Probe (sensor lift off) and type of sheathing. Typically, with 50 mm of insulation, a corroded area
: ' having a diameter of 80 mm can be detected. The system can be used for wall thickness
4.0E-3 — Experiment - 40E-3 — Experiment - measurement in the range of 6 to 65 mm and pipes of more than 75 mm diameter. The
PR | . SRS i measurement time is about 2 to 5 seconds for 6 to 12 mm wall thickness and 7 to 40 seconds

?ﬂ 1 g 1 for 12 to 65 mm thickness.
= I & \ Although this system is originally developed for large stand-off applications, it can also
00E+0 F oo i 0.0E+0 i e Sy 7 be used for ‘semi-contact/non-contact’ measurements. The method is suitable for measuring
= — e : through non-conductive and non-magnetic coatings and thick layers of deposit. It is possible
T e 7 i 1 to measure the wall thickness of a pipe through 20 mm Neoprene coating or through a 6
T . . ) B f— , , ) ) mm thick Monel cladding. Because the method is tolerant to bad surface coqditions, it can
T 0.0E+0 2 0E-4 4.0E-4 T 0.0E+0 2.0E-4 4.0E-4 be applied on dirty and very rough surfaces, for example encrusted boiler tubes. By
Time, s Time, s protecting the sensor from extreme heat, the system can be used on hot components with
(a) (b) , temperature up to 773K.
Fig. 523 Comparison of theory and experiment for palsed eddy current measarements of ‘Pa.ssi‘ve’ pl'llsed eddy current iflsp.ection is beir‘lg cdnsi.dere.d' for detection of non-
T it botneed ol e simulated lap joints composed of 1 mm thick 2024 sluminum mcta]hc inclusions such as silicon dmxtfles and aluminum oxides in sheet metal. Norrna%lly
plates. (a) 10%, 20% and 30% loss of metal at the bottom of the first layer inclusions are clustered, and one can be in the form of elongated stringers due to the rolling
(b) 10%, 20% and 30% loss of metal at the top of the second layer - : —and drawing processes used in making the sheet metal. Attempts are being made to develop -

_ NDE techniques capable of on-line detection of such clustered and elongated inclusions in
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sheet metals moving at speeds of 300 to 1500 meters per minute during rolling process.
Earlier studies showed that eddy current technique can be employed for detection of such
inclusion clusters if the speed of movement of sheet is low, i.e. about 60 meters per minute.
For overcoming this limitation, a new approach is attempted. In this approach, rather than
inducing currents into the metal while measuring the coil impedance, the motion of the
metal sheet is used to induce current as it passes over a fixed magnetic field, The voltage
developed across a sense coil is monitored to detect changes in the induced current caused
by resistivity changes in the metal. This method is called ‘passive’ pulsed eddy current
testing.

Figure 5.24 shows how a coil and magnet are placed with respect to the moving sheet
metal. Figure 5.25 shows the magnetic ficld seen at a reference location along a moving
metal sheet at one instant in time. The width (in time) of the magnetic pulse is the ratio
of the magnet width to the metal speed. The typical pulse time is expected to be about
1 millisecond. This technique is equivalent to holding the metal while moving the magnet,
or equivalently, pushing a coil with 1 millisecond current pulses. The voltage measured
across the coil remains zero until a flaw (or resistivity change) moves into the magnetic
field and alters the induced current distribution. The voltage induced would be proportional
to the volume of the inclusions.
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inclusion content or sizing capabiliiies. The images in Fig. 5.26 imply that this method can
detect more inclusions in sheet with inclusions seen breaking the surface than a sheet
without surface-breaking inclusions. However, Fig. 5.26(b) does not imply that there are
no inclusions present and also the sheet tested to obtain Fig. 5.26(a) could have had
inclusions beneath the surface.

Stationary sense coil

Moving metal strip
(Edge view)

Stationary magnet

Fig. 5.24 Experimental setup showing sheet metal moving between fixed magnet and sense coil

Instantaneous
magnetic field
intensity

Moving metal strip

(Edge view) Stationary magnet

Fig. 5.25 Snapshot of magnetic field applied to metal strip

Preliminary results from laboratory studies carried out under simulated conditions indicated
that surface breaking inclusions could be detected in a 0.25 mm thick steel disc moving at
high speed (Figs. 5.26(a) and (b)). The investigators point out that without metallographic
comparison, it is difficult to quantify the effectiveness of this technique in measuring the

Inclusions
(a) {b)

Fig. 5.26 (a) Radial scan of thin steel disk with inclusions seen at surface;
(b) Radial scan of thin steel disk without inclusions seen at surface

Pulsed eddy current technique has also been considered for assessing heat treating or
thermal forming processes. The surface hardness measurements to qualify the process/
product can not recognize the alterations in the process that do not cause variation in the
surface hardness but do alter the subsurface microstructure. For example, it has been found
that in induction heat treating operations (including post heat oil quenching), it is possible
to reduce the quench time to far below process specification without significantly altering
the surface hardness, although subsurface microstructure may not meet the specification. .
Such unacceptable variations can be detected using pulsed eddy current measurements by
employing field excitation with a broad frequency spectrum from DC to hundreds of
kilohertz. This allows one to detect small changes in the electromagnetic properties of a
product both at surface and subsurface regions.

Two process variables are found to decide the surface hardness and the subsurface
microstructure in induction hardening process. These are total applied heat and quench
time. Pulsed eddy current technique for assessing the induction hardened intake and exhaust
valves of the automobile engines is discussed below. Through simulated studies, it has been
first established that the pulsed eddy current output is found to linearly increase with
Increase in the hardness. Subsequently, variations in the surface hardness and subsurface
microstructure have been simulated in a set of specimens by varying the applied heat and
the quench time. Figure 5.27 shows the influence of these process variables on the eddy
current output and the hardness. For the conditions of normal quench time (15 seconds) and



58 Practical Non-destructive Testing

variable heat. the pulsed eddy current response tracks the Rockwell C hardness, as indicated
by the first simulated studies. For the case of fixed normal heat input, but with variable
quench time, the Rockwell C hardness shows little or no change with respect to changing
quench time, indicating its failure to detect the improper quench time employed. However,
the pulsed eddy current response shows a significant change with respect to the change in
the quench time. Setting an acceptance window between + 50 and + 60 (arb. units) on the
pulsed eddy current output assures rejection of the products made with low heat and
inadequate quenching.
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in the earlier section. The pulsed eddy current technique is not a scanning technigue: the
probe head must be left in place for a few seconds to tens of seconds depending on the wall
thickness of the component being inspected. However, the LFECT technique has the
capability for rapid scanning in comparison to pulsed eddy current testing. The method is
very sensitive to localized damage, such as cracks, or pits, and can detect severe wall
thinning. The primary limitation of this technique is its limited lift-off capabilities, which
restricts the insulation thickness to a few tens of centimeters.

LFECT technique uses frequencies less than 50 Hz to penetrate up to 50 mm of insulation
in addition to the metallic weather cover (overcap) on the component. The technique has
the capability for detection of CUL in areas as small as 50 mm diameter. Smaller areas of
CUI can be detected with thinner insulation.

LFECT technique relies on specialized eddy current probes and modified instrumentation
in order to provide high intensity, stable eddy currents at very low frequencies. Special
probes with dual elements and built-in position encoder to give location information have
been developed. The LFECT systems have the following capabilities:

e For piping with up to 50 mm of insulation and smooth metallic weather covers,
detection of CUI in areas as small as 20 cm® with a 25% loss of wall.

PEC output and HR, hardness

sl o
o Lh
T 1

Decreasing heat, 155 10s 35s
|5 seconds quenching time Decreasing
= ' Quenching time
(100% heat)
Fig. 5.27 Variation in pulsed eddy current output (0) and hardness (0J)
with input heat and quenching time
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5.5.3 Low frequency eddy current testing

Low frequency eddy current testing (LFECT) technique has been primarily developed for
detection of corrosion under insulation on piping and vessels. Corrosion under insulation
(CUI) on piping and vessels represents one of the major maintenance problems and inspection
challenges in the petrochemical industry. The corrosion on the outside of the component

is usually the result of water entrapment in the thermal insulation. If undetected, this could

eventually lead to leaks in the pipes and vessels. It would be highly cost effective to use
appropriate NDT technique to detect CUI without removing the insulation. The LFECT
technique is also gaining popularity for other applications such as inspection of multi layer
structures and welds of pipes with small diameter and high thickness.

(a) Detection of corrosion under insulation: The CUI problems are found to be (1) severe
in carbon steel components and moderately severe in those made of stainless steel, (2) the
problem is severe in pipes less than 300 mm diameter and (3) CUI occurs in the case of
a variety of insulations including asbestos, calcium silicate, fiberglass, mineral fibre, mineral
wool, flexible rubber, polyisocyanurate, polyurethane and other foams.

Real time portable X-ray devices have been developed to view CUI using a tangential
X-ray beam. However, this method is very slow to use in routine inspection. One relatively
new technique for detectionof CUT is the pulsed eddy current testing technique discussed

® [he system is capable of discriminating between CUI and other indications that
provide spurious signals associated with weather cover overcaps and straps, carbon
steel insulation retaining wires. heating lines, access plugs and weld joints.
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Fig. 5.28 System response to CUI damage on 350 mm pipe through
50 mm of insulation and weather cover
Figure 5.28 shows the response of a LFECT system, i.e. trace of voltage (Y-axis)
vs. time or position (X-axis) from a pipe section covered with 50 mm insulation and an
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aluminum cover (overcap). The signal corresponding to the CUI (later confirmed by
removing the insulation) along with the signal due to the overcap is seen in the top trace.
The bottom trace, which is generated simultaneously along with the top trace, contains no
signal from the CUI due to the selection of phase angle for the display. The signal due to
the overcap is also shown in the impedance plane display as given in the middie portion
of Fig. 5.28.

(b) Other applications of LFECT: LFECT has been employed by Fraunhofer Institute for
NDT, Germany, for assessment of stainless steel internal cladding of reactor pressure
vessels in Germany. The technique has been used to determine the thickness of the cladding
and to detect sub-clad flaws. The technique can also be used to detect thinning due to
corrosion and cracks in multi-layered structures. One important application is for detecting
or estimating corrosion on the Kidden side of aircraft skin pan€ls and detection of fatigue
cracks beneath external repair doublers. Reflections of ultrasound at layer boundaries would
not allow application of ultrasenic technique. Low frequency eddy current testing can be
used for estimating corrosion in underlying structure because the eddy currents will penetrate
into the second layer of material even in presence of air gap. Detection of small changes
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image of the scanned area of the specimen obtained by GMR probe. The specimen is a two
layered aluminum alloy lay-up. The top layer was formed of an unflawed 4.76 mm thick
plate. The lower layer was a | mm thick plate with fatigue cracks grown from either side
of a drilled center hole. The sample was scanned from the unflawed side. The two fatigue
cracks originating from the center hole could be seen clearly in Fig. 5.29.

Attempts are aiso being made to apply LEECT together with GMR sensors for detection
of ID surface-breaking cracks in sirth welds of austenitic pipes of small diameter but wall
thickness up to 15 mm. Developments are also underway for use of LFECT in place of
magnetic particle technique for inspection of ferritic weldments.

5.5.4 SQUID based eddy current tesiing

Superconducting quantum interference devices (SQUID) generally work at cryogenic
temperatures, where coolant is required. Below a certain temperature, superconductors will
have a zero resistance in conducting a DC current and a superconductor ring will enclose
only specific levels of magnetic flux related to quantum theory. SQUID has very high
magnetic field sensitivity, which is nearly independent of frequency. The advantages of
SQUID are especially evident where a low excitation frequency is required. A typical

comparison between conventional eddy current svstems and the S - 1OWS

—inthe low frequency field caused by deeply buried defects—is-however—a major-chaltenge:
This challenge is met by using newly developed Giant Magnetic Resistance (GMR) based
sensors. The use of the GMR device, combined with appropriate shielding and flux focusing
has enabled the detection of fatigue cracks buried up to 1 centimeter in aluminum alloy

plates.
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Fig. 5.29 Low frequency eddy current C-scan image of a double layer aluminum alloy specimen
with fatigue cracks grown from cither side of a drilled center hole
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The GMR devices have several advantages. The devices are small, low cost, highly
sensitive, and require minimal instrumentation. Commercial GMR sensors are based upon

electron scattering in antiferromagnetically coupled multi-layers. In the absence of an -

applied field, the resistivity of the device is high due to scattering between oppositely
polarized electrons. An external field aligns the magnetic moments of the ferromagnetic
layers, eliminating this scattering mechanism and thereby reducing the resistivity of the
material. This mechanisim is sensitive only to the magnitude of the field but not to its
direction. The sensors have sensitivities between 107 and 107'2 Tesla. As an example of
application-of GMR probe; imaging of a fatigue crack in an aluminum alloy is given here.
Figure 5.29 shows the geometry of the specimen with fatigue crack along with the C-scan

an improvement in the signal to noise ratio of up to three orders of magnitude for cracks
at a depth larger than 13 mm. The high dynamic range, of typically 140 dB/3Hz or more
allows the detection of small field changes in the presence of large background fields
produced, for example, by edge effects or inhomogeneities in conductivity. The other
advantages of SQUIDs include broad dynamic range (> 80 dB) and their intrinsically
quantitative nature.

SQUIDs that operate at room temperature have also been developed. An instrument,
based on high transition temperature (high -T..) SQUID, that is able to carry out inspections
for detection of cracks and corrosion throu gh layers of aluminum with combined thickness
of 50 mm has been successfully built. Although SQUID based eddy currernt testing has
promising capabilities, it is still not yet an option for general industry today because the
cost involved is still very high.

As discussed in this chapter, several advanced eddy current testing techniques have
shown promise for various applications. Together with advances in digital computing
power and signal processing techniques, these advanced eddy current testing techniques can
provide reliable methodologies for detection of subsurface flaws, and development of
methods to reconstruct the images of the flaws.

5.6 APPLICATIONS

Eddy curfent testing is used for evaluation of a wide range of products in the industry. ECT
can be applied to round, flat and irregularly shaped conductive objects.

(a) Conductivity (varies with material characteristics)

(b) Hardness (conductivity changes as the hardness changes)

(c) -Strength (conductivity value is related to the stress characteristics of the object)

(d) Heat treatment (variation in heat treatment causes variations in_conductivity)

(e) Dimensions (dimensional chan ges cause charges in lift-off or fill factor between the
object and the coil)
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(f) Discontinuities (cracks, inclusions, etc. cause change in output impedal.lcc) )

(Ig) Coating thickness (differences in conductivity exist between a conductn..fe coating
and article. Nonconductive coating varies the lift-off between the coil and the
conductive surface of the object).

ECT has been successfully employed for on line testing of wires, rods apd tubes_, A W}de
range of diameters of different materials are being inspected as part c.quuallty control, using
ECT. The use of microprocessors has lent itself to automated analysis of the results ‘and on-
line testing, leading to increased reliability, extended flexibility, enhanced production and
cost saving in a number of industries.

5.7 LIMITATIONS

Like other NDT technique, ECT has certain limitations. The major limitation of ECT is
that only electrically conductive materials can be inspected. Since too many parameters
affect the eddy current probe impedance, ECT is not effective when more that one v.ar}a.ble
are present. Another limitation of ECT is that it can inspect,‘wnh .reasanablc sensitivity,
metallic components of thickness up to 6 mm only. The EC signal is more t:losely related
to volume of the material lost than to the wall thickness lost. Hence, evaluations should be

Chapter 6

Radiography

The historic discovery of X-rays by W.C. Roentgen in 1895 and radioactivity by Becquerel
in 1896 and their subsequent and logical application to the examination of material objects

o < 1 1 L e I 1 14 te
made cautiously. For critical applicanorns, Tesults may need 1o beverified-byan-alternate
technique. Equipment is costly as compared with MPT.

5.8 STANDARDS

1. Doc: Glossary of terms used in electromagnetic (eddy current) testing

MTD21(3534)  (in print). .

IS 6398: 1984  Code of practice for eddy current testing of seamless ferrous pipes

and tubes.

3. IS 11612: 1986 Code of practice for eddy current testing of nonferrous seamless
pipes and tubes. )

4. ASTM E309-87 Eddy current examination of steel tubular products using magnetic
saturation. :

5. ASTM E371-88 Electromagnetic (Eddy current) examination of Nickel and Nickel
alloy tubular products.

(o]

6. ASTM E426-88 Electromagnetic (Eddy current) examination of seamless and welded

tubular products, austenitic stainless steel and similar alloys.
7. ASTM E243-85 Electromagnetic examination of seamless copper and copper alloy
tubes. B .
8. ASTM E690-85 In-situ electromagnetic eddy current examination of non-magnetic
heat exchanger tubes.

provided the starting point for the development and advancement of industrial radiography.
This technique is one of the most widely used NDT methods for the detection of internal
defects such as porosity and voids. With proper orientation of the X-ray beam, planar
defects can also be detected with radiography. It is also suitable for detecting changes in
material composition, thickness measurements, and locating unwanted or defective components
hidden from view in an assembled part. The basic advantage of the use of ionising radiation
in NDT arises from the fact that the objects which can be examined can range in size and
shapes from microminiature electronic parts to mammoth missiles or power plant structures.
Further, the method can be used on a variety of materials. No prior preparation of the
specimen surface is necessary, unlike with other NDT methods. The main disadvantage of
radiography is the hazards due to exposure to radiation for the operators, which can produce
biological damage to body tissues. Consequently, strict control of human exposure to
radiation is necessary. In this chapter, an overview is made on the basic principles of
radiography and the various techniques used for inspection of engineering components.

6.1 BASIC PRINCIPLE

The purpose of radiography is to show the presence and nature of defects or other structural
discontinuities in the interior of the materials under examination. The principle of radiographic
examination is shown in Fig. 6.1. This technique makes use of the ability of short wavelength
electromagnetic radiations, such as X-rays or gamma rays, to penetrate objects. In general,
the shorter the wavelength, the greater is the penetrating power. The radiaticn that enters
through the material, some being absorbed in the material itself and amount of absorption is
a function of the density and thickness of the material. Should there be a cavity or discontinuity
in the interior of the material, the beam of radiation will have less material to pass through
than in solid material. Consequently, there will be a variation in the absorpticn of the rays
by the material in the defective area. The variation, if measured or recorded on a film
sensitive to X- or gamma radiation, produces an image that will indicate the presence of the
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defect. The image is an X-ray shadow of the interior of the material. Thus, radiography
is essentially based on the principle of shadow projection and such a shadow picture is called
aradiograph. Variations in the darkness may be interpreted to provide information concerning
the internal structure of the material. The basic setup essentially consists of a source of
radiation, the object to be radiographed and a detector which is normally a sheet of photographic

film.
Source
4 Beam

L

In:li
Il
Iu{'l

Specimen

Defect

Recording medium (film)

Defect image

Fig. 6.1 Principle of radiographic examination
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units which give stable operating conditions. The replacement of the glass tubes by metal
ceramic ones has led to an extended tube life. X-ray machines are characterised by the
operating voltage and current which determine the penetrability and intensity of the radiation
produced. Modern X-ray generators are available up to 450 kV and 15 mA. X-ray equipment
with dual focal spot sizes and ultra-small focal spot and portable (~ 15 kg) equipment with
an output voltage of 200 kV and 3 mA current are also available. Highly automated self
propelled X-ray mini-crawlers which travel within pipelines are used to take radiographs of
pipelines/welds from inside.

The area of the anti-cathode which is struck by the electron flux is called the “focal spot”
or “TARGET™. It is essential that this area should be sufficiently large, in order to avoid
local overheating which might damage the anti-cathode and to allow rapid dissipation of
heat. The projection of the focal spot on a surface perpendicular to the axis of the beam of
X-rays is termed as the “optical focus” or “focus™, This focus has to be as small as possible
in order to achieve maximum sharpness in the radiographic image. The size of the focal spot
is measured by the pinhole imaging technique. Here, a pinhole made in a suitably thick
material with high density (lead) and having dimension one order less than the expected
focal spot size is used. The pinhole is aligned parallel to the tube axis and perpendicular to
X-ray beam and a radiographic image of the focal spot is obtained, By scanning this image

. CES

6.2.1 X-Ray Source

In the widely used conventional X-radiography, the source of radiation is an X-ray tube. The
X-ray tube consists of a glass bulb under vacuum, enclosing a positive electrode or ‘anode’
and a negative electrode or ‘cathode’. The cathode comprises a filament which, when brought
to incandescence by a current of a few amperes emits electrons. Under the effect of electrical
tension set up between the anode and the cathode, these electrons from the cathode are attracted
to the anode. This stream of electrons is concentrated in a beam by a cylinder or a focusing
cup. The anti-cathode is a slip of metal with high melting point recessed into the anode
at the place where it is struck by the beam of electrons. It is by impinging on the anti-
cathode that fast moving electrons give rise to X-rays. Figure 6.2 shows the layout of a
typical X-ray tube built by Collidge in 1913 which also used a heated filament to produce
electrons. The development of electronics has led to the availability of constant potential
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using a microdensitometer, the focal spot size is obtained.

6.2.2 Production of X-Rays

X-rays are produced when fast moving electrons are suddenly brought to rest by colliding
with matter. Electrons may also lose energy by ionisation and excitation of the target atoms.
However, these do not result in X-ray production. The accelerated electrons therefore lose
their kinetic energy very rapidly at the surface of the metal plate, and energy conversion
consequently occurs. The kinetic energy of the accelerated electrons can be converted in
three different ways.

(i) A very small fraction, i.e. less than 1%, is converted into X-radiation. The conversion
factor f can be estimated by an approximate empirical relation

f=11%10°2v

where Z is the atomic number of the target and V the energy of electron in volts. For
tungsten (Z = 74) target, the fraction of X-ray energy converted into X-raysat 120kV
is 0.98%.

(i) Approximately 99% of energy of electrons is converted into heat by increasing the
thermal vibration of the atoms of the target, the temperature of which may consequently
rise considerably.

(iii) Some of the electrons have sufficient energy to eject orbital electrons from the atoms
of the target material which are ionised. The secondary electrons produced in this
way may escape from the surface of the target and subsequently be recaptured by it
producing further heat or secondary radiation.

The two most important distinguishing features of a beam of X-rays are its INTENSITY
and QUALITY. The first term of course refers to how much radiation i.e. quantity of
radiation. The second term quality refers to the kind of radiation i.e. how penetrating the
radiation is.
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6.2.3 High Energy X-Ray Source

Examination of thicker sections is carried out using high energy X-rays whose energy value
is 1 MeV or more. Using high energy X-rays, possibilities of large distance to thickness
ratios with correspondingly low geometrical distortion, short exposure times and high production
rate can be achieved. Also, small foca! spot size and reduced amount of high angle scattered
X-rays reaching the film result in radiographs with good contrast, excellent penetrameter
sensitivity and good resolution. A number of machines such as synchrotron, betatron and
Van De Graff type electrostatic generators are available of which, electron Linear Accelerator
(Linac) is the most popular.

6.2.4 Gamma Ray Sources

In contra-distinction to X-ray machines which emit a broad band of wavelengths, gamma
ray sources emit one or few discrete wavelengths. Radiography with gamma rays has the
advantages of simplicity of the apparatus used, compactness of radiation source, and
independence from outside power. This facilitates the examination of pipe, pressure vessels
and other assemblies in which the access to interior is difficult. Gamma rays are electromagnetic
radiation emitted from an unstable nucleus. Each isotope with unstable nucleus will have
characteristic nuclear energy levels and intensities for the emitted radiation. The gamma ray

indicated by the half life.

Where a variety of radioisotopes are produced in a nuclear reactor, only a select few have
been utilised for the purposes of radiography. The rest of the other isotopes produced have
been found to be unsuitable for a variety of reasons such as shorter half life, low intensity
and high cost of production. The four most popular radiographic sources are: Cobalt 60
(Co-60), Iridium 192 (Ir-192), Caesium 137 (Cs-137) and Thulium 170 ( Th-170). Table 6.1
lists important characteristics of four isotopes most commonly used for radiography.

Table 6.1 Characteristics of Gamma Ray Isotopes

Characteristics Cobalt-60 fridium-192 Caesium-137 Thulium-170
Half life 5.27 yrs 74.3 days 30.1 yrs 129 days
Energy (MeV) 1.33-1.17 0.3-0.6 0.66 0.08-0.05
Rhm/Ci L35 0.55 0.34 0.003
Typical source

curies 10 30 75 50

size (dia. mm) 25 25 10 =5
Steel thickness 200 mm 75 mm 40-100 mm 10 mm

which can be

radiographed

All the above radioisotopes, except Caesium-137 are produced by (n, ) reaction. Caesium-
137 is separated out from the fission products of the irradiated reactor fuel. Cobalt-60 and
Iridium-192 are available in high specific activities and thus tiny sources of these radioisotopes
giving intense radiation have found popular use. Specific actmty is defined as actmry in
‘curies per gram of material. -

B ]
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6.2.5 Properties of X- and Gamma Rays
X-rays and gamma rays are electromagnetic radiations similar to light waves except that
their wavelength is much shorter. Some of their properties are given below.

1. They move in straight lines and at the speed of light.

2. They cannot be deflected by means of lens or prism although their path can be bent
(diffracted) by a crystalline grid. —

3. They pass through matter. The degree of penetration depends on the kind of matter
and the energy of radiation.

4. They are ionising radiation, that is to say they liberate electrons in matter.
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6. Many substances fluoresce when they absorb X-radiation notable among them are
calcium tungstate, zincsulphide, lead-barium sulphate and some cadmium compounds.

6.3 RADIATION ATTENUATION IN THE SPECIMEN

X-ray or gamma radiation when pass through the specimen get attenuated and reduced in
the mlek/ly. The important modes of this absorption are: (i} Photoelectric cffec[,/’

(ii) Rayléigh scattering, (iii) Compton scattering and (iv) Pair production. The radiation
= [{;B{’-'u'r (61)

where I = intensity of radiation emerging out of the specimen, /; = intensity of radiation
when value of x = 0, it = linear absorption coefficient per mm thickness, B = build up factor.

For practical purposes in radiographic testing, half value layers (HVL) or tenth value
layers (TVL) as given in Table 6.2 can also be used for calculation of radiation attenuation.

Table 6.2 HVL and TifL of Steel and Lead (Thickness in mna)

Material Cobalt-60 Caesium-137 Tridivm- 192 Thuliten-170
Lead HWVL 12.5 6.35 4.8 -
TVL 41.2 213 16.25 -
Steel HVL 211 17.0 155 1.8
TVL 70.0 57.0 51.0 6.1

6.4 EFFECT OF RADIATION ON FILM

6.4.1 Film lonisation

The radiation source required to produce a certain blackening on the film depends on the
energy of radiation. Low energy radiation needs smaller dose to ensure a certain film density
as compared with hard radiation. Various isotopic sources with different radiation energy
will cause different film ionisation. For example,

Cobalt-60 = 1 Iridium-192 = 2.35
Caesium-137 = 5.5 Thulium-170 = 4-4.5

6.4.2 Inherent Unsharpness
The inherent unsharpness is the result of the mteractlon of high energy radiation with
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emulsion on the film. During the interaction, the electrons are dislodged from the silver
halide emulsion after gaining excess energy in the form of kinetic energy. The elec?trons \a:fith
high kinetic energy tend to fly off causing ionisation in the adjacent silver halide grains.
Thus the boundaries of the exposed areas will show an unsharpness of the image which is
called inherent unsharpness or film unsharpness (U). Inherent unsharpness value is about
0.1 mm without lead screen and it is 0.2 mm when a film is used with a lead screen,

6.5 RADIOGRAPHIC IMAGING

The appearance of a distinguishable image on a radiograph is dependent on several factors,

the most important of which is the difference in radiation intensity at various locations in the

image plane. The difference in intensity, then must be a function of the abnormality within
the part being inspected.

6.5.1 Geometrical Factors
True focal spot for sources used in conventional radiography is not point source but rather
is of a few millimetres in size. Due to the
finite source size, the image projected on to
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the emulsion a change takes place in the emulsion. This change is referred to as the “latent
image” (latent simply means ‘not available’, or hidden). Upon processing, the grains that
have been exposed will be darkened. The silver halide is removed from the unexposed
grains during film processing leaving a transparent area. Thus the darkness or density of the
film is directly a function of the exposure of the grains on the film to the radiation.

The film speed is another important film parameter. A film is calied high speed film when
its grains would begin reacting to the exposure considerably sooner than ofher films. Realizing
that exposure is the product of time and intensity, the effect of film speed is rather significant.
For a constant intensity, for e.g., the grains of high speed film would produce the required
density before the grains of slow speed film. It is to be noted that, the faster speed films have
larger grains and, therefore may not be able to produce the minute detail. Grain size inafilm
affects quality and time of exposure. Slow films have extra-fine grain or fine grain and give
better quality even though the exposure time is longer.

Of the many films available, the films that are referred in many standards‘and their
classification are given in the Table 6.3.

Table 6.3 Various Class of Films and Their Characteristics

-’ F ‘n—
the fiim is enlarged leading to geometric = Chass Film Characteristics
i i Ss

unshz!rpnf:SS (Fig. 6.3). Geometric unsharpne Class 1 Kodak RR, Extra fine grain high contrast,
(Ug) 1s given by Kodak M, slow speed

5 = £ . Lo Structurix D 2

g Ly (6.2) Class 11 Kodak AA Fine.grain, high contrast, medium
Structurix D4 speed i

where F = focal spot size, 1 = distance from —t Shrihie T 7
the object to the receiving plane, L, = distance : Class ITI Kodak Kodirex X High specd .

from the source to the object. Film
General rules as given below should be

practised for optimum results:

(i) Source or focal spot size should be as
small as practicable. Ideal source will
be a point source.

(ii) Source to object distance should be
as large as possible.

(i1i) The film should be in close contact
with object. ; _
(iv) Source location should be such that radiation passes through the object thickness.

Radiographic image
Fig. 6.3 Geometric unsharpness in radiographic
examination

6.5.2 Radiographic Film ,

Radiographic film is similar to photographic film in that there is a central carrier called the
film base that is made of thin sheet of polyester type material. This is normally transparent
and serves only as the carrier for the chemically reactive material that forms the emu151f)r|.
Emulsion consisting of a silver halide recording medium with a binder (gelatin) is applied
to both sides of the base. Additionally, a protective layer may be applied over the emulsion.
The silver halide is a granular material and its grain size has a significant effect on the
exposure as well as the resolution ability of the film for defect detail. When radiation strikes

-

Structurix D 10

Class IV They are screen type films used in conjunction with fluorescent screens.

These films are not recommended in industrial radiography.

6.5.3 Intensifying Screens

Use of thin screens/foils made out of heavier metals has been found to produce intensification
when exposed them along with films to X or gamma radiations of 70 kV and above. The
screens help to cut down the exposure time by utilising more effectively the radiations
reaching the film. The intensification effect is primarily due to the liberation of photo-
electrons from the screen/foil. For exposure using X or gamma radiation, following pairs of
lead screens are recommended for optimum results: -

Cobalt-60 Front 0.1-0.2 mm
Rear  0.2-0.5 mm
Iridium-192 Front 0.1-0.15 mm
Caesium-137 Rear 0.2 mm
Thulium-70 Front 0.02 mm

The intensification factor with the above screens is generally 2 to 2.5. Fluorescent screeps,

though give much higher intensification factor (approximately 5 t6 6 or even more), are not
recommended for use in radiography because of hi gh screen unsharpness. The fluorométallic
screens have been reported to have twin advantages of speed and low screen unsharpness.



)

70  Practical Non-destructive Testing

6.5.4 Film Density
All radiographs must have a readable density (blackening of the film). This is one of the first
checks made on a radiograph before attempting to interpret it. The radiograph, when exposed
and developed, will have various shades of density, depending upon how much exposure it
received. The variables that affect density in a radiograph are kV, milliampere/source strength,
distagc_:'cs, development procedure, film speed, and time.

A measure of the amount of exposure seen by the developed film is the light transmission
density or optical density or film density D which is given by

—

(6.3)

where I, = light intensity which strikes the film, 7, = transmitted light intensity. To check
the density in a radiograph, a densitomefer is used. Most specifications call for a film
density of 1.5 to 3.3.

6.5.5 Radiographic Sensitivity
The important consideration that must be made in making a radiograph is the amount of
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the edge of the discontinuity on the film. In actuality, the change in density on the film
caused by the edge of the object occurs over some finite distance. The width of this gradient

is known as the film unsharpness. Various types of unsharpnesses that contribute to the
definition of the image are:

(i) Geometrical unsharpness (U,)
(i) Movement unsharpness (U/,,)
(iii) Inherent or film unsharpness (U;)
(iv) Scattering unsharpness (U,)

(v) Film and processing factor.

The geometrical unsharpness U, is a major factor which can be controlled under a certain
exposure set up. Movement unsharpness can be considered negligible when source, object
and the film are stationary during the exposure. The inherent unsharpness U, is fixed once
the radiation energy is selected for the test. Scattered radiation produced within the object
reduces contrast whereas scatter radiation generated from the edge of the specimen lowers
the definition. Total unsharpness can be calculated using the following relationship.

2 2 2
U= JuIsZ+0? (5.4)

= arial-The mdlsgfaphﬁrs chould select an exposure

that will produce just enough X-rays to penetrate the material to be radiographed. In other
words use as low an exposure as possible to penetrate the material. Most standards recommend
X-ray voltage settings and radioisotope sources to be used for various material thicknesses.
This is one of the many variables the inspector must check and understand in radiographic
inspection.

Radiographic sensitivity is the ability of the technique to reveal the smallest discontinuity
on the radiograph. The term sensitivity is used in the sense that smaller the value better is
the detection capability. The sensitivity can be expressed either in absolute value or in
percentage with respect to the thickness of the specimen.

Contrast sensitivity: Amount of radiation exposure affects the contrast sensitivity. Contrast
sensitivity may be defined as the film density. In other words, it is the ease with which an
image can be seen against the radiograph’s background. Without contrast sensitivity, material
defects in the radiograph cannot be seen. If there is less material in one area, the film will
record that area darker than the surrounding area. This will be shown on the radiograph an
area with different film density (difference in blackness) which is the contrast. It is obvious
that optimum contrast is required. Lowering the contrast sensitivity leads to failure to locate
the defects that would normally be found.

Detail sensitivity: When proper contrast is produced on a radiograph, all the defects that the
radiographic test can locate will be seen. In addition, ‘detail sensitivity” is needed to identify
the various types of defects. In radiographic inspection, ‘detail sensitivity’ is determined by
the shargness with which image detail of the penetrameter is shown.

The variables that control detail sensitivity in a radiograph are the focal spot, anode size
or target area of the tube, the focal-to-film distance, and the type of film, The smaller the
focal spot the better is the ‘detail sensitivity’. Equipment manummeactiw:e source
supplier specifies the focal spot/source size in mm.

in radiographic film, maximum definition occurs when the film accurately reproduces

6.5.6 Penetrameter e K L"‘ﬁi4 dofest -

A “penetrameter’ also known as ‘Image Quality Indicator’ (IQI) is a gauge used to establish
radiographic technique or quality level. To accomplish this, [QI must be made of material
radiographically similar to the material being radiographed. The identifying numbers in the
pene[ran.aerer are in thousands of an inch (for ASTM) or from a table (for ASME). The
proper size penetrameter must be used in the material. The penetrameter letter/symbol on
the radiograph indicates what type of material the penetrameter is made of.

The entire outer edge or outline of the penetrameter must be visible on the radiograph; if
it is not, the radiograph does not have contrast sensitivity. The proper hole must be visible;
if not, the radiograph does not have detail sensitivity. These two factors-contrast sensitivity
and detail sensitivity-indicate the quality level for an established radiographic technique.
The penetrameter will be placed on top of the material on the source side. A variety of
penetrameter designs have been suggested, however some of the most common ones have
been described below. Number of penetrameters to be used for a specific job and their
locations are specified in the codes/standards.

Step type: This type of penetrameter is essentially a step wedge having 4 or 5 steps. The
thickness of these steps increases either in geometric or arithmetic progression. In the
f'oliowing‘list of standards, step type penctrameters are used and the thickness of which
increases in geometric progression.

1. Bureau of Indian Standard (BIS)- BIS 3657
2. AFNOR- French IQI - A04-304 \
3. IIW and ISO (similar to AFNOR)

Wire type: Among the wire type penetrameters, DIN wire type penetrameters are most
common. These are available in two types: 3
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(i) DIN 54109: This type of penetrameter consists of a series of equidistance parallel
wires whose diameter increases in geometric progression. Three indicators form the
series.

(ii) DIN 54110: This type of penetrameter consists of 4 indicators each having series of
equidistance parallel wires, the diameter of which increases in arithmetic progression.
BIS has also prescribed wire type penetrameters in BIS-3657.

Plaque type: All the American penetrameters are plaque type, also called strip type. The
penetrameter has three holes drilled on a strip having thickness of usually 2% of the specimen.

6.5.7 Determining Radiographic Exposure

Obtaining a satisfactory radiograph is recognized to involve both material and geometric
considerations as well as the knowledge of the source and film characteristics. These factors
are summarized in exposure charts and are available with the X-ray machine manufacture
and gamma ray source suppliers. Alternately, the exposure time can be calculated using the
following expression.

Fd® 7[ﬁ”—)
J

@Source
(@) Film )

(3) Lead backing

(a) Source outside film inside

(b) Source inside film inside -
Fig. 6.4 Radiographic examination of pipes with single wall penetration

_{a) Double wall single image, (b) Double wall double image and (¢) Double wall superimposing
image
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Exposure time in minutes = 60

_‘.--—’_‘| X
C(RHM)100?
where f= film factor i.e. radiation dose in Roentgens to produce a certain film density. This
can be obtained from the characteristic curve of the film, x = thickness of the specimen in
cm, HVL = half value layer, d = source to film distance (SFD) in e¢m, C = source strength
in curies, RHM = radiation output in Roentgen per hour by one curie at 1 m.

6.0 INSPECTION TECHNIQUES

With the various techniques available, the choice of appropriate one is made on the basis of
geometry, size, sensitivity requirements, in-situ space availability etc. The techniques followed
for various engineering components for radiographic inspection are given below.

6.6.1 Single Wall Single Image Technique

This technique is used when both the sides of the specimen are accessible. This is used for
plates, cylinders, shells and large diameter pipes. This technique is illustrated in Fig. 6.4.
The source is kept outside and the film inside or vice versa and the weld is exposed part by
part (a smaller length of weld). :

Panoramic technique: In this technique, the radiation source is kept in the centre of the pipe
and the film is fixed around the weld on the outer surface of the pipe. The total circumferential
weld length is exposed at a time. This technique réduces the examination time considerably.
It can be effectively employed only when the source to film distance is sufficient enough to
ensure the proper sensitivity. The required IQI, as per the governing code, can be placed
either on source or film side as the case may be.

&

6.6.2 Double wall penetration technique

The double wall penetration technique can be effectively adopted, in three different methods,
based on the prevailing pipe diameter and site restrictions. They are:

-

@

=

]

The tgchniques are shown in Fig. 6.5. These techniques are used where the inside surface
of Fhe pipe is not accessible. The source of radiation and the film are kept outside. The
radiation penetrates both the walls of the pipe.

(2) Double wall single image: The radiation source generally is kept on the pipe or very near
to the OD, and just near the weld so that the source side weld is not falling on the film side

JN’@"’ weld (Fig. 6.5(a)). This technique is employed for the pipes with diameter more than 90

mm OD: The IQI is placed on the film side. Here film side weld only can be interpreted.
As the interpretable weld length is being small, this technique requires a number of
exposures to cover the entire weld length, depending upon the pipe diameter.

(b) Double wall double image: This technique is specially suited for the smaller diameter
pipes upto 90 mm OD. The radiation source is kept at a distance (SFD) with an offset from
the axis of the weld, to avoid the superimposing of the source side weld over the film side
weld and to obtain an elliptical image on the film (Fig. 6.5 (b)). The IQI is positioned on the
source side. In this, both the source and the film side welds can be interpreted from the
image. This requires minimum of two exposures, petpendicular to each other, to cover the’
entire circumference of the weld.

(c) Superimposing technigue: This technique is attempted whenever the required offset to
obtain double image could not be possible due to site restrictions for the pipes with diameter
upto 90 mm OD. The source is kept at a distance (SFD) without offset (Fig. 6.5(c)), thereby
the source side weld is superimposed on the film side weld on the film. The IQI is positioned
on the source side. This requires minimum of 3 exposures each at 120° apart, to cover the
entire length of the weld.

6.6.3  Latitudc technique

Latitude of a film is closely associated with contrast. It is the range of thickness of a material

<Go
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@ Source
@) Film

(a) Double wall single image
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Double film technique: With proper selection of fiims and exposure conditions, the thicker
sections will be recorded on the faster film and the thinner sections on the slower film
(Fig- 6.6). The double film technique can be used with or without lead screens. A centre
screen, between the two films may also be used to advantage. Using the above factors,
manipulation can be done to get a better latitude.

Specimen

L

Fil 4

i m\ T % screens
\\@sm 7772 ’;1.7

i LLIIIIL, 7777

Fig. 6.6 Double film technique

6.6.4 Special techniques
In a complex part, it is often required to consider certain areas individually and prepare a
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(b) Double wall double image
(c) Super imposing image

Fig. 6.5 Radiographic examination of pipes with double wall penetration

that can be recorded on the radiograph within the useful range of film density. A high
contrast film has less latitude and conversely a low contrast film has higher latitude. There
is a limitation on the specimen thickness range that can be inspected satisfactorily in a single
radiograph. One method of extending this thickness range and thereby reducing the number
of exposures required for a particular specimen involves the simultaneous exposure of two
films of different speeds. When two films of different speeds are used to image the same
subject in one exposure, the latitudes of the films are summed to expand the total latitude for
the exposure. The technique is called double film technique.
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core pipe and an envelope pipe to meet the intended purp;oses. Double envelope welds can
be tested by using multiwall penetration technique.

Multiwall penetration technique: This technique can be divided into two: (a) Multiwall
single image technique and (b) Multiwall double image technique. In these techniques, the
radiation beam penetrates all the four walls. Due to the geometry of the joint, the interpretable
weld length in a single exposure is much reduced in both the techniques compared to the
techniques normally employed for the same diameter pipe.

(a) Multiwall single image technique
This technique (Fig. 6.7) is used for double envelope pipe of more than 90 mm OD and the

Penetrameter Film

Double ;
envelope e T e

!

:
d\ il

Fig. 6.7 Multiwall single image technique
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interpretable length is ascertained by the radiographic weld density. Hence a number of
exposures are required to cover the entire length of the weld.

(b) Multiwall double image technique

This technique (Fig. 6.8) is used for double envelope pipe of 90 mm OD or less. Usually
four exposures are taken for each weld joint. Proper care should be taken to keep the film
normal to the radiation beam without wrapping the film on the pipe. The annular gap is
estimated from the film by taking care of the enlargement of the image of the core and the
envelope pipes. Minimum of three exposures are to be taken each at 120° apart to assess
the annular gap in various directions.

Source

Double F o)

cTc \ / 1Q1
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types of flaws are difficult to detected. For example, cracks cannot be detected unless they
are parallel to the radiation beam. Tight cracks in thick sections usually cannot be detected
at all, even when properly oriented. Minute discontinuities such as inclusions in wrought
material, flakes, microporosity and microfissures cannot be detected unless they are sufficiently
large in size. Laminations are nearly impossible to detect with radiography, because of their
unfavourable orientations.

The defect or discontinuity must be parallel to the radiation beam, or sufficiently large,
to register on the radiograph. A defect usually must be at least 2% of the thickness of the
material before it can register on a radiograph with sufficient contrast, thus to be detected.

Certain areas in many items cannot be radiographed because of the geometric considerations
involved. Often it is difficult, if not impossible, to position the film and source of radiation
50 as to obtain a radiograph of the area desired.

Compared to other NDT methods of inspection, radiography is expensive. When portable
X-ray or gamma ray source is used, capital costs can be relatively low. Inspection of thick
sections is a time'consuming process. Radioactive sources also limit the thickness that can
be inspected, primarily because high activity sources require heavy shielding for protection
of personnel. Protection of personnel for not only those engaged in radiographic work but
also those in the vicinity of radiographic inspection site is of major importance. Safety

Fig. 6.8 Multiwall double image technique

6.7 APPLICATIONS OF RADIOGRAPHIC INSPECTION

(a) Radiography can ve used to inspect most types of solid materials both ferrous and
nonferrous alloys as well as nonmetallic materials and composites.

(b) It can be used to inspect the condition and proper placement of components, for
liquid level measurement in sealed components, etc.

(¢) The method is used extensively for castings, weldments and forgings when there is

a critical need to ensure that the object is free from internal flaws.

Radiography is well suited to the inspection of semiconductor devices for detection

of cracks, broken wires, unsoldered connections, foreign material and misplaced

components, whereas other methods are limited in ability to inspect semiconductor

devices.

(d
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6.8 LIMITATIONS

Like other NDT methods, radiographic inspection method has certain limitations. Certain

requirements impose both economic and operational constrains on the use of radiography
for inspection.

6.9 TYPICAL EXAMPLES

Figure 6.9 shows the digitised radiographic image of a portion of an aluminum casting
impeller. Radiography was carried out using a 420 kV industrial X-ray unit. The thickness
of this impeller casting varied from about 2 mm to 25 mm. The casting was zoned into three
different areas covering 2 — 6 mm, 6 — 15 mm and 15 — 25 mm and the radiography carried
out accordingly. This is the radiograph of the thinner portion showing microshrinkage
cavities (1 in figure) and inclusions (2 in figure). The voltage applied for taking the
radiography was 100 kV and the exposure was 12 mA-minutes. The focus to film distance
(FFD) used is 1000 mm and the film used is Agfa D2. Figure 6.10 shows the digitised
image of another region of the impeller casting showing inclusions (arrow in figure)
embedded with gas cavities (dark areas within the inclusions in the figure). The voltage
applied is 100 kV and the exposure used is 12 mA-minutes. The FFD used is 1000 mm and

Fig. 6.9 Dlgltﬂed X-ray radiographic image of a thinner portion of an aluminium casting
impeller. Microshrinkage cavities (1) and inclusions (2) can be seen in the radiograph
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the film used is Agfa D2 Figure 6.11 shows the digitised X-ray radiographic image of the
thicker portion (25 mm) of the casting revealing excessive shrinkage cavities (arrow in
figure). The voltage applied is 110 kV and the exposure used is 12 mA-mins. The FFD
used is 1000 mm and the film used is NDT 33. Figure 6.12 shows the digitised X-ray
radiographic image of the thicker portion of the custing with a thickness ot 25 mm. Gas
cavities (1 in the figure) and the 2T hole in the penetrameter (2 in the figure) cun be seen.
The voltage applied is 110 kV and the exposure used is 12 mA-minutes. The FFD used
is 1000 mm and the film used is NDT 35. Figures 6.13(a. b and ¢) show radiographic
images of casting defects. viz. hot tears. crack and unfused chaplet.

Figure 6.14 shows the digiused gamma radiographic image of a weld in an air receiver.

The weld was radiogruphed using [r-192 isotopic source by single wall single image
technique. The wall thickness of the “V™ eroove butt weld is 10 mm. A source to object
distance of 400 mm was used. The exposure given is 80 Curie minutes. The film used is
NDT-65. Slag line. indicated by arrow can be seen in the radiograph.
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Fig. 6.12 Digitised radiographic image of the thicker portion of the casting with a thickness
of 25 mm. Gas cavities (1) and the 2T hole in the penetrameter can be seen

| -a) Ht

(c) unfused chaplet i

Fig. 6.10 Digitised X-ray radiographic image ol a region of thinner portion of the aluminium
impeller casting, showing inclusions (arrow) embedded with gas cavitics (dark
areas within the inclusions)

Fig: 611 Digitised -X-ray radiographic image of the thicker portion (25 mm) of the casting
showing excessive shrinkage cavities (arrow)

Fig. 6.14 _Dlgftlsed gamma radiographic image of a weld in an air receiver. Slag line,
indicated by arrow, can be seen in the radiograph

Fig. 6.15 Radiographic images of a weld showing (1) T ransverse c:-'acks and- {b) Sc-at-teréd
porosity
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Figure 6.15 shows the rudiographic images of a weld joint showing LrunIS\{crse crac.:ks
(a) and porosity {bj. Figure 6.16 shows the radiographic images of a weld joint ShO\:Vl.ng
excess reinforcement and concavity, Figure 6.17 shows radiographic images of a weld joint
showing lack of penetration (left arrow) and undercuts (right arrow). The 8 mm thick.SS
316 weld pad was radiographed using 200 kV industrial X-ray unit. A source to object
distance of 700 mm was used. The voltage used was 120 kV and the exposure was 12 mA-
mins. The film used was Agfa D2. A few wires of the wire penetrameters can also be seen
in the radiograph. Figure 6.18 shows another radiographic image of the same weld pad,
showing high density inclusions coupled with excess weld reinforcement.

Fig. 6.16 Radiographic images of a weld joint showing excess reinforcement (right
arrow) and concavity (left arrow)

Fig. 6.17 Radiographic images of a weld joint showing lack of penetration (left arrow)
and undercuts (right arrow).

B] A

=

Fig. 6.18 Radiography images of a weld joint showing high density lead inclusions
(A and B) coupled with excess reinforcement.

6.10 REAL TIME RADIOGRAPHY

Real time radiography uses X- or gamma radiation, as does conventional radiography, to
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produce a visible volumetric image of an object. A major difference is in viewing the
image. During film radiography, the image is viewed in a static mode; during real-time
radiography, the image is interpreted generally at the same time as the radiation passes
through the object (dynamic mode). Another difference of real-time image is that a positive
image is normally presented, whereas the X-ray film gives a negative image.

The term fluoroscopy is synonymous with real-time radiography and electronic radiography.
Basic equipment for conventional fluoroscopy consists of a source of radiation, a fluoroscopic
conversion screen, mirrors, and a viewing port. To get the basic real-time image, an object
is placed between the source of radiation and a fluoroscopic screen that converts the
transmitted radiation to visible light. A specially coated mirror then reflects the visible

. image to a viewing port that lets the interpreter view the object. Because low light levels

are produced during conventional direct-viewing fluoroscopy, a device called image intensifier
is used to provide brightness of 100 or more times the intensity of the fluoroscopic screen.

The image intensifier is a large glass enclosed electron tube. The function of the image
intensifier is to convert radiation to light, light to electron for intensification and electron
back to light for viewing. To make the conversions, the tube contains an input phosphor,
a photocathode, accelerating and focusing electrodes, and a final output phosphor. Like the

; radiation passing through the object
to a light image. Photocathodes emit electrons when excited by the input phosphor light.
Conversion is necessary because waves in the electromagnetic spectrum cannot be accelerated,
whereas electrons can be. The acceleration of the electrons produces a brighter image when
they are converted back to light by the output phosphor.

Real time radiography has the advantages of high speed and low cost of inspection. Real-
time radiographic concept can be applied in the case of microfocal radiography. In real-time
microfocal radiography, zooming or projection magnification of the object is carried out by
dynamically positioning the object with the manipulators between the X-ray tube and image
receptor. Higher the magnification, more the details one can see. Automatic defect recognition
(ADR) is another application of real-time radiography. ADR is applied to parts which can
be inspected for the presence or absence of certain components/materials for or the presence
or absence of bonding agents such as solder or brazing. ADR may also be used at very high
speed for objects that can be scanned and interrogated by intensi ty statistics, pixel statistics
or similar window techniques for voids, inclusions or other anomalies with good contrast
against the surrounding material.

Fluoroscopic units have the disadvantage of lower sensitivity due to higher unsharpness
of the screens.

The use of microfocal units in conjunction with image intensifying system greatly
enhances. the versatility and sensitivity of the real-time radiographic setup. The inherent
unsharpness of the fluorescent screens would be compensated by the focal spot size (<100
um) of the microfocal units.

It has been reported that, real-time radiography has been applied to the inspection of
laser welds or electron beam welds in thin pipes having thickness of about 1 mm and
porosities in the range of 0.025-0.1 mm were detected. Approximately 1 second is required
to complete the image.

A typical setup of real time radioscopy system consisting of a 200 kV Eresco industrial
X-ray unit mounted on a “C” arm is shown in Fig. 6.19. The object is placed on the object
manipulator which has provisions for x,y,z and q motions. The detector also mounted on
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the “C” arm so that the motion of X-ray source and detector is synchronised. The detector
is a real time image intensifier unit the output of which can be directly connected to the

TV monitor to observe the radioscopic images online.

— C-mount stand

Detector

- X-ray source

Object Manipulator
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6.11 MICROFOCAL RADIOGRAPHY

As indicated in section 6.5, in conventional radiography units, the size of the focal spot
ranges from 1 to 5 mm. In order to keep the geometric unsharpness (U, ) as low as possible,
the film is placed in intimate contact with the object (minimizing OFD) and the source to
object distance is increased. However, the SOD cannot be increased beyond a limit, since
this would make the exposure times impractical. An alternative method is to reduce the
focal spot. X-ray equipment in which the size of the focal spot is between 0.1-1 mm, is
commonly referred to as minifocus unit while X-ray equipment in which the focal spot
size is less than 0.1 mm or 100 micrometers is referred to as microfocus unit. This small
focal spot is achieved by focussing the electron beam on to the target. Present day microfocus
units have focal spots inr the range of 5-15 micrometers. The fundamental physical processes
such as the electron scattering in the target makes it difficult to achieve focal spots better
than 5 micrometers.

6.11.1 Advantages and limitations of microfocal radiography
Once the focal spot size is reduced, a number of advantages can be identified. These
include:

Fig. 6.19 Setup of real time radioscopy system with a 200 kV Eresco industrial X-ray
unit mounted on a “C” arm and a image intensifier based detector

Figure 6.20 shows a digitised radioscopic image of a welder’s qualification stainless steel
weld pad of 10mm thickness obtained using the real time radiography system. The weld
pad has been inspected using 140 kV and 5 mA current. In order to enhance the detection
sensitivity and resolution, image processing including edge enhancement has been adapted
on the digitised image. The processed image shows lack of penetration and porosity in the
weld.

Fig. 6.20 Real time image of weld after image processing and edge enhancement
indicating lack of penetration and porosity

ta) Projection mugnification:The object reed ot be—im contact with the {itno during
exposure as in conventional radiography. Thus one can obtain enlarged primary radiographs
with magnifications greater than 2X (Fig. 6.21). Magnification reduces the number of
features that is masked by the background image noise thus enhancing the detection sensitivity
of microdefects.
(b) Improved radiographic contrast : It is well known that in conventional radiography,
scattered radiation especially generated from within the object reduces radiographic contrast
to the maximum. Once the object is placed away from the film, the amount of scattered
radiation reaching it is drastically reduced. Thus, microfocal radiographs have much better
contrast as compared to conventional radiographs.

Line focus

Focal spot Microfocus

Object Object
Defect . / Defect

r_g 1
S e SN

Umbra
Penumbra

Conventional radiography Microfocal radiography

Fig. 6.21 Comparison of conventional and Microfocal radiography setups
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(c) Possibility of object manipulation : Since the object and the film can be separated
without sacrificing image definition, real time radiography of dynamic / temporally changing
events is possible. Further the object can be rotated / translated within the radiation beam
making stereo and micro tomography possible. These techniques allow better detection of
planar defects and greater resolution of detail within the section thickness.

The limitations of the microfocal radiograph include the following:

Projection magnification has its inherent disadvantages: (a) Since the object is placed
closed to the source, a smaller volume of the object is inspected at any one time. This
means more number of exposures and more number of films. (b) Since the electrons are
focussed on to the target, the heat is concentrated in a very small and localised spot. Hence,
the target cannot be loaded to a great extent which limits the tube current. However, both
of these are not very serious limitations.

Over the years, microfocus systems have continually improved. While the initial systems
had limitations with respect to voltage and current (maximum of 160 kV and current of few
100 micro amperes only), present day systems have a voltage range of 5- 225 kV. Current
of the order of milliamperes is possible. Presently both sealed and demountable systems
are available in the market. One of the advantages of demountable systems is the use of
rod anodes. A variety of rod anodes such as forward throw, backward throw, radial
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Fig. 6.22 Microfocal Radiography unit positioned in front of the tube sheet of a reheater
of a steam generator.

panoramic are available which can be used for specific applications. The diameter of the
rod anodes can be as small as 6 — 8 mm making it possible to have high sensitivity
radiography of small diameter pipes by single wall single image technique.

6.11.2 Applications
The main areas of application of microfocal radiography can be classified as:

(a) those where conventional radiography cannot be applied due to problems of access
such as evaluation of tube to tubesheet welds of steam generator, mode couplers etc.
(b) those where conventional radiography can be applied but cannot resolve the fine
defects necessary to be detected example
" (i) detection of microdefects such as voids, microcracks and inhomogenous distribution
of material in ceramics and
(ii) detection of defects in microelectronic components
(c) for real time and computed tomography applications where microfocal radiography
is an essential requirement due to higher unsharpness of the real time systems,

Fig. 6.23 Microfocal radiograph of a tube to tubesheet weld

6.12 SAFETY IN INDUSTRIAL RADIOGRAPHY

An important aspect to be considered in the radiographic inspection is the hazards involved
and the safety of biological effects of ionizing radiation. There are two main aspects of
safety: monitoring radiation dosage and protection of personnel.

6.12.1 Radiation Units
Radiation is measured in terms of the ionizing effect that it has on a given quantity of atoms.
The Roentgen (R) is it deri i i tati

———example-online-evaluation-of-automotive-components:
Microfocal radiography unit positioned in front of a tubesheet of a reheater of a steam
generator is shown in Fig. 6.22. The rod anode is inserted into the tubesheet for radiography
of the tube to tube sheet weld. Fig. 6.23 shows a microfocal radiograph of a tube to tube
sheet weld. The tube with a OD of 17.2 mm and wall thickness of 2.3 mm was radiographed
using a panoramic backward throw probe by single wall singie image technique.
Microporosities can be observed in the radiograph. The wire penetrameters can also be seen
clearly. Four wires observed in the radiograph have diameters of 62 microns, 50 microns
and 40 microns and 32 microns. The 32 micron wire corresponds to a sensitivity level of
1.4-% of the wall thickness. The weld ripples can also be seen indicating the good contrast
and sensitivity of the microfocal radiograph. -

body depend on both the intensity and the type of radiation involved.

Radioactivity is expressed in a unit called the Becquerel (Bg) = 1 disintegration per
second (1 dps). The older unit of activity is Curie which corresponds to 3.7 « 10'° dps.
Exposure is a quantity expressing the-amount of ionisation caused in air by X- or gamma
radiation. The exposure was originally expressed in a unit called Roentgen which referred
to that quantity of radiation which produces one e.s.u. of charge in one c.c. of air.

Dose is a measure of energy imparted by any ionizing radiation in any medium like
tissue. Absorbed dose is expressed in a unit called Gray (Gy). One Gy is equal to one joule
per kg. Absorbed dose was formerly expressed in a unit called the rad. | Gray = 100 rad.

Equal absorbed doses from different radiations do not necessarily have equal biological
effects: Dose-equivalent is equal to the absorbed dose  a factor that takes into account the
way a particular radiation distributes energy in tissues. For gamma rays, X rays and beta
particles, the factor is set at one and the Gray and Sievert are numerically equal. For alpha
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particles, the factor is 20, so that 1 Gray of alpha radiation corresponds to DE of 20
Sieverts. Formerly this unit was called rem and 1 Sievert = 100 rems.

6.12.2 Limits for Radiation Exposure
Based on various studies, International Commission of Radiological Protection (ICRP-60)
has recommended the following requirements:

(a) No practice shall be adopted unless its introduction produces a positive net benefit.
(b) All exposures shall be kept as low as reasonably achievable.
(c) The effective dose equivalent (whole body) to individuals working in radiation area
o' (radiation workers) shall not exceed 2 rems (20 msv) in any one year and for the
) general public is 0.2 rem (2 msv) in a year. The above occupational limits are for
adults (age > 18). No person under the age of 16 shall be assigned work involving
ionizing radiation.

6.12.3 Methods for Exposure Control
There are three basic ways to control the exposure when working with radiography sources:

(a) Time: Don’t stay near a radiation source any longer than you have to. Time of
g e e
practices and efficient administrative control.,

(b) Distance: Stay as far away as possible from the source. As the radiation intensity
decreases with distance following the inverse square law, equipment design and
operating procedure must take into account this factor.

(c) Shielding: Yet another important way to reduce the dose is to place a shielding
material between the source and the operator. Denser the shielding material, more

- effective it will be in bringing down the dose from X-rays and gamma rays. The
commonly used shielding materials in the radiographic installations/equipment are
steel, lead, concrete and depleted uranium.

6.12.4 Radiation Monitoring
Another important aspect of hazard control is the radiation monitoring which consists of
two components (a) area monitoring and (b) personnel monitoring.

Area monitoring for radiation levels can be carried out by installed monitors or portable
surveymeters. The detectors normally used in the portable survey meters are, ionization
chambers, Gieger Muller (GM) counters and scintillation detectors. The most frequently
used radiation monitor in radiography work is the GM survey meter having a range of 0.1
mR/h to 20 mR/h. Ionization chambers have a range of 5 to 500 mR/h.

The objective of personnel monitoring is the measurement of radiation dose received by
individual during the period of work. The most commonly used monitoring devices are (i)
direct reading or pen type dosimeters (ii) film badge and (iii) TLD (thermoluminescent)
dosimeters. These monitors are integrating type since they indicate total radiation dose
received over a period.

6.13 STANDARDS
1. 18 2478:1987 ‘Glossary of terms relating to industrial radiography.

2. 1S 2953:1985 Glossary of terms used for interpretation of welds and castings
radiographs.

Radiography 87

3. IS 1182: 1983 Recommended practice for radiographic examination of fusion welded
butt joints in steel plates.

4. 1S 2595:1978 Code of practice for radiographic testing.

5. IS 2598:1968 Safety code for industrial radiographic practice.

6. IS 3657:1978 Radiographic image quality indicators (first revision).

7. IS 4853:1982 Recommended practice for radiographic inspection of fusion welded
butt joints in steel pipes.

8. IS 7810:1975 Code of practice for the radiographic examination of resistance spot

welds of aluminium and its alloys.

6.14 NEUTRON RADIOGRAPHY

Neutron radiography (INR) is a valuable NDT technique that is identical in principle to the
conventional radiography but complementary with respect to the nature of the information
obtained. The history of neutron radiography with thermal neutrons can be traced shortly
after the discovery of neutron by Chadwick, in 1932. Thewlis and Derbyshire produced the
first reactor based neutron radiographs in 1956, using a reactor beam of the 8 MW BEPO
reactor at Harwell. Commercial interest in neutron radiography began in mid 1960’s and

in aerospace and other industries.

6.14.1 Principles of Neutron Radiography

Neutron radiography extends the ability to image the internal structure of a specimen
beyond what can be accomplished with photon (X-ray & Gamma) radiation. Similarities
as well as obvious differences exist when neutron radiography is compared to photon
radiography. Similarities include the ability to produce a visual record of changes in
density, thickness and composition of a specimen. It is the differences between the techniques,
which provide the advantages of neutron radiography over photon radiography.

The basic principle underlying in this technique is due to the penetrating nature of
neutron radiation and its differential absorption by the material to obtain details of the
internal structure. Just as in conventional radiography, in neutron radiography also the
object to be examined is placed in a colimated neutron beam. Neutrons on passing through
the object are differentially absorbed. This absorption depends on the atomic number,
thickness of the materials, homogeneity and composition. The geometric pattern of the
transmitted nmeutron intensity is recorded using 4 suitable detector and visualized:
Figure 6.24 gives the schematic sketch of the above description. Graphical representation
of the mass absorption coefficient of the elements for thermal neutron and X-radiation is
shown in Fig. 6.25. From this figure, it can be seen that the mass absorption coefficients
for neutrons abruptly change and present a random picture when plotted against regularly
increasing atomic number of absorber. On the other hand, the X-ray mass absorption
coefficients increase with atomic number in a regular fashion. The differences in absorption
coefficients between the neutrons and X-rays suggest a number of possible applications for
NR, such as:

(a) Examination of dense materials like uranium, lead etc.
(b)Detection-of light materials-enveloped in-denser-materials
(c) Differentiating between isotopes of same elements and
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(d) Examination of radioactive material due to availability of image detection methods,
which are not sensitive to the associated gamma rays.

Radiation ~Collimater Directed  Attenuated  Image i’;:frﬁ;
source {moderator) beam beam detector

Object or recorder O

—_— —————

- — —_—

— —

On-line
Shielding Image

Fig. 6.24 Schematic sketch for neutron radiography
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In the case of accelerators, nuclear reactions are used to produce neutrons from accelerated
charged particles. Free neutrons can be produced by positive ion bombardment of selected
materials with acceleration potential in the range of 100 keV to a few MeV. Some specific
reactions for positive ion bombardment are H3 (D, n) Hed, H2(D, n) He3, Li7(P, n) Be7
and B9 (D, n ) B10. The most widely used accelerator source is the linear accelerator also
called as LINAC. LINAC offers the possibility of both X-ray production and neutron
production just.by interchanging the targets.

Isotopic sources can also be used as neutron sources. Many isotopic neutron sources make
use of either the (c, n) reaction or (¥, n) reaction for neutron production. These sources
have the desirable features of being reliable and semi portable. Some of the isotopic sources
are Sb-Be, Am-Be and Cf-252. Californium 252 is the most widely used isotopic source
for neutron radiography. However, thermal neutron intensities that can be achieved from
such isotopic sources tend to be lower especially when compared to an operating nuclear
reactor or an accelerator based system. Also isotopic sources have considerable gamma
background making them not so suitable for direct radiography. The length to diameter
ratio of the collimators is also quite low. Thus the radiographs produced by such sources
have low sensitivity and resolution,

6.14.2 Neutron Sources

The neutron sources available for radiography fall conventionally into three classes namely:

nuclear reactors, particle accelerators and radioisotopes in descending order of source

intensity, engineering and operating complexity and cost. A majority of practical neutron

radiography has been done using nuclear reactors as the source. This is because reactors are

prolific sources of neutrons even when operating at low or medium power levels.
100 ®Gq

@ H
B cd®

Mass absorption coefficient, p/p

e * o ® %y
' a 5
I AT o3 . s 5a® B, ® EG Os T Bi
G.{” - ] Ce
Ru
E ® Neutrons (A = 1.080 A)
" ° . Ye — Xerays (A = 0098
Ne A e
A)
o Kr

1 ] 1 L 1
50 60 70 80 90 100
Atomic Number

0.0001 . ! . :
o 10 20 30 40

Fig. 6.25 Ariation of mass absorption coefficients with atomic number for X-rays and
thermal neutrons

6.14.3 Moderator and Collimator

Practically all neutron radiography work is performed using thermal neutrons. Whether it
is a reactor, or accelerator or isotopic source, the primary neutrons are high energy neutrons.
Their average energy is moderated to thermal range using a moderator such as water or
other hydrogenous materials.

For neutron radiography, a useful beam of neutrons is required. The extraction of the
neutron beam from the reactor core is achieved through the insertion of probe (beam) tube
or collimator into the moderator. This permits only those neutrons having a direction to that
of the tube axis to pass through. The divergent type collimator is widely used since a
uniform beam can be projected over a large inspection area. The important geometric
factors for a neutron collimator are the total length (L) from inlet aperture to detector and
effective dimensions of the inlet collimator (D). This is usually expressed as L/D ratio.
Higher this ratio, better would be the resolution.

6.14.4 Neutron Detection

Neutrons-are-not-directly fonizing radiation and hence have no effect on the conventional
films used in industrial radiography. Hence, the detection system for neutrons consists of
a latent image recorded in close contact with a thin sheet of material (referred to as
converter screen), which absorbs the neutrons and converts them into a form of secondary
radiation to which the image recorder responds. The converter screens are often metallic
foils. The emissions from these foils can be either charged particles or electromagnetic
radiation, which produce the image on the film/screen. The technique used for imaging can
be classified as direct and indirect. Apart from the industrial X-ray film, there are also
etchable plastic films, image intensifiers and imaging plates for displaying the image.

(a) Direct technique: A foil of gadolinium is used before the film ((Fig. 6.26(a)). Gadolinium

atoms in the foil absorb a neutron and promptly emit other radiation such as electron.
Alternatively, a scintillator screen containing a mixture of lithium-6 and zinc sulphide can
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be used. On absorbing a neutron, a lithium atom emits an alpha particle and this then strikes
the zinc sulphide screen, which in turn emits a light photon. As the above processes are
continuous reactions, this type of foil and scintillator screen can be used with low neutron
fluxes and long integrating exposures. Also, as the film is in contact wit}} the converter
during the neutron exposure all of the forward emitted radiations takes part in the exposure
of the film. Thus, the direct technique is fast, the scintillator screens being 30 to 100 times
faster than metal foils.

(b) Indirect technique: This is also referred to as transfer technique. This mcthoq relies on
the build up of radioactivity in the foil produced by neutron absorption. In this way an
activation image is formed in the foil and this is subsequently transferred to a photographic
film in contact and allowing the decay radiations from the foil to produce the latent image
on the film (Fig. 6.26(b)). This method is useful for nuclear applications since the process
of activation and film exposure are two independent processes. However, the technique 1s
much slower compared to direct one.
Film

_\\

Neutron beam Specimen (a)-Direct Method
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6.14.5 Applications of Neutron Radiography

In the nuclear field, neutron radiography has been used extensively for post irradiation
metallurgical examination of nuclear fuel elements, control rods, irradiation rigs, for
differentiation of isotopes like U235 from U238 etc. Figure 6.27 is a typical neutron
radiograph of a fuel pin of a Pressurised Heavy Water Reactor. The pellet to pellet gap can
be clearly seen. In the non-nuclear field. this technique 1s widely used for the inspection
of pyrotechnic (explosive) devices, cooling passages in turbine blades, foreign materials in
electronic relays and packages, adhesives in metallic honeycomb structures, ceramic component
values and presence or absence of rubber seals, gaskets etc. in complex assemblies. One
of the recent applications is the study of multiphase flow measurements in thermal hydraulics
using real time image intensifier based systems. Neutron radiography is the only technique
that makes possible visualization of the flow and also quantitative measurement of void
fraction.

—

Coventional foil

Neutron beam  ppecimen \ (b) Transfer Method

o

/— Film

Pellet/Pellet gap

Pellet

\— Coventional foil

Fig. 6.26 Detection techniques for neutrons

(c) Track-etch technique: For neutron radiography of radioactive objects, nitrocellulose
film is used as a neutron detector. This is a dielectric material which can detect charged
particles by the radiation damage caused in it. The charged particles are produced by an o
emitting converter. The radiation damage is made visible by etching this film in hot §od1um
hydroxide solution. Higher definition and very good spatial resolution can be obtained by
this technique.

Fig. 6.27 Typical NR of fuel pin. The pellet to pellet gap can be seen clearly

Neutron radiography is applied in aerospace indusiry to detect hidden corrosion damage
in multi layered structures made of aluminium alloys. In the space programme, pyro devices
are also used in various launch vehicles and satellites. The pyro devices contain low density
explosive charges encased in metal casing. Neutron radiography is used (a) to ensure
presence and proper loading of pyro charges such as RDX, NC and PETN, (b) to ensure
presence of “O” rings in assemblies, (c) to assess the condition of potting compound
(epoxy) and (d) to identify the interface between the pyro charges and also between the
charge and the metal. Figure 6.28 shows the typical neutron radiograph of two widely used
pyro devices—bolt cutter and explosive manifold. The pyro charge is revealed by neutron
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radiography. In defence industry, neutron radiography is used to detect manulfactun‘ng
defects in shielded metal detonator cords (SMDC), detonating charges, exploding bride
wire assembly charge in lead cases, ammunition items efc.
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Chapter 7

Ultrasonic Testing

Ultrasonic testing is a versatile NDT method which is applicable to most materials. Fretathic

U-rings

= Charge Body

Qutput

Fig. 6.28 Typical NR of two pyro devices: (a) Bolt cutter and (b) Explosive manifold

or non-metallic. By this method, surface and internal discontinuities such as laps, s_c;ms,
voids, cracks, blow holes, inclusions and lack of bond can be accurately evaluated from one
side. Ultrasonic testing utilizes high frequency acoustic waves generated by piezoelectric
transducers. Frequencies from 1 5 10 Mega Hertz (MHz) are typically used, although lower
or higher ranges are sometimes required for certain applications. The resultant acoustic
wavelengths in the test material (depend on the ultrasonic wave velocity) are of the order of
one to ten millimetres. A highly directional sound beam is transmitted to the test piece
through a suitable couplant, usually grease or oil like material. While varigus types of
instrumentation and display modes are feasible, the most widely employed is thé pulse-echo
technique, with A-scan mode.

Since acoustic waves propagate effectively through most structural materials, but are
dissipated or reflected by inhomogeneities or discontinuities, measurement of the transmitted
and reflected energies may be related to the integrity, which is a function of the material
inhomogeneity and defect parameters. Ultrasonic test method provides quantitative information
regarding thickness of the_component, depth of an indicated discontinuity, size of the
discontinully etc. ool i

7.1 BASIC PROPERTIES OF SOUND BEAM ~

7.1.1 Sound Waves

All'sound waves, whether audible or ultrasonic, are mechanical vibrations involving movement
of the medium in which they are travelling. Because of the relative movement of the
particles in the medium, the physical properties of the particles in the medium have to be
taken into consideration. A sound wave may be transmitted through any material which
behaves in an elastic manner. Ultrasonic waves are classified on the basis of the mode of
vibration of the particles of the medium with respect to the direction of propagation of the
waves, namely longitudinal, transverse, and surface waves.

(a) Longitudinal waves : ;
The most common form of sound transmission is by longitudinal wave. In this form of wave
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mode. the oscillations occur in the longitudinal direction. Since compressional and dilational

forces are active in it, it is also called compressional or dilational or pressure wave. In this

type of ultrasonic wave, alternate compression and rarefaction zones are produced by the
vibration of particles parallel to the direction of the propagation
represents schematically a longitudinal ultrasonic wave.
—A ——~‘
|

of the wave. Figure 7.1(a)
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Direction of propagation ———*

(a) Longitudinal wave
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causing the ultrasonic energy to propagate through the material with a velocity which is
about half that of longitudinal velocity.

For all practical purposes, transverse waves can only propagate in solids. This is because
the distance between molecules or atoms, i.e. the mean-free path is so large in liquids and
gases that the attraction between them is not sufficient to allow one of them to move the
other more than a fraction of its own movement and so the waves are rapidly attenuated.

" Transmission of these waves through a material can be easily illustrated by the motion of a

rope as it is shaken. Each particle in the rope moves only up and down yet the waves move
along the rope from the excitation point.

(¢) Surface or Rayleigh waves 4

Surface waves were first described by Lord Rayleigh. This type of waves can travel only
along a surface bounded on one side by strong elastic forces of the solid and on the other by
nearly nonexistent elastic forces between gas molecules. Surface waves therefore are essentially
nonexistent in a solid immersed in liquid, unless the liquid covers the solid surface only as
a very thin layer. The waves have a velocity of approximately 90% that of shear waves in the
same material and they can propagate only in a region no thicker than about one wavelength
beneath the surface of the material. At this depth, the wave energy is about 4% of the energy

(b) Transverse wave

[—— Wave length —1

Direction of propagation ———»
{c) Surface wave on-steel-on-the right, oscillation ellipse of a particle and sense of rotation
Fig. 7.1 Schematic representation of various modes of wave propagation

F;eei

Because of its easy generation and reception, this type of ultrasonic waves is most w1d.ely
used in ultrasonic testing. Almost all of the ultrasonic energy used for the‘ testing of rf'nate.nals
originates in this mode and then is converted to the other modes for special test applications.

This type of wave can propagate in solids, liquids and gases.

(b) Transverse or shear waves _ .
In this type of wave, the direction of particle displacement is at right angles or transverse to

the direction of propagation. It is schematically represented in Fig. 7.1(b). qu sgch a wave
to travel through a material, it is necessary that each particle of thc‘ material Is 'st_rongiy
bound to its neighbours so that as one particle moves, it pulls its neighbour with it, thus

at the surface and the amplitude of vibration decreases sharply to a negligible value at
greater depths. In surface waves, particle vibration generally follows an. elliptical orbit as
shown inFig. 7.1(c). Surface waves are not useful for testing purposes because the attenuation
they suffer for a given material is lower than that for an equivalent shear or longitudinal
waves. However, they can bend around corners and thus be used for testing complicated
shapes. Only surface or near surface cracks or defects can be detected.

In plates of thickness approximately equal to one wave length, surface waves cannot exist
and the ultrasonic energy travels in the form of ‘Plate’ or ‘Lamb’ waves. They occur in two
different basic modes, viz. symmetrical or dilational waves, and asymmetrical or bending
waves. Unlike the longitudinal, shear and surface waves, Lamb wave velocity depends not
only on the material through which the wave is travelling but also on the frequency, incident
angle and thickness.

7.1.2 Velocity of Ultrasonic Waves
The velocity of sound wave in a material is determined by the relation,

TRk ' — {1

where'fis the frequency, A the wavelength and V the wave velocity.

The equation is valid for all kinds of waves. For example, the most commonly used
frequency of 2MHz in the case of longitudinal waves in steel corresponds to a wave length
of approximately 3 mm. This gives an idea of the dimension of a flaw which can be detected
reliably when using this frequency. Usually a defect which can be detected using a particular
frequency is of the order of half of the wave length in that medium.

The velocity of propagation of longitudinal, transverse and surface waves depends on the
density of the material. In a given material, it is independent of the frequency of the waves
and the material dimensions. Velocities of longitudinal, transverse and surface waves are
given by the following equations:
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wfhefe V, = velocity of longitudinal wave, V, = velocity of transverse wave, Vs = yeloelty
of surface wave, E = Young's modulus of elasticity, G = modulus of rigidity, p = density
of the material, 4 = Poison’s ratio.

% B ACOuSﬁC Impedance
jl‘he W§Istance offered to the propagation of an ultrasonic wave by a material is known as the
acoustic impedance (Z), and is determined by,
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is reflected back into the water, leaving 12% to be transmitted into the steel. This figure
will be further reduced by other factors such as change of mode, absorption and scattering.

Compared to liquid and solid materials, gases have a very low acoustic impedance. From
the intensity relationship, it can be seen that for steel-air or air-steel interface, the coefficient
of reflection is almost equal to one. Hence only sound phenomena in liquid or solid nﬂ}_@terials
are considered, boundaries with air can be regarded as boundaries with vacuum. The fact
that when sound energy travelling from a liquid or solid medium is incident on the boundary
with air or vacuum, almost the entire energy is reflected back, is used as the basic principle
of ultrasonic testing..

(b) Reflection and transmission at oblique incidence

When a sound wave is incident upon a boundary between two media of differing impedance,
at an angle other than the normal, reflection and refraction take place. The angles of reflection
andTefraction depend upon the relative velocities in the respective media. Snell’s law determines
the directions of the reflected and refracted waves. Mathematically, Snell’s law is expressed

Z=pV ) (1.5) -
where p is the density of the material and V the sound velocity in the material G ”
e e TS e 4 — 6 |
sinf V) (7:9)

7.14 Behaviour of Ultrasonic Waves

Analysis of a wave in an extended substance is possible only theoretically because 1n
practice every substance terminates somewhere i.c., it has a boundary. At the boundary, the
propagation of the wave is disturbed. If the material concerned borders on an empty space,
no Wave can go beyond this boundary because the transmission of such a wave always
requires the presence of particles of a material. At such a free boundary, the wave will
therefore return in one form or another. If another material is behind the boundary and
:“dl_’cres to the first material so that energy can be transmitted, the wave can be propagated
1, although usually in @ more or less changed direction, intensity and mode.

(a) Reflection and transmission at normal incidence

When ultrasonic waves are incident at right angles t0 the boundary (i.e. normal incidence)

of two media of different acoustic impedance, then some of the energy is reflected and the
—balance js trnsmitted- across the boundary. The amount of ultrasonic energy that is reflected

%ﬁansrtﬁttcd depends on the difference between the acoustic impedance of the two media.
€ amount of ultrasonic energy which is reflected and transmitted can be computed from
the equations 2 S

_(2Z,-4 ¢
"y i
4Z+Z,
i (Z, + Zr G
also, T=1-R (7.8)

whtl:e: R = reflection coefficient, T = transmission coefficient, Z; = acoustic impedance of
medium ] and Z, = acoustic impedance of medium 2.
For a water-steel interface, it can be seen therefore, that about 88% of the incident energy

———materials.—
Among the various naturally occurring piezoelectric materials, quartz isthe mostimpertant —

where ¢ is the angle of incidence/reflection, B the angle of refraction, and V, and V; and
the velocities of sound in medium 1 and 2, respectively.

72 ULTRASONIC TRANSDUCERS

Ultrasonic waves can be generated and detected in a number of ways. The one which is most
commonly used in NDT is ‘described here. Quartz and some other crystals have a lattice
structure such that if a plate is cut out of the crystal with a certain orientation with respect
to the crystallographic axes, and subjected it to an electric field in the right direction, it will
change its dimensions: it will contract or expand according it to the polarity of the field.
Conversely, when a similar deformation of the plate is brought about by an external mechanical
force, electric charges appear on its opposite surfaces. This phenomenon is known as
piezoelectric effect. The materials which exhibit this property ar¢ known as piezoelectric

one, because it combines reasonably good piezoelectric properties with excellent mechanical
and dielectric strength and stability. X-cut quartz plate is used for generating and receiving
longitudinal waves. Y-cut plate is used for generating transverse and surface waves in solids.
Quartz transducers can be operated at high temperatures up to 773K. A multitude of materials

exhibiting piezoelectric properties are now available, each material having characteristics
which suit to particular applications. Besides naturally occurring crystals like quartz, chemical
compounds, such as lithium sulphate, lead niobate etc., and specially produced poiycrystailine
ceramics such as Barium titanate and lead zirconate titanate (PZT) are used for ultrasonic
flaw detection. These transducer materials are mechanically less resistant. Lithium sulphate
is the most sensitive but barium titanate is the best transmitter. Because of its higher acoustic
impedance, the matching of barium titanate is always unsatisfactory and its sensitivity
cannot be fully exploited. Lead metaniobate and lithium sulphate are far superior in this
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respect. Again because of their low acoustic impedance and high intrinsic internal damping,
they are most suited to produce short pulses as is required in pulse-echo technique.

The transducers (piezoelectric crystals) can not be used on their own, but have to be
mounted as suitable probes. The role of the probe is to protect the operator from electric
shock, to protect the transducer from mechanical damage, and to make the transducer more

“suitable for the job. Various types of probes (Fig. 7.2) are made for different applications.
Normal beam transducers are used for testing by using waves at normal incidence. For
under-water testing, the probe, especially the cable, must be waterproof. For good performance,
the transducer impedance should be matched to that of the water. For very short range
operation, a twin probe is needed with separate transmitter and receiver probes built into one
housing and acoustically isolated from each another. There is an acoustic delay rod, also
called as stand-off, in front of both.
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appearing in the near field must be carefully interpreted because a flaw occurring in this
region can produce multiple indications and the amplitude of the reflected signal from the
flaw can vary considerably.

The near field length N can be calculated from the equation

D2
N=—

a1 (7.10)

or N= 13a; (in case of angle beam) (7.11)

where D is the diameter of the transducer, A the wavelength of sound in the material and
a.qr the effective area of the transducer clement.

The region beyond the near field is known as the far field. The intensity in the far field
along the axial distance from the transducer beyond three near field lengths, decreases
inversely with the square of the distance. There is always some spreading of the ultrasonic
beam in the far field as the wave travels from the transducer. The greatest concentration of
ultrasonic energy is in the centre (axis) of the beam; however, the intensity decreases at
points away from the axis. For a circular transducer, the angle of beam spread can be
calculated from the equation

Damping material

S AN
@\ NN
e l\\

Crystal
Electrodes Proctecting membrane

(a) Normal probe

Py

Dampling material

Connector

Electrodes

o 1224
o

6 =si (7.12)

where @ is the half angle beam spread.

7.2.2 Attenuation

When sound waves pass through materials, the sound pressure is essentially weakened by
two physical processes: scattering and absorption. Scattering results from the fact that the
material is not strictly homogeneous and may contain inhomogeneities like inclusions or
pores. There are also materials, which by their nature are inhomogeneous e.g. cast iron,
brass etc. Even when only a single type of crystal is present, the material may still be
inhomogeneous for ultrasonic waves if it is anisotropic. Ina material with very coarse grains
as compared to the wavelength, the scatter can be visualised as due to the repeated reflections
of sound waves at grain boundaries. In the case of grain sizes of 1/1000th to 1/100th of the
wave length, scatter is for all practical purposes negligible. It increases very rapidly, however
to make itself felt at sizes from 1/10th to the full value of the wavelength and increases to

Crystal

Perspex wedge

(b) Angle probe

Fig. 7.2 Types of ultrasonic probes

7.2.1 Characteristics of Ultrasonic Beam :

The region in which ultrasonic waves are propagated is known as sound beam. In the
sound beam, the region close to the transducer face where there is maxima and minima in
intensity (large fluctuations in the intensity) of the beam is known as the near field. Flaws

such an extent that testing may become impossible if the material concerned is anisotropic.
The second cause of the attenuation, viz., absorption is a direct conversion of sound energy
into heat, for which several processes like internal friction, elastic and magnetic hysteresis,
heat conduction etc. are responsible. Absorption usually increases with the increase in
frequency.

Both losses set limitations on the testing of materials, but in slightly different ways. Pure
absorption weakens the transmitted energy or the echo from the flaw and the back wall. To
counteract this effect, the transmitter voltage and the amplification can be increased, or the
lower absorption at lower frequencies can be exploited. Much more concern, however, is the
scattering because, in the echo method it not only reduces the height of the echo from both
the flaw and the backwall but in addition produces numerous echoes with different transit
time, the so called ‘grass’ in which the true echoes may get lost. This disturbance, as it can
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be seen clearly, cannot be counteracted by stepping up the initial sound energy. This is
because, consequent to this, the ‘grass’ effect also incredses simultaneously. The only
remedy is to use lower frequencies, which sets a limit on the detectability of small flaws.

Attenuation taking place in the material can be calculated using the following relationship:

A = Age (7.13)

where Ay is the incident amplitude, A the value of amplitude after travelling a distance ‘7
and ¢ the attenuation coefficient. :
The equation can be written ag
L4

a=—ln—=
ro A

where the value of @ is measured in nepers per mm.

(7.14)

7.3 INSPECTION METHODS

Ultrasonic testing is performed using one of the following procedures: (1) normal beam
pulse-echo; (2) normal beam through-transmission; (3) angle beam pulse-echo; (4) angle
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time base is sufficiently large. As there is continuous attenuation of the sound energy in the
material, the amplitude of the echoes decreases.

e T 5
7.3.2 Normal incident Throu gh-Transmission Testing
Many a time, pulse-echo technique may not provide required test information, This may
occur when a flaw or other anomaly does not provide a suitable reflection surface or where
the orientation or location of the flaw which is not favourable for detection using single °
probe. A]so,ﬂgiﬂ_ﬂlitggu_erig_materials are often tested with th rough-transmission technique.
Figure 7.4 shows the probe arrangement for through-transmission technique. The technique
is often used in large castings and highly attenuating materials.

beam through-transmissj = chatqiets-most-widely used ior mmspection of
__ beam through-transmission Pulse-echg te g p

components.

7.3.1 Normal Incident Pulse-Echo Inspection

The ultrasonic energy is coupled to the component being inspected through a couplant
(usually oil or grease or glycerine) that transmits the ultrasound between the face of the
transducer and the surface of the component. When ultrasonic energy travels through a test
sample and strikes a discontinuity, part of the energy will be reflected back and the remainin g

to the probe is the source of the defect indication shown on the instrument screen (Fig. 7.3).
The sound energy that travelied completely through the test piece will be reflected at the end,
giving the large back wall echo indication. Once excited in the material, the ultrasonic pulse
will continue to reflect from the parallel surfaces, creating a multiple echo display when the

Main bang Fi:r st S?—;t)ngu_ Transducer
T back wall  back w —
(initial echo) echo echo Test Ultrasonic
: piece beam
i s
” A= = -
! L ’ ' 3{(’0\?}"
2L A
time-z \iw

N

Fig. 7.3 Pulse-echo inspection of bar of length L

Transducer Transducer
\ transmitter [ receiver
}i ] L.
| ! —~
e

= 12
Fig. 7.4 Through-transmission inspection of bar of length I

7.3.3 Angle Beam Pulse-Echo Testing ;

Angle beam transducers provide access 1o areas that are jnaccessible to normal beam probes.
Figure 7.5 shows the angle beam test arrangement. Angle beam inspection is accomplished
with shear wave probes. Angle beam test applications are explained in detail in section 7.5.

Shear wave
transducer

Echo from
defect-A

To flaw detector

E—

Fig. 7.5 Angle beam test arrangement

+ 7.3.4 Criteria for Probe Selection

£

Some of the factors that affect the probe selection are flaw sensitivity, beam divergence
penetration, resolution etc, :

7.3.5 Flaw Sensitivity
The frequency of the probe is one of the most important factors to be considered when the
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minimum detectable flaw size is of concern. While there are a number of other parameters
that affect the flaw sensitivity, the detectability of 2 flaw is a direct function of the wavelength,
which varies inversely with the frequency. Most favourable detection conditions exist when
the flaw is somewhat larger than the wavelength. As the wavelength becomes larger than the
flaw, the likelihood of detection decreases considerably. In general, it has been found that
using a particular frequency probe, defect size of the order of half of its wavelength can be
detected.

7.3.6 Beam Divergence

Divergence is a function of diameter and frequency of the probe, and sound wave velocity
i the material. Hence selection of the proper probe is essential for assuring a satisfactory
inspection.

7.3.7 Penetration and Resolution

Attenuation plays an important role in ultrasonic testing in a variety of ways. Not only does
it account for the loss of signal height for equal reflectors at increasing distances from the
probe, it is also a useful diagnostic tool for several types of inspection. Two of the most

affecting sources of attenuation are beam spread and scattering. In general, the use of lower
T Hririm i ximise the penetration due to the fact
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Flaw echo—  Back echo
Multiple
|_ echos. a

[)(5)(%): ) ‘

Fig. 7.6 Typical pulse-echo response from a planar reflector (fatigue crack)
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7.42 Inclusions, Slag, Porosity, and Large Grain Structure
Many manufactured prodiicts contain internal defects that give reponse quite differently
than that seen for a fatigue crack. Such defects are inclusions, slag and porosity to name a
few. Figure. 7.7 shows the screen appearance and the general reflection behaviour of such
defects. In these situations, where there is no flat planar reflector, the scatter at the defect
may be sufficient to destroy the back echo signal. In this event, the loss of the back echo may

he more informative

that the longer wavelength pulse is less affected by scattering at grain boundaries etc. Lower
frequency probes, then. are said to have greater ability for penetration.

What is an advantage on the one hand is often a disadvantage on the other. Lower
frequency probes have lower resolution, i.e. decreased ability to resolve closely spaced
reflectors. Therefore higher frequency probes are chosen for better resolution.

7.4 TECHNIQUES FOR NORMAL BEAM INSPECTION

It must be emphasized that the basic role of an ultrasonic flaw detector is to obtain and
display information. Interpretation of the data must come from qualified inspectors. Automatic
interpretation offers great potential provided correct data have been furnished to the instrument.
In order to demonstrate the basics of ultrasonic inspection, discussion is made with the help
of a few examples.
]'\m Nk

7.4.1 Fatigue Cracks
Fi'gﬂ'_r‘e"?‘.()"s‘nows'"tht-nmmal—beam—tes&i-ng—@f_ba:s_for_fatigue_cmcks. Fatigue cracks are

First defect echo

Second defect echo

P T e P
(B (%) - . g |

(b)

(@)

assumed to be planar in shape, with boundaries well defined, providing sharp distinct reflected
echoes on the screen. With length L and time ¢ for a pulse reflecting at the bar end, echos of
the defect present at a distance a would appear at time (a;/L)t on the screen. Multiple
echoes of the flaw echo would also appear. If the probe is moved away from the location, the
defect echo would disappear, while the back echo remains. For a circular shaft with a planar
flaw, moving the probe in a circular fashion around the outer extremity of the end of the bar

should generate a pattern of rising and falling flaw echo that will indicate the approximate

size and shape of the flaw. Where access to a suitable inspection location is available, it is
useful to confirm the presence and shape of a flaw by approaching it from a different
direction.

Fig. 7.7 (a) Screen appearance from slag, inclusions or porosity (b) reflection
pattern for the above type of defects

7.43 Thickness Measurement: Corrosion Detection

Pﬁtr:.asonic transit time measurements are conveniently used for determination of thickness
in piping, tubing, and pressure vessels. Thickness measurement, of course, is crucial in the
prevention of failures caused by corrosion. Since the longitudinal wave speed is essentially
cogstant for a given engineering materials, changes in material thickness may be determined
quite accurately using the position of the back echo obtained from conventional normal
beam inspection.

Thickness measurement is based on the transit time comparison, i.e., reference transit

—_———
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times are first established for known thickness of similar material and the comparable travel
times arc obtained for the item being inspected. Step blocks with incremental thickness for
the range of interest are most often used in the calibration of the ultrasonic instrument for
thickness measurement.

Ultrasonic thickness measurement is also accomplished with digital instruments that
automatically determine the transit time of the first back echo. Proper calibration is also
required for these instruments. In all cases, the manufactures’ instruction manuals should be
followed in order to obtain reliable results.

7.4.4 Intergranular Cracks: Hydrogen Attack
The ultrasonic testing employed for the measurement of hydrogen attack/intergranular attack
involves the measurement of velocity, attenuation and back-scatter.

It has been seen that hydrogen attack decreases ultrasonic wave velocity and increases
attenuation and back-scattering. The reduction in wave velocity is caused by an overall
decrease in bulk modulus of elasticity due to microcracking. Such a decrease in bulk
modulus is produced when a large number of microcracks are present or the material has
extensive hydrogen attack.

Altenuation measurements are often used to detect defects that have irregular growth

=, il
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(inspection angle). The angle is specified on the probes. Ultrasonic angle beam inspection
is widely used for locating cracks at certain oblique angles in the components. Weld inspection
is quite frequently accomplished using angle beam probes. Typical defects possible 10 detect
include cracks, slag, inclusions, porosity etc. The type of defects expected dictates the
choice of the angle of the probe to be used.

A typical weld testing arrangement is shown in Fig. 7.9(a). Defects ure assumed to be
within the weld metal as well as within the heat affected zone. Since there is no back-echo
for this inspection, the correct proximity of the probe to the inspection urez must be established.
A method for doing this is to first obtain a corner reflection as shown in Figs. 7.9(b) and (c).
In this case, the probe is manipulated along a line parallel to the edge at a distance estimated
to be equal to the skip distance S. The skip distance may be estimated using the specified
pro_be inspection angle. Once the skip distance is established, a line is drawn on the piece to
be inspected parallel to the weld and at a distance equal to the skip distance. Inspection is

atterns. Th i attering of
the energy (Fig. 7.8) with a resulting loss of
amplitude and little, if any, reflected energy.
These irregular cracks are usually detected
with a loss of amplitude using a normal beam
pulse probe. Calibration for the test starts
with a multiple echo display obtained using
a defect free sample of the item to be
inspected. Time base and amplitude
adjustments are fixed so that the fourth back 1 I
echo is of full screen height (FSH) in the
calibration piece. Unacceptable defects are
likely to be present in the item being inspected
when the fourth back echo falls to less than .
20% FSH and is taken as criterion for the presence of unacceptable defects.

Sometimes it may be difficult to apply attenuation measurements on jobs where inner
surface-is-pitted-and-scatters ultrasound: In such situations, back-scatfered ultrasonic waves
are analysed. Back-scattering occurs from the grains because of impedance mismatch at the
material grain boundaries, Back-scattering increases with ultrasonic test frequency. These
measurements are usually conducted at higher frequencies such as 10 MHz. While the back-
scattering method is sensitive to cavities and microcracks, the technique has to be used
carefully to avoid erroneous results due to anisotropy between grains or at the boundary of
two differemt metallic phases. To account for such effects, back-scattering measurements
are compared with those made at a reference location which is having no hydrogen attack.

Wave front

[l ]]l]

Fig.7.8 Scattering at intergranular type defects

7.5 TECHNIQUES FOR ANGLE BEAM INSPECTION

Angle beam inspection is accomplished using shear waves inclined at some specified angle

Probe location
for calibration

Probe
location
for weld
inspection

(a) Typical arrangement for angle beam weld inspection

{b) Skip distance for calibration (c) Beam path for inspection of angle beam probe

-
Main Defect
bang echo

(d) Locating a crack using angle beam transducer
Fig. 7.9

The relationship between skip distance, material thickness and beam path distance are

given below (Refer Fig. 7.10)
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Plastic

wedge — Transducer
s

Cable to flaw
detection instrument

Pipe

Fig. 7.11 Pulse-echo angle beam inspection of pipe

shows the principles of both the methods. The probe is so situated that maximum echo
response is obtained. Further the echo is adjusted to full screen height by adjusting the gain.
Next, the probe is moved laterally until the echo amplitude falls by one-half in the case of
6 dB drop method and one-tenth in the case of 20 dB drop method. For planar flaw with
orientation perfectly normal to the plane of transducer, the method will correctly locate the
edge of the flaw and planar shape of the flaw could be traced. The methods have the inherent

Fig. 7.10 Relationship between skip distance, beam path distance,
flaw surface distance and depth

Half skip distance =ttan 6 (7.15)
Full skip distance =2t tan 6 (7.16)
Half skip beampath (1/2 BP) =1 seC 0 (7.17)
Full skip (1 BP) =2tsec O (7.18)
Defect at depth d = BP o0 cos 0 (7.19)

i {7.20
Surface distance of the defect = BP e sin 6 (7.20)

where t is the thickness of the part being tested and & the refraction angle of sound beam
in the material.

; ipe Inspection -
:’.iiels of vli)rtuaﬂypall sizes can be inspected ultrasonically for internal al?d Turface di[t.‘lzitts.fg:.
pipes both manufacturing and service flaws can be dnf,tectf:d. A typica arrar;ge e
pulse-echo inspection of a pipe is shown in Fig. 7.11. This scheme woul.d d{?tect fc)lné]l
flaws. As the probe is moved towards and past the defect, the echo will rise an: :

7.6 FLAW CHARACTERISATION TECHNIQUES

Correct information on the flaw location, size, shap_e, orie_ntation etc?‘ are l}'ﬂ]i)?l;t&;l’;ts I;c;;
making confident decisions on the appropriate correct'nie action for eqmpmznt ;;1 i :lwide]
purpose’. Echo amplitude alone is not sufficient for sizing lihe i."laws (_EOITBCI y. los . thaz
used flaw sizing method for larger flaws (when the ﬂa.w_sme is comparabhe gr Fg;g..e'?. =
beam width) is 6 dB drop method and for smaller flaw, 1t 18 20 dB drop method. Figure /.

problem of being unreliable for flaws of irregular shape and varyirig roughness.

I

(@) (b) (©

Fig. 7.12 (a) Probe location for full screen response, (b) for 6 dB drop
response and (c) for 20 dB drop response

7.7 ULTRASONIC FLAW DETECTION EQUIPMENT

Many types of pulse-echo ultrasonic flaw detectors are available in the market. In a flaw
detector, there are three essential working units in addition to a power supply unit that
provides direct current at appropriate voltages to the three working units. Figure 7.13 shows
the block diagram of a pulse-echo flaw detector.

The three essential working units are as follows: pulse transmitter, receiver amplifier and

the free-running time base generator is more complicated than in anzr-ain\a,%to(s%ﬂl?ﬂsgupc,
because after the end of a sawtooth wave it waits long enough for the rever erations in the
test object to die down, about four or five times the sweep time, before a new sequence of
events is started. Another function of the time base generator, as in any ordinary oscilloscope,
is to provide square wave signals for the cathode ray tube, ensuring that the spot appears
only during the sweep period, but not during flyback or waiting time. Just after the beginning
of the sawtooth wave, the pulse transmitter is triggered and it delivers a fast rising, short,
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7.8 MODES OF DISPLAY

Decisions on removal of the part, repair or continued service need full information on the
flaw characteristics. Various types of presentation possible are given below.

7.8.1 A-Scan
Echoes can be displayed just as seen on an ordinary oscilloscope: X-represents time of flight

of the pulses converted into distance travelled by the pulses (depth of penetra[iog)_;-aﬁectian
parallel to rhe-mmgfmtt echoes. This type of presentation js
called an ‘A-scan’. It shows the situatmmonary in one position. A-scan
presentation is still the most used mode of display in the ultrasonic testing.

Since the information that is available in A-scan, is basically one dimensional, interpretation
with accompanying sketches and calculations is required to characterize the flaw. Imaging

Systems using automated probe movement control and computerized data analysis and storage
greatly enhance the quality of defect characterisation and the ease of communication. There

LT Transducer are basically two imaging techniques widely used in the ultrasonic testing of components,
A BN RS X These are B-scan and C-scan.
e I A 7.8.2 B-Scan : i
L Le { In the B-scan display, the Y-axis is used in a different way. When moving the probe along
¢ L a straight line on the surface of the test object, the displacement of the probe can be

Fig. 7.13 Diagrani of an ultrasonic flaw detector

high voltage spike to the probe. An alternate system is so_metimes? favoured. In this alternate
system, the time base is of a single-sweep type (when tljjggered 1!: fzomplctf.:s one cycle and
then waits for the next trigger signal). In that case, a single additional unit, a clock pulse
generator, is needed to do the triggering and to set the repetition rate.

From the transmitter, the electrical pulse is fed through a cable to the probe, an e_xterna]
device which is not part of the flaw detector itself. It is possible to use probes of .dlfferent
makes with a number of flaw detectors. In the probe, the piezoelectric transducer is shock-
excited by the short, high voltage pulse and made to vibrate at its own resonant frequen.cy
for a few oscillations, thus radiating an ultrasonic pulse into the test object. It is heawly
damped to keep the ultrasonic pulse short, normally just. a few cycles_. Tth ultrasonic e?ho
pulse is picked up by the same probe, which reconverts it into an electrical signal, !.)ut having
a voltage many orders of magnitude smaller than the transmitted pulse, so that it must be
amplified before it can serve any useful purpose.

In the receiver-amplifier, the echo signals are amplified and filtered to some c?xtent. I.n
most flaw detectors, there are two independent facilities to control the receiver gain: one is
calibrated in decibels and the other is uncalibrated. After amplification at the ultrasonic
carrier frequency, the signals are rectified and further amplified before being fed to the
deflection plates of the cathode ray tube. ) . :

Some flaw detectors have various ancillary circuits, e.g. time-varying gain control to
compensate for signal loss with distance in the material, a built-in menitor for semi-automatic

defect indication etc.

converted into an electrical sj gnal (voltage) by a potentiometer and used to shift the spot on
the oscilloscope screen. This dimension js normally displayed along the X-axis and the
travel of the ultrasonic pulse in the object is represented by the time base moving the spot
in the Y-direction (usually from the top downwards). Now a new way is needed to display
the amplitude of the echoes and this is achieved by hrj ion, or z-modulation
of the cathode ray beam. The beam is always cut off, only the echo signals cause it to
brighten up, producing a spot on the screen whose brightness is proportional to the echo
amplitude. In this Wway only one line scan, i.e. a serious of dots, appears on the screen at any
one time. The whole picture has to be built up on a Tong persistence screen, or on the screen
of a storage tube, or on the film of a camera with the shutter kept open during the whole
scani. This type of display is called B-scan. '

The B-scan presentation gives a cross sectional view of the part being tested and shows
the length and depth of a flaw in the test material. The limitations of the B-scan test system
is that the areas behind a reflecting surface are in shadow, and no indications behind the
surface can be obtained.

7.8.3 C-scan

backwall echo is gated out by a circuit and produces a bright spot on the screen. This type:
of display is called a “C-scan’ and it produces a plane projection of ail echoes within the gate
wxdtrh_.___‘
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A C-scan display is a very effective way to report data on flaw depth since the presence
of the flaw as well as its severity can be indicated directly on a drawing of the part being
inspected. This has been particularly useful in corrosion detection in pipes and pressure
vessels and in the detection of delaminations in composite materials.

7.9 IMMERSION TESTING

Immersion testing techniques are mainly for laboratory and for large installations carrying
out automatic ultrasonic testing of large number of components. Either B - or C - scan
presentation can be obtained using automated scanning techniques. Immersion testing has
the following advantages: (i) uniform couplant conditions are obtained and (ii) longitudinal
and transverse waves can be generated with the same probe simply by changing the inclination
of the probe. In the immersion technique, both the probe and the test specimen are immersed
in water. The ultrasonic beam is directed through the water into the test specimen either as
a normal beam or as an angle beam.

When the normal beam technique is used, the water path distance must always be longer
than the distance S in the equation given below:

Thickness of specimen X Sound velocity in water

Ultrasonic Testing 111

meters. l::’.m in coarser structures, which scatter the ultrasound waves very strongly.
pke castings, especially cast iron and stainless steel, it is drastically less. Some times
it can be as small as 50 or 100 mm.

(b) The test method is highly operator dependent. Hence, highly skilled operator is
required for data interpretation. R

.

7.13 STANDARDS

1. 1S 9664:1981 Code of practice for ultrasonic pulse echo testing by contact and
i immersion methods

2. 15 4225:1979 Recommend practice for straight beam ultrasonic testing of steel
plates

3.1IS 4260:1986 Recommended practice for ultrasonic testing of butt welds in ferritic
steel

4. 1S 4904: 1982 Calibration block for evaluation of ultrasonic flaw detection equipment

5.1S 6394: 1986 Code of practice for ultrasonic testing of seamless metallic tubular

products by contact and immersion methods
6. IS 7949: 1986 Code of practice for ultrasonic testing of ferrous welded pipes and

i Sound vetoTity rspecimet (.21) tubular products
- X 7. 1S 7666:1975 R
when the specimen is steel, the water path distance must be longer than 1/4th the steel 0; zz;f;zlznde:]]:iroccdlure for ultrasonic examination OT TEITITIC Castings
thickness. Otherwise, the first backwall echo overlaps the second front surface echo (entry .18 BI91: 1978  Cofle of and waaI Og steel ‘ _
echo) and defects near to the backwall may not be seen. it practice for the ultrasonic flaw detection of ferritic steel

716 APPLICATIONS OF ULTRASONIC TESTING

The pulse-echo technique is the most versatile ultrasonic method for nondestructive testing
and is the most widely used. Weld testing is the largest application of ultrasonic testing.
Additionally, many of the semi-finished products in the steel and non-ferrous metal industries,
i.e. bars, rods, sheets, pipes, rails etc. are ultrasonically tested. Apart from these very simple
shaped items, objects which are large like forgings, are tested using automatic or semi-
Jutomatic test stations. Smaller objects and those which are more complicated are tested
manually. Another very important application of ultrasonic testing is the finding of dangerous
incipient defects in components in service, e.g. fatigue cracks and effects of corrosion. In
power plants, boiler components must be tested regularly for fatigue cracks in welds and for

corrosion in certain areas.
7.11 ADVANTAGES

(a) Testing can be carried out from only one accessible surface unlike in the radiographic
method where accessibility from two opposite sides is required.

(b) At a time, ﬂ_/hrge,s;ﬂion thicknggs_ga_g__&tested.

(c) Rejlxrlﬁ_s__g_r_c immediate. Hence on the spot decision can be made.

(d) Cost invw as compared with other volumetric test methods.

7.12 LIMITATIONS

(a) Maximum penetration in fine grained steel and aluminum is in the range of severai

9.1s 11690: 1986 Method for ultrasonic testing of steel plates for pressure vessels and
5 special applications
10. ASTM Guide lines for evaluating characteristics of i i
It
iort Y 24 i of ultrasonic search units
11. ASTM E317-85  Practice for evaluating performance characteristics of ultrasonic pulse-
echo testing system without the use of electronic measuring

instruments
12. ASTM E428-71 Fabrication and control of steel reference blocks used in ultrasonic
(1985) inspection

13. ASTM E1001-84 Practice for detection and evaluation of the discontinuities by the
immersed pulse-echo ultrasonic method using longitudinal waves

14: ASTM E214-68  Practice forimmersed ultrasonic examination by the reflection method

(1985) using pulse longitudinal waves

15. (nglg\/)l E578-82  Practice for ultrasonic angle beam examination by the contact method

16. ASTM E797-87  Practice for measuring thickness by manual ultrasonic pulse echo
contact method

17. ASTM E500-86b Terminology relating to ultrasonic examination

7.14 MECHANICAL IMPEDANCE ANALYSIS TECHNIQUE

7.14.1 Introduction and basic principle
f[‘he Mcchanical Impcd?pce Analysis method, which is conceived and developed in Russia,
is an-important and widely used technique for detecting debonds and delaminations in
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composites, non-metallic, multilayer and honeycomb structures. This method works on the
principle of detecting the change in the mechanical impedance Z, of the test objects in the
defective zones. The mechanical impedance is defined as the complex ratio of the harmonic
exciting force ‘F’ to the oscillatory velocity ‘V” of the structure
Z=FIV=R+jX=|Z]|exp ¢1%)]

where R and X are the real and imaginary parts of Z and ¢ is the phase factor given by

tan @ = X/R. OO =T ¥
b %:.0‘;:;}2:‘:’3 RS
Unlike the characteristic impedance, which is the feature of the medium, mechanical :?o?:.?a?:?q‘:?: etah

impedance is the parameter of the structure. The impedance of the structure depends on the (a) (c) (d)

structural features such as thickness, elastic properties and density of the layers of the (2) Single contact piezoelectric, (b) Twin contact piezoelectric, (c) Tapping with microphone receiver and
component. In the area where all the layers are bonded together, the structure vibrates as a (d) Tapping with piezoelectric receiver.

whole system and the impedance Z has its maximum value. The presence of any flaw 1. Test object, 2. Contact tip, 3. Receiving transducer, 4. Resonant rod, 5, Transmitting transducer, 6. Rear
reduces the connection between layers and results in the excitation of low frequency bending mass, 7. Probe case, 8. Transmitting vibrator, 9. Receiving vibrator, 10. Moving system, 11. Electromagnet,
vibrations due to a reduced local stiffness which decreases Z. This can be modelled as a 12 Microphone and 13. Piezoclectric receiver

grounded spring system at the point of the localized defect. The spring model requires that Fig. 7.14 Probes used in low frequency acoustic flaw detectors. (a) Single contact piezoelectric,
the frequency of the harmonic force applied to the structure remains below the resonant (b) Twin contact piezoelectric, (c) Tapping with microphone receiver and (d) Tapping with
frequency of the structure. The measure of Z provides the ey : ——————————piezoelectricreceiver 1 Test object, Z. Contact tip, 3. Receiving transducer, 4. Resonant

rod, 5. Transmitting transducer, 6. Rear mass, 7. Probe case, 8. Transmitting vibrator,
9. Receiving vibrator, 10. Moving system, 11. Electromagnet, 12, Microphone and
13. Piezoelectric receiver, i

tn composites, nonmetallic multi layer and honeycomb structures.

7.14.2 Measurement of variations in mechanical impedance

Measurement of variations in mechanical impedance at the point of contact due to presence vibrator is given to the receiving 'vibrator through the test object. As the transmitting and
of a defect can be accomplished using various kinds of probes, viz. (a) single contact receiving vibrators are identical, their natural vibration frequencies remain equal when the
piezoelectric, (b) twin contact piezoelectric, (c) tapping for excitation and microphone as impedance is changed. :

receiver and (d) tapping for excitation and piezoelectric crystal receiver. Probes (a) and (b) In piezoelectric probes, the transmittin g vibrator excites the oscillations in the test object.
operate at a fixed frequency while the probes (c) and (d) operate over a wide frequency The free vibrations are excited by quick discharge of transmitting transducer’s capacitor
range. Choice of the particular probe depends on the nature of the material and the type of through a thyristor. The discharge produces longitudinal oscillations in the vibrator and
the flaws to be detected. For example, single and twin contact piezoelectric probes are. bending oscillations in the test object.

useful to detect debonds in materials such as hard metals, metal honeycomb and mult layer In the tapping type probes, short low eénergy rectangular pulses that are generated using
composites, whereas tapping probes are useful to detect debonds and voids in soft materials electromagnetic vibrators excite the test object. The vibrator system returns to the initial
such as rubber, polymer and plastic based structures. Figure 7.14 gives the schematic diagrams position after every pulse. Tapping probes have either microphone or piezoelectric receiver
of the four types of probes. for detecting the output signal.

Single contact probe has one transmitting-receivin g vibrator and has single contact area The output signal from both contact type and tapping type probes are processed through
with test object. The arrangement consists of a bar like vibrator that contains a transmitting a signal processor which compares the phase and the amplitude of the transmitting and
and a receiving piezoelectric transducer separated by a resonant rod. The transmitting transducer receiving signals. From this information, transmission factor is determined and the structural
is fixed between the resonant rod and a rear mass. The receiving transducer is connected in impedance is obtained. The transmission factor and the impedance change are recorded as
between the resonant rod and a spherical contact tip. The input signal from a signal generator the probe is moved across the defective area.
is given between the rear mass and the transmitting transducer and the output signal is taken The block diagram of a typical acoustic flaw detector with contact and tapping type
between the spherical contact tip and the receiving transducer. The rear mass acts like a back probes is shown in Fig. 7.15. The presence of an unknown defect can be detected by
reflector that increases the intensity of the acoustic waves in the direction of the tested comparing the signal from this region with that from a known defect created in an identical
object. : reference object. The spectra of the known defect can be taken as the reference standard. The

Twin contact probes have two identical transmitting and receiving vibrators and have two measurements carried out for two different structures with twin contact piezoelectric probe
contact areas with the test object. Each vibrator consists of a piezoelectric transducer with are shown in Figs. 7.16 and 7.17. Figure 7.16 shows the presence of defects at various depths
rectangular cross section and electrodes on its lateral sides, two passive metal members and ] £ in a reinforced plastic sheet. Figure 7.16(a) gives the reference spectrum and the Figs.
spherical contact tip. In the case of twin contact probe, the input signal from the transmitting 7-16(b) and 7.16(c) give the difference spectra between the reference standard and delaminations |

PSS WL . R
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Fig. 7.15 Circuit diagram of a typical acoustic flaw detector (a) Reference spectrum Honeycomb structure
ath = 1.7 mm and 3.5 mm. The presence of the defects can be clearly seen in both the cases.
Similarly, detection of a defect in a honeycomb structure is demonstrated in Fig. 7.17. The
reference spectrum is shown in Fig. 7.17(a). The difference spectrum of the reference 24 )
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Fig. 7.16 Detection of defects at different depths in a reinforced plastic sheet.

Frequency, kHz Frequency, kHz

(b) Flawless area (c) Defect ¢$20 mm

Fig. 7.17 Detection of defects in a honeycomb structure.

standard and a flawless region of the test object is shown in Fig. 7.17(b). In Fig. 7.17(c), the
difference spectrum for a flaw of 20 mm diameter in a honeycomb structure is shown.

7.14.3 Applications and limitations

The mechanical impedance method is an effective technique for detecting the defects of
multilayer structures and delaminations in composites and adhesively bonded structures.
This technique is of particular value in testing the near edges of the structure where the
moisture ingress is important. There are some limitations in this technique. Since every type
of structural component to be inspected requires a calibration standard, detectability of the
defect cannot be uniquely quantified. Also, the detectability diminishes with increase in the
depth of the defect below the testing surface. The minimum detectable defect size is therefore
dependent not only on the structure but also on the depth of the defect in the structure. There
is no uniform and well defined criteria for acceptance and rejection of a component. Therefore,
relative variations such as the local change in the impedance or the departure in the impedance

value at a point from the component average is normally used as the basis for assessment of
the components.



Chapter 8

Acoustic Emission Testing

Acoustic emission technique (AET) is emerging as a powerful tool for NDE of plant components
such as pressure vessels, pipes, welds etc. Acoustic Emission (AE) is defined as the class of

phenomenon whereby transient elastic waves are generated by the rapid release of energ
from localized sources like places of transient relaxation of stress and strain fields. Fracture,
plastic deformation, crack initiation and growth are a few examples of the phenpmenon
resulting in AE. This dynamic nature of AE makes it a highly potential technique .for
monitoring the integrity of critical structures and components in various industries _hke
nuclear and fossil fuel power plants, aerospace, chemical, petrochemical, transportation,
manufacturing, fabrication etc. )

AET, as a technique for monitoring and evaluating structural integrity, is superior to
other techniques because of its capability for: (i) continuous monitoring, (ii) inspet_:tion of
complete volume of the component, (iii) issue of advance warning and (iv) detection and
location of any crack initiation and propagation and system leaks. _

The genesis of today’s technology in AE was the work of Josep Kaiser. In 1950, Kaiser
published his Thesis, where he reported the first comprehensive investigation im_o fhe
phenomenon of AE. Kaiser used tensile tests of convetional engineering materials to (lietcrmme
(a):types of noises generated from within the specimen; (b) the acoustic processes involved;
(c) the frequency ranges and amplitude levels found; and (d) the relation between the s.trcss,
‘strain and the frequencies recorded at various stress levels to which the specimens were subjected
to. In this chapter, a brief description of the basic principle of AET and its applications are
given.

8.1 PRINCIPLE OF AET

“Acoustic emission inspcction detects and analyses minute AE signals generated by growing
%cont'muities in matéfial under a stimulus such as stress and tcmperat@?ropcr analysis
of these signals can provide information concerning the detection and location of these
discontinuities and the structural inw@.
Another important feature of AE is'its irreversibility. If a material is loaded to a given
stress level and then unloaded, usually no emission will be observed upon immediate reloading
until the previous stress has been exceeded. This is known as Kaiser effect and is due to the

‘-|r'
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fact that AE is closely related to plastic deformation and fracture. This irreversibility of AE
has important practical implications because it can be used in the detection of subcritical
growth of flaws, such as fatigue crack growth, stress corrosion cracking, hydrogen embrittlement
etc.

Depending on the nature of energy release, the two types of AE observed are: (i) continuous
and (ii) burst.

Continuous emission is characterised by low amplitude emissions. The amplitude varies
with AE activity. In metals and alloys, this type of emission occurs during plastic deformation
by dislocation movement, diffusion controlled phase transformations and fluid leakage.
Burst emissions are characterized by short duration (10 i s to a few milliseconds) and high
amplitude pulses due to discrete release of strain energy. This type of emission occurs during
diffusionless phase transformations, crack initiation and propagation, stress corrosion cracking:
etc. :

8.2 TECHNIQUE

It is difficult to use a single all-encompassing parameter to describe an experimental result
uniquely. Hence a number of AE parameters are used for interpreting the experimental

rdenti € Change in source o during the
progress of a test, while others are used to eliminate background noise.

Figure 8.1 shows a typical AE signal and the various parameters used for interpretation.
Ringdown counts is the number of times the signal crosses a threshold level set for eliminati ng
background noise. This could be used independently or as the cumulative counts with
respect to time, load or any other paramter. Count rate is another parameter commonly
used.

Event duration

Rise time __._.’

3
%12
< g a h Threshold
o
= S
Noise
Dﬂ” H ” ” ﬂ ” H ” ” Ringdown counts
Ni=6 N,=5 Ntotal=11

[ =1 } .

Event | Event 2

No. of events 2

Fig. 8.1 AE signal"parameters
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The most common ways in which AE signals can be processed are:

(i) Counting: Ringdown counts, Ringdown count rates, events.
(ii) Energy analysis: used for both continuous and burst type emissions.
(iii) Amplitude analysis: used to characterise emissions from different processes.
(iv) Frequency analysis: used to identify different types of failures.
(v) Advanced signal analysis concepts such as pattern recognition, spectral analysis,
maximum entropy etc.

In many instances, especially on large pressure vessels, it becomes necessary not only to
detect AE signals but also to locate their sources. This can be accomplished by suitably
spacing several sensors over the surface of a pressure vessel and monitoring the time of
arrival of the signals to various sensor locations. Because of the high velocity of sound and
the relative closeness of sensors on a steel vessel, time resolutions in microsecond range
must be made in order to locate the source (o within less than about 25 mm. The major
impetus for the development of such system was the desire for safe operation of pressure
vessels, particularly in nuclear-power systems.

AET is capable of detecting growing flaws at least an order of magnitude smaller than
those detectable by any other known NDT method. AET is also capable of locating one or
more discontinuities while they are growing. When the discontinuity approaches critical

size, the AE count rate increases markedly, thus giving a warning 1ot impending mstabity —

and failure of the component.

AE evaluation of structures depends on the ability to detect weak signals in noisy
electrical and mechanical environment. Proper instrumentation and effective methods are
needed to discriminate between wanted and unwanted signals.

8.3 INSTRUMENTATION

The instrument for AET consists of signal detection, data (signal) acquisition, processing
and analysis units. The choice of the analyzing unit depends on the purpose for which AET
is employed, the level of sensitivity required and economic considerations. Figure 8.2 shows
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Fig. 8.2 Simple experimental test setup for AET
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the typical AET experimental setup. Figure 8.3 shows the options available in organising
AET system with different analysing capabilities.

Transducer for AET

The most widely employed transducers for detection and recording of AE are piezoelectric
transducers with frequency of the order of 30kHz-2MHz. Resonant types are used with
narrow band instrumentation and non-resonant types with wide band instrumentation. As the
response of the piezoelectric crystals is different for different wave modes, a careful calibration
is necessary.

Pre-amplification and filtering

The pre-amplifier follows the transducer. The preamplifier should have low noise, moderately
high power gain and the input impedance matching the transducer. Filters are designed for
different band widths and can be plugged in to meet specific requirements.

Post-amplification and threshold

The pre-amplifier output is of low level and hence has to be amplified further before
handling with the processing circuitry. Further amplification with selectable gain is incorporated
in this unit. In order to eliminate the background noise from analysis, only signals exceeding

certain threshold voltage are detected and analysed.

Data acquisition

Two types of systems are in common use for acquisition of raw AE data for off-line analysis,
namely video recorders and analog magnetic recorders. When real-time decision making is
important with capability for on-line processing and analysis, transient recorders with computer
interface are used.

Transducer
Component . Signal
Pre-amplifier g Displa
under test ¥ conditioner | | i
¥
Raw data On-line
storage d:_;ug_
acquisition
l l A 4
Off-line Off-line Off-line
data acquisition, . processing data acquisition,
processing and and processing and
analysis analysis aralycis
Interpretation Interpretation Interpretation

Fig. 8.3 Typical AET systems
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Processing and analysis _
The processing instrumentation required for AET depends on the form and quantity of raw

data. Its function is to convert analog data into digital form.

Display devices .
A variety of display devices are used for displaying and recording analysed data. The
simplest and most commonly used recording device is the X-Y recorder.

8.4 SENSITIVITY

AE inspection is extremely sensitive compared with the other more familiar NDT mu::thods_
The minimum detectable crack size for UT, RT and ECT methods is about 0.50 mm, if ideal
conditions are met for each method. Whereas AET can detect crack growth of the order of
25 microns. This corresponds to microcrack growth of the order of less than 10 gm.

8.5 APPLICATIONS

A broad classification of the applications include:
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5. ASTM-E 1139  Acoustic emission from metal pressure boundaries.

6. ASTM-E 610  Definition of terms relating to acoustic emission.

7. ASTM-E 650  Guide for mounting piezoelectric acoustic emission SENSOTS.

8. ASTM-E 750 Characterizing acoustic emission instrumentation.

9. ASTM-E 976  Guide for determining the reproducibility of acoustic emission sensor
response.

10. ASTM-E 1106 Primary calibration of acoustic emission Sensors.

8.7 STRUCTURAL INTEGRITY ASSESSMENT

Hydro and pneumatic testing are employed for qualification and in-service assessment of
industrial components operating under pressure. While this testing can indicate that there
are no through and through leaks, it would not indicate presence of harmful defects which
would have grown during the testing. On-line acoustic emission monitoring during hydro
and pneumatic testing would enable detection of such growing defects, By employing multi
sensor approach, it would also be possible to locate the growing defects, if any. Sometimes,
AE monitoring is done covering only specific regions of concern like circumferential welds
between the shell and dished end or a nozzle weld etc. To illustrate the nsefulness of AET

(a) Inspection duri els, pipgines

and engineering structures.

(c) Quality control during fabrication. ‘
(d) Investigating processes such as fatigue, stress corrosion and corrosion.
(e) Monitoring underground pipe lines.

(f) On-line weld monitoring.

In order to validate the application of AET for a given system, a number of simulation
experiments are generally carried out by introducing flaws into a similar structure/component
or on laboratory specimens and monitoring AE response during the growth of these flaws.

Experience gained in the field of AET of pressure vessels and other plant componepts
made of both metallic and composite materials suggests that precise detection and location
of dynamic defects are possible. The defects detected by AET have been confirmed by other
NDT methods like ultrasonic testing, magnetic particle testing etc. It is also possible to find
out the phase of a test cycle when severe damage occurs to the component str?ct.ure. Energy
and phase amplitude analysis and other AE parameters can be used to discriminate defect
signals from high background industrial noisy environments. For the pressure vessels
working at high temperatures, defect detection is possible even after keeping the sensors
at the end of wave guides that are as long as 5 to 8 m and attached to the vessel.

8.6 STANDARDS

1. 18 Glossary of terms used in acoustic emission (in print).

2.18 Recommended practice for acoustic emission inspection during
hydrostatic pressure testing of systems (under preparation).

3.18 Recommended practice for acoustic emission monitoring during welding

(under preparation). - .
4. ASTM-E 569  Acoustic emission monitoring of structures during controlled stimulation

tor structural integrity assessment, a case study on AE monitoring during pressure testing
of a Horton Sphere of a petrochemical organization is discussed below.

8.7.1 Hydro testing of a Horton sphere

During the inservice inspection of a 17 m Horton sphere, a flaw was detected during
magnetic particle testing, In order to assess the impact of this flaw on the structural integrity
of the Horton sphere, it has been decided to apply acoustic emission technique to monitor
any growth of the flaw during hydro testing. For AE monitoring during hydro testing of
the 17 m Horton sphere, a total of twelve sensors were used in 1-5-5-1 configuration.
Figure 8.4 shows typical locations of the AE sensors mounted on the Horton Sphere during
hydro testing, alongwith a typical AE source location map. The 12 sensors of 150 kHz
resonant frequency type used in 1-5-5-1 configuration are arranged in such a way to cover
the whole sphere in a triangular location mode One sensor each is located the top and
bottom of the sphere. Five sensors each are located equidistant along two circumferential
configuration, as shown in Fig. 8.4. Based on the response of the sensors to simulated pencil
break source, the inter-sensor distance of 9.5 m in the 1-5-5-1 configuration was optimized.
By this, the entire vessel could be covered to detect and locate any AE source associated
with local plastic deformation and/or growing discontinuities from any part of the sphere,
in addition to the flaw region identified by magnetic particle testing.

The hydro test of the vessel was carried out to a maximum pressure of 22 kg/cm?, with
periodic holds at different pressures. A reloading cycle from 20 kg/em? to 22 kg/cm? was
immediately carried out following the first cycle of hydro test. During the hydro test, it
was observed that AE signals were generated only during the pressure rise, With increase
in pressure, AE signals were generated in the newer areas and the areas where AE occurred
in the previous pressure steps do not generate AE in the subsequent pressure steps. These
signals were attributed to local micro-plastic deformation of the material. A few signals
have alse been generated from specific regions; particularly through out the circumference
at an elevation corresponding to the concrete supports. Subsequent inspection of the vessel
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and simulated pencil break study after the hydro test indicated that the AE signals were
generated from the cracks in the concrete columns which were supporting the vessel. Some
of the signals could also be confirmed to be due to fracture of oxide scale or paint layer.
The results obtained from the broadband sensor were analysed in terms of the spectral
energy in different frequency bands. The overall spectral energy was found to increase with
pressure rise and this increase was predominantly concentrated in the low frequency ban@
upto 200 kHz. This was attributed to the micro-yielding taking place in the s;:hereé This
was also confirmed from the fact that, during the repressurisation stage (20-22 kglem®), the
energy of the signals was at the background level, and is attributed to Kaiser effect.
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reliability. To illustrate the usefulness of AET for detection and location of remote leaks
in pressurised systems, a case study on application of AET for detection and location of
leaks in an end shield system of a heavy water reactor (PHWR) is discussed below.

8.8.1 Leak detection in an end shield of a PHWR

AET has been successfully applied for detection and location of leak paths present on an
inaccessible side of an end shield of unit 1 of Rajasthan Atomic Power Station (RAPS).
This methodology was based on the fact that AE signals due to air and water leaks have
different characteristic features. Baseline data was generated from a sound end shield of a
PHWR for characterising the background noise. A mock up end shield system with saw cut
leak paths was used to verify the validity of the methodology. Time domain analysis of AE
signals obtained by air pressurisation of the end shield to 0.124 MPa was used for detection
and location of leak paths. However, this analysis could not be applied for detection of
subsequent leaks, found after repair and operation of the system, due to limit on maximum
air pressurisation of the end shield to 0.035 MPa. Hence, frequency spectral analysis was
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One of the problems faced in industrial components operating under pressure is the leakage vy 4 T
and hence its early detection and location would help in taking suitable remedial measures % [ 1
before any catastrophe takes place. This is particularly significant if the leaking fluid is g ! 1
hazardous with respect to its poisonous nature and inflammability. The feasibility of leak £
detection by AET depends on three factors: (i) the nature of AE radiated from the leak, 5 [ |
(ii) the attenuation between leak and sensor and (iii) the background noise. The physical z I I | i
origin of leak signal is the fluctuating pressure field associated with turbulence in the fluid. <
The actual detection of the leak depends on the flow rate as this factor decides the energy aurep | e

content of the leak signal. Extensive studies have been undertaken to develop AET based
methodologies for detection and location of leaks, even remotely with high sensitivity and

DUE TO MULTIPLE LEAKAGE PATH

Fig. 8.5 Autopower spectra of acoustic emission signals for the end shield
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used. Auto-power spectra showed presence of characteristic frequency associated with the
air leaks (Fig. 8.5). The difference in the characteristic frequency of the signal for the two
leak paths was attributed to the difference in size, shape and morphology of the leak paths,
This can be understood if one observes the playing of a flute, ie., the flutist generates
sounds of varied frequencies by adjusting the fingers for closing and opening of the holes
in the flute along with the controlled air blow.

Chapter 9

Thermography

All objects around us emit clectromagnetic radiations. At ambient temperatures and above,

these are predominantly infrared radiations R R-are-invisible toeye- Bur with the aid of

a suitable detector, IR can be converted into a visible image. Variation in the temperature of
the surface of the object can be visualized from the thermal image of an object. This means
that deviations from normal temperature can be detected from a distance. It is this advantage
that the technique exploits for ever increasing applications in a number of industries.

9.1 BASIC PRINCIPLES

Thermography makes use of the infrared spectral band of the electromagnetic radiation.
The infrared band is further subdivided into four smaller bands, the boundaries of which are
arbitrarily chosen. They include the near infrared (0.75-3 pm), the middle infrared
(3—6 pm), the far infrared (6-15 pm) and the extreme infrared (15-100 um). The most
commonly used band for commercial infrared imaging is between 0.75-15 M.

The properties of infrared radiations are similar to those of other electromagnetic radiations
such as visible light except that their transmission and absorption behavior is different from
that of visible lightelnfrared radiations travel in straight lines outward from the source. They

‘can propagate in vacuum and in certain liquids, solids and gases. They can be optically

focused and directed by lenses or mirrors or dispersed by prisms. IR can also be transmitted
through certain materials which are opaque to light. The intensity of the emitted spectrum
is dependent upon the absolute temperature of the body. The basic factors affecting the
thermal measurement include (a) emissivity, (b) surroundings, and (c) atmosphere.

() Emissivity

This is defined as the ratio of the radiance of a body at a given temperature to the corresponding
radiance of a black body at the same temperature. For the black body, the emissivity factor
is 1.0. Actual objects are seldom “black”. Normally, various materials and treated surfaces
exhibit emissivities ranging from 0.1 to0 0.95. Emissivity is a critical parameter for quantitative
measurement of the temperature.
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(b?Surraundiugs

It is important to have the object surroundings free from thermal radiation sources, otherwise
the radiation from these sources would also be reflected by the object under examination
leading to erroneous values.

f _(ﬂhmosphere

The effects of atmosphere are of importance when the object is far away. The atmosphere
not only attenuates the tadiation from the target but also alters the spectral characteristics.
However, these effects are negligible in cases where the object under investigation is located
quite close and the atmosphere is uncontaminated with vapours, smoke, fog, hot gases etc.
Occasionally, one may need to make some critical measurements on an object in presence
of hot air/gases as in the case of furnaces. In such cases, suitable filters such as high
temperature gas filter are used along with the appropriate correction factors to take into
account the ambient temperature and attenuation by these filters. In case where the objects
are situated at a large distance as in the case of airborne thermography, atmospheric absorption
plays a very important role. The atmospheric absorption is quite a complex process and in
these cases, mathematical modelling is resorted to for estimating the temperatures.

> tv¥m

9.2 DETECTORSAND EQUIPMENT

The detection system for infrared imaging can be a contact (surface) system such as cholesterol
liquid crystal or a non-contact tele-system such as a thermographic camera. Surface systems
tend to be Tess costly and simple and can have high resolution. Camera systems are more
expensive. However, thermal imaging with tele-camera systems has wider engineering
applications. :

The block diagram of a non-contact thermography system is shown in Fig. 9.1. It basically
consists of an infrared scanner, monitor, control unit and a calculator for field applications.
The output can also be stored in a modified video thermal recorder which can be analyzed
later using a personal computer with image processing facilities. The infrared scanner essentially
consists of an opltical system, scanning mechanism, infrared detector and associated electronics.
The optical system collimates the incoming infrared radiation into the detector. The commonly
used materials for mirrors and prisms in the optical system are germanium, silicon, sapphire,
barium fluoride and arsenic trisulphide. The scanning mechanism scans The surface within
the field of view. It consists of two octagonal prisms rotating pcrpgandiqa._i'l’ar to each other at
a high speed. '

The heart of the thermography system is the infrared detector. There are different modes
for acquiring a thermal image.

1/, Image Converters: Here the thermal image is converted into electron
the use of converters which is then converted into an optical ﬂiiage

2. Pyricon Based Devices: These are nowﬁu_bg with mfﬁred sensitive face
plates (sulphate triglycine).

3. Mechanical Scanning Devices: Here the image is scanned with a moving mirror
across a fixed and cooled detector (mercury cadmium telluride or indium antimonide).

This is the t type of s system which is used extensively in the field of NDT.

.image through

The advent of personal computers has revolutionized the field of thermography.
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Fig. 9.1 Black diagram of a thermography system

Thermograms can be subjected to image processing and enhancement to gbtain the minute
- details not otherwise visible. Software options for image processing include contrast stretching,
spatial filtering, thermal chopping, relief presentation etc.

9.3 TECHNIQUES

Thermography can be classified basically into two categories: (a) passive and (b) active. In
passive technique, the natural heat distribution is measured over the surface of a hot structure.
This is generally used in temperature monitoring. In an active technique, heating or cooling
is induced or applied to the part or the complete surface and the movement and redistribution
of temperature profile across the test surface is measured. This is generally used in non-
destructive evaluation.

9.4 APPLICATIONS

In the petroleum industry, this technique finds applications in the monitoring of stack

' temperature, maintenance of plant equipment such as reaction towers, refining furnaces,
ducts and piping, detection of cor__IQEion in oil tank shell and measurement of oil levels etc.
Figure 9.2 shows a typical thermogram showmg temperature distribution in a hot oil heater
in a Petrochemical plant.

Thermal imaging has been extensively applied for condition monitoring of furnace wbes
gas and fluid transfer lines, evaluation of heat resistant linings in refractory' furnaces etc.
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Application of thermography for the inspection of transmission lines, substations and
distribution systems has become 1 regular feature in many of the countries abroad.
Figure 9.3 shows a thermogram taken on 230 kV transmission line and Fig. 9.4 shows a
thermogram taken on an insulator in a 33 kV switchyard. Hot spots indicating relatively
higher temperature regions can be seen in the photographs. Apart from these important
applications, this technique can also be applied for: '

(1) Location of loose contacts on busbar joints of switchyard, switchgear etc.
(2) Location of improper Jjointing of lugs in cable joints
(3) Finding irregularities in distribution boards

(4) Detection of hot spots in isolators due to presence of dirt or moisture which could
lead to corona.

(5) Checking the adequacy of insulation.

Fig. 9.2 Thermogram of archplate of a hot oil heater in a petrochemical complex
This technique is ideally suited for the wear determination of refractories in blast furnaces,
hot blast stoves and steel stoves and the ingpection of rotary kiln lining and estimation of

temperature within the kiln.
Thermographic inspection of the entire electrical power systems can be performed. Stator
lamination insulation, core insulation, slip ring temperature measurement etc. of turbo-

generators are also made using thermography.

HOT AREAS
| WHITE )

Fig. 9.3 Thermogram showing hot spot (white region) on the low voltage side
of a 230 kV transformer )

Fig. 9.4 Thermogram showing a hot spot (white region) in an insulator
array in a 33 kV switchyard

9.4.1 _f/'fherma] Imaging for Condition Monitoring of Industrial Components

Figure 9.5 shows a conical reducer in a heavy water plant along with its thermal image on
the right side. Cracked synthesis gas (N,&H,) at high temperature coming from catalyst

tubes of a ammonia cracker unit is collected commonly by hairpin tubes and then flows

through this conical reducer to a waste heat boiler. The conical inlet made of carbon steel
is insulated inside to protect from hot synthesis gas and the maximum permissible outer skin
temperature of the conical inlet is 393K. Thermal image given in Fig. 9.5 revealed that the
maximum temperature in the hot region was 409K exceeding the prescribed limits. The
white arrow indicates the region.-of hotspot. The patch indicated by the yellow arrow is due
to variations in emissivity (as can be seen in the photograph as variation due to surface
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2 s 3 " . Flz impinging directlv o e tubes (indic ar i i
condition). The thermal imaging as part of he conditon menitoring programme enables " Sid tempeptires of e e i it oxeoed i preaceibad g of 998 K
2. IR reflections from the metal used for fastening the thermocouple makes it appear
~. o be hotter compared o the tube (arrow 2).
3. Flames in the background between the two tubes can also be seen (arrow 3).

corrective action to keep the conical outer surface temperature within limits.

4205 %

Figure 9.8 shows a thermal image of a hermietically s::aled motor used in inert gas
recirculation system of a radiouctive hot cell. The image reveals hot spot in the top region,
requiring attention. Wall thinning in tubes used in boilers and stream pipelines is very
common. Infrared thermal imuging is an useful technique for detection of such wall
Inlet thinning. Figure 9.9 shows a thermal image indicating a wall thinning of the order of 20%
mess in a Zircaloy-2 tube of OD 100 mm and wall thickness of §.5mm.

EEEESE

Fig. 9.5 Conical inlet of a heavy water plant along with its thermal image

Figure 9.6 shows a thermal image of a storage tank in a heavy water plant. The _liquid
level in the tank (arrow) can be clearly seen. This is due to the fact that Ll?erma.l capaqtance
of the liquid is different from that of the tank. Figure 9.7 shows a typic'al Fhermal image
of a set of cracker tubes of 89 mm diameter in a furnace. Ammonia flows inside these tubes

and is cracked with the help of a catalyst. The designed operating skin temperature of tl:lese
i monia. The following observations

are made from the Fig. 9.7:

—_—

Fig. 9.8 Thermal image of a hermetically sealed motor

Liquid Level

Fig. 9.6 Thermal image of a storage tank in a heavy water plant

12524

100 ' 20% wall thinning |

Fig. 9.9 Thermal image of a Zircaloy-2 tube

9.5 CODES AND STANDARDS

I i £ BE 1. ASTM E 1311  Minimum detectable temperature difference for thermal imaging systems
—" e 2. ASTM E 1213  Minimum resolvable temperature difference for thermal imaging
systems

3.ASTM E 1543  Noise equivalent temperature difference of thermal imaging systems.

Fig. 9.7 Thermal image of cracker tubes inside a furnace




Chapter 10

In situ Metallographic Examination

In spite of choosing best available materials for fabrication of components for service in the
plants, it has been noticed that materials undergo gradual degradation by way of changes
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on the prepared spot using a portable microscope or can be registered on a replicating tape
which will reveal the microstructure on processing in the laboratory.

Some of the NDT techniques such as ultrasonics is very much influenced by such
characteristics of material. Nondestructive testing in conjunction with metallography is
extensively used in quality evaluation of components not only during stages of manufacturing
and installation, but also during inservice and maintenance. The great advantage of
metallographic examination is that it can provide valuable information regarding the origin
and nature of flaws and thus plays a key role in failure investigation. It also helps in
determining whether indications obtained from NDT methods such as ultrasonics and magnetic
pa_rticlc testing are due to metallurgical structure or due to flaws present in the component
being tested. Indications of magnetic particle examinations are re-checked by in situ
metallographic examination to find out ghost indications due to variations in chemistry and
heat_treated conditions of welds. Sometimes, it becomes impractical to adopt satisfactory
quality control techniques and therefore process is controlled by using combination of
metallographic examination and statistical techniques.

This chapter discusses an approach to the selection of system and sites for field metallography,
the procedure for obtaining a replica, and the significance of microstructural characteristics
of typical power plant-material fordamage assEsSITIENT

occurring in microstructure and consequently the mechanical properties during service.
After considerable service, the required mechanical properties of the material of the components
may fall below the safe operating limit, even' when due care is taken to maintain operating
parameters within design limits. This can be generally attributed to the environment, fluctuations
in operating parameters, start ups, shut downs, power failures, accidents etc. For safer
operation of a plant and as a preventive measure of failure, it is beneficial to have a periodic
assessment of the status of the material in service. Instead of periodic testing of mechanical
properties, it may be worthwhile to assess the changes taken place, if any, in microstructure
such as precipitation at grain boundaries, temper embrittement, decarburization etc, which
will be indicative of degradation in the mechanical properties of materials. This study can
further suggest the mechanical testing of a representative specimen, if required and the
further steps to be taken for safer operation of the plant. The microstructural features obtained
can also reveal initial stages of material degradation before the condition becomes an acute
problem, thereby allowing time for repairs or replacements. When no significant degradation
is detected, confidence is gained that unplanned outages would not occur. Conventional
NDE methods such as UT and MPT should be applied for the condition assessment of
components to detect damage such as inservice degradation or to detect pre-existing flaws
that could result in service-related damage. However, these methods cannot be used as
substitutes for metallography because they are not capable of detecting and quantifying the
lower levels of damage associated with the early stages of material deterioration.

In situ metallography (field metallography) is used for microstructural evaluation of plant
structural components during service. Regular metallography consists of preparing a section
of a material in laboratory by usual grinding, polishing and etching sequence for revealing
microstructure and then examining the same under an optical microscope in the laboratory.

In the in situ metallography, instead of sectioning a component for metallographic examination,
the surface of it is metallographically prepared ‘in situ’ by using portable grinding, polishing
and electro-polishing units and itis a nondestructive method. Microstructure can be examined

10.1 APPROACH TO THE SELECTION OF SITE FOR
METALLOGRAPHIC EXAMINATION

The criteria for selection of systems and sites for field metallography are based on the
fzxpcc[ed damge mechanism(s), which in turn is (are) governed by the type of materials used
in fabrication of the components and service conditions. Replica locations are also selected
on the basis of problematic sites identified from known experience.

For example, in components fabricated from plain carbon steels operating at temperature
above 673 K, or Cr-Mo steels above 753 K, the primary mechanism expected is graphitization.
This type of damage usually occurs in the portion of HAZ, nearest to the unaffected base
‘metal. Therefore, when graphitization is of concern, sites for replication should be located
primarily at the interface of weldment/base metal.

In the case of Cr-Mo steels and austenitic steels, the expected damge mechanism is creep,
the time dependent deformation of materials. Creep is governed by operating stresses in
addition to the temperature and time factors. Thus. when creep is the damage mechanism of
concern, sites for replication should be selected from the more highly stressed locations in
components and systems Operating at the highest temperature.

In weldments, creep damge usually occurs first in the HAZ, or weld metal very close to
the wfald fusion line, where the microstructures are most susceptible to creep damage.
Experience suggests that longitudinal welds in high temperature system deserve special
_atten_uation, In the case of circurferential welds, it is important to determine the most likely
location around the weld where high tensile stresses occur.

10.2 REPLICATION PROCESS
Replication process results in the production of a ““hard copy” or “finger print”, i.e., replica

of the microstructural features for subsequent metallurgical evaluation. Replication involves
the following steps:
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(1} Grinding and polishing the surface to be examined. Polishing is performed by either
mechanical methods or electropolishing to produce a 0.20 pm finish. Electropolishing
can be accomplished much faster than mechanical polishing, but its successful application
is more sensitive to metal surface temperature.

(2) Etching the polished surface with an appropriate etchant (e.g., 2-5% nital, i.e. nitric
acid in alcohol in the case of carbon and low alloy steels) to develop the microstructural
features. ;

(3) Firmly applying a thin (= 50 ptm) cellulose acetate film that has been wetted and
softened with a mild solvent (acetone) immediately prior to application. An alternate
method is to spray the polished and etched surface with a strong solvent, e.g.,
acetone, and immediately apply the film. Keeping the film free of extraneous
foreign particles is more difficult with this technique. In either case, it is the
softening by the solvent that allows the film to capture the metallurgical features in
a reverse topography, with depressions becoming protrusions. The film is allowed
to dry and is then removed.

(4) Removing the film and attaching the dried film to a flat surface (usually a microscopic
glass slide) for microscopic observations. It is important to keep the film flat to
enable viewing at high magnification, up to 1000 using an optical microscope for
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fire accident etc., it is necessary to confirm that the metallurgical conditions of the components

are not altered and the components are acceptable. This can be successfully verified using
in situ metallography.

metallurgical evaluation.

The metallurgical features recorded on the replica are much more distinguishablé when
the replica is either blackened at the back side prior to attaching the replica to the glass slide
or applying a thin film of gold on the front side by vapour deposition. After etching the
polished surface (step 2), the microstructural features can be directly observed using a
portable optical microscope and recorded with the camera attached to the microscope.
Photography is possible only when sufficient access is available for vibration free mounting
of the microscope assembly. Replica provides valid images of microstructures when produced
by skilled personnel.

Figure 10.1 shows the typical components used for in-situ metallography. These include
grinding and polishing unit, etching set-up and portable compact optical microscope. The
use of microscope for observing the microstructure at a selected spot on a stainless steel
component can be seen in Fig. 10.1.

10.3 SIGNIFICANCE OF MICROSTRUCTURAL OBSERVATION

The significance of creep and fatigue damage and cracks is commonly assessed at a
magnification of 200. Microcracks usually form by the coalescence of aligned cavities
indicating advanced creep damage. Macrocracks develop by the growth of microcracks.
From a practical stand point, the changes in base metal are not as important as in the HAZ
and weld metal because the last two undergo significant creep damage well before any creep
related problems develop in the base metal. For the evaluation of microstructures of various
materials, ASM-Metals handbook, Vol. 8 on ‘Metallography, structures and phase diagrams’
may be referred to.

Microstructural features are very useful in assessing microstructural degradation, damage
assessment and life prediction. Periodic measurements made during inservice inspection
help in knowing any unanticipated degradation in components, thus avoiding premature
failures. Many a time, after an accident, like accidental increase in temperature and pressure,

- s::___; Portable
ot ‘1‘ - grinder/polisher
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Fig. 10.1 In-situ metallographic set-up showing portable flexible grinding and polishing
machine, etching control unit and a portable metallurgical microscope

10.4 DECISION MAKING

Personnel responsible for the availability and reliability of plants and industries depend on
metallurgists to provide appropriate recommendations based on the microstructural characteristics
revealed by replicas. Decisions like repair, replace, or use as-is with future monitoring at
a given periodicity are taken. -

10.5 APPLICATIONS

Metallographic examination is used for the following applications:

(1) Evaluation of material condition

(2) Condition monitoring of components

(3) Failure analysis

(4) Assessment of creep damage, temper embrittlement etc.

10.6 CODES AND STANDARDS
1. ASTM E 340 Macro-etching of metals and alloys.
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2. ASTM E 3-80
3. ASTM E 1351
4. ASTM E 1180

Preparation of metallographic specimens.
Production and evaluation of field metallographic replicas.
Preparing sulphur prints for macrostructural examination.

10.7 TYPICAL CASE-STUDIES FOR ASSESSMENT OF COMPONENTS BY
 IN-SITU METALLOGRAPHY

10.7.1 Assessment of Degradation of a Heavy Water Plant Component

A conical inlet piping made of carbon steel (ASTM A 182 GRFI) failed prematurely after
nearly 20 years of operation in a power plant. Cracked ammonia synthesis gas (N, and H,)
passes through the conical inlet at a temperature of 623K. During normal operating
conditions, the pipe line has a protective insulation and outer temperature of the pipe ia
around 393 K, and the pressure inside the tube is 1250 MPa. Due to breakage of insulation
the temperature of the pipeline increased to about 623K, which went unnoticed for a long
time, and hence resulted in premature failure.
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m?cmstmcrure (Fig. 10.5) obtained by in-situ metallography clearly indicates that the
failure of the turbine blade has taken place by creep damage.

Fig. 10.2 Ferrite/Pearlite microstructure
of the pipeline operating at
normal limits

Fig. 10.3 Degraded microstructure showing
growth of ferrite area and presence of
carbide network at grain boundaries

In-situ metallographic investigation revealed normal ferrite-pearlite microstructure
(Fig. 10.2) on the outer surface of the pipeline where the insulation was intact. In the failed
zone, the microstructure was found to be degraded. The pearlite colonies got transformed
to ferrite and spheroidal carbides (Fig. 10.3) which lowered the tensile strength of the pipe.
The photo mosaic in Fig. 10.4 shows the propagation of the crack near the failure location

Creep failure in super alloy turbine blade

A nicked based super alloy aeroengine turbine blade failed in service has been investigated
using in-situ metallography. The nickel based superalloys are normally resistant to creep
damage due to the presence of fine and coherent &' precipitates in austenite matrix.
However, when the temperatures of the blades accidentally exceeds normal operational
conditions, these fine precipitates grow in size and lead to reduction in strength, thus
causing premature failure by creep damage. The grain boundary cavities observed in the

Fig. 10.5 Grain boundary creep cavities in an aeroengine turbine blade

Failures of stainless steel dished ends during storage

Stainless steel dished ends made by cold spinning process are used to fabricate cylindrical
vessels. The straight portion of the dished ends is to be subsequently welded to the cylindrical
shells to fabricate vessels used as storage tank to store process liquids. Several dished ends
made out of type AISI 304L stainless steel developed extensive cracking during storage.
The dished ends were stored in a coastal environment with an average temperature of 320
C, humidity ranging from 70-80% and an atmospheric NaCl content ranging from 8 to 45
mg/m*/day. Visual inspection before welding revealed extensive cracks in the inside surface
on many dished ends. Liquid peneirant testing was used to determine the extent and nature
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of the crack on the surface. In-situ Metallographic inspection (Fig. 10.6) on the inside
surface indicated that the cracks were transgranular in nature and were also heavily branched
with macro and micro branches. The morphology of the crack is indicative of transgranular
stress corrosion cracking (TGSCC) as revealed by in-situ metallography (Fig. 10.7). TGSCC
occurred due to significant tensile stresses on the inside of the dished ends, presence of
surface contamination seen as rust and improper storage in a hot and humnid coastal environment.
In the hot and humid coastal atmosphere, long exposures of stainless steel components
containing iron surface contaminants could result in the rusting of iron debris. Such rust
particles absorb moisture and chlorides from the environment, which leads to SCC of the

components.

Fig. 10.7 TGSCC in the inner surface of the dished

Chapter 11

Leak Testing

Leak testing is employed to detect leaks and determine the rate at which a liquid or gas will
penetrate from inside a “tight” component or assembly to the outside, or vice versa, as a

I tesulrof pressure differential between the two tegions, or of permeation of somewhat extended

barrier. It has become conventional to use the term “leak”™ to refer to an actual discontinuity
or passage through which a fluid flows or permeates. “Leakage™ refers to the fluid that has
flowed through a leak. “Leak rate” refers to the rate of fluid flow per unit of time under a
given set of conditions, and is properly expressed in units of mass per unit of time. Standard
leak rate refers to the rate of flow of atmospheric air under conditions in which inlet pressure
is 0.1 MPa £ 5%; outlet pressure is less than 1 kPa; temperature is 298 K £ 5 and dew point
is less than —298 K.

The term “minimum detectable leak” refers to the smallest hole or discrete passage that
can be detected, and “minimum detectable leak rate” refers to the smallest detectable fluid
flow rate. The amount of leakage required for a leak-testing instrument to give a minimum
detectable signal can be determined. This amount is generally used to denote the sensitivity
of the instrument. Instrument sensitivity is independent of test conditions, but when an
instrument is applied to a test, the sensitivity of the test depends on the existing conditions
of pressure, temperature and fluid. )

11.1 MEASUREMENT OF LEAKAGE

Leakage is measured by how much fluid passes through a leak under a given set of conditions.
Because leakage will vary with conditions, it is necessary to state both the leak rate and the
prevailing conditions in order to define a leak properly. Therefore, leak rate is often expressed
as the product of some measure of pressure and volume per unit of time. More widely used
units for specifying leak rate are:

(a) torr-liters per second
(b) liter-microns per second
(c) atmospheric cubic centimeters per second
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Itis desirable to know the conversion factors as different personnel refer leaks and their
rates using different units. Basic conversion factors are:

1 atm = 760 torr
1 Pa = 0.98692 « 10™ atm
1 bar = 106 dynes/cm
l atmcc = 760 pm liters

= (.76 torr.liters
llusee = 1.316 w 107 atm-cc/s

= 0.133 mPa m’/s
= 0.001 torr liter/s
1 Pam’s = 9.8692 atm cm/s

(Appendix A given at the end of the chapter gives various conversion factors for SI units

used in the leak testing) ‘ .

There are two basic types of leaks: (a) real leaks and (b) virtual leaks. A real leak is an
essentially localized leak: i.e. a discrete passage through whigh fluid may flow (hole, crack
etc.). Virtual leaks are leaks that involve the gradual desorption of gases from surfaces or

components within a vacuum systems.
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about the other methods of detection, the references given at the end of the chapter may be
consulted.

11.3.1 Bubble Testing
Immersion of pressurised component in water is used as a crude test in some cases to check
for leak tightness. In this method, the sensitivity can be made very high if very high pressures
are used. The main reason for the insensitivity of testing in water is that comparatively large
bubbles are formed. Such bubbles take so long to appear that they can easily be missed. In
liquids of low surface tension as compared with water, the bubbles formed are seven oreight
times smaller in diameter. Hence they are emitted several hundred times more frequently,
and appear as a vertical stream which is clearly visible, under proper viewing conditions.

The best combination of pressurizing medium was found to be hydrogen and ether. Ether
has a low surface tension and hydrogen has a fast flow through small leaks. Methanol and
helium are better than hydrogen, and can be used for detection of smaller leaks. Before use
of all such materials, the inspector should become familiar with the hazards involved in
handling these materials and the necessary safety precautions to be taken.

If the leak is small, the bubble may be difficult to be seen until the eye is adapted. A

magnification glass (2 x to 5 x) will be of great assistance-Good hghtimg-and dark background

11.2 LEAK TESTING METHODS

There are many methods of detecting leaks. Depending on the sensitivity required, Table 11.1
gives various methods of leak testing and their sensitivity.

Table 11.1 Leak Testing Methods

Detector Sensitivity
- (leak rate in lusecs)
5 -2
Air/soap solution Visual, bubbles, sound of escaping . 10
fluid, ultrasonic detectors
i
Methanol/hydrogen Visual-bubbles 10
Hydrogen Pirani gauge ll]::
Halogen gas Heated anode 10
Electron capture gauge
-10
Hydrogen/helium Mass spectrometer 10 =
Radioactive gas Counter 10
Krypton-85

Comparison of leak rate in three different ways may help to visualise the size of leak
and the same is given at the end of the chapter under Appendix B.

11.3 LEAK DETECTION

Leak detection may be carried out by visual inspection using soap bub})les‘ Of mass spectrometers
etc. Among the various methods of detection available, bubbllc testing is widely u.scd for less
sensitive applications and mass spectrometer is used for high sensitive detection. Hence
discussion is limited to the bubble testing and mass spectrometer methods only. To understand

will be helpful. Small stream of bubbles can be more easily detectable from above than from
the side. Bubble forming solution is applied to the surface of a pressurized vessel if it is too
large or not possible to submerge. The ideal liquid for bubble testing should have low
surface tension and low viscosity. The bubble size depends on the viscosity of the liquid,
pressure and diameter of leak. Sometimes, vibration or hammering of the pressurised component
under test is applied for enhanced detection sensitivity.

Advantages: The advan tages of bubble testing are that it is inexpensive, can be carried out
by relatively less experienced personnel, is rapid, gives accurate location of leak, and the
whole specimen is inspected simultaneously.

Limitations: The technique cannot locate very small leaks. In some cases, leaks have been
known to pass gas in one direction only, and if this is inward, the bubble technique will not
locate such leaks.

Applications: The technique can most advantageously be applied for checking the integrity
of pressure vessels, valves, instruments, piping circuits, containments, condensers, heat
exchanges, pumps, cylinders etc.

113.2 Helium Leak Detector

For very sensitive leak testing, mass spectrometer based helium leak detector is used. The
commercial helium leak detector can detect the presence of less than one part of helium in
10 million parts of air. The helium leak detector is a portable mass-spectrometer especially
designed to be highly sensitive to helium 8as. A mass spectrometer is an instrument for
separating or sorting atoms of different mass. Gas molecules entering the mass spectrometer
are bombarded by electrons emitted from a heated filament. The ion beam produced by the
electron bombardment is accelerated in the form of a narrow beam by means of an electric
field. The ions then pass between the pole pieces of a permanent magnet. The magnetic field
deflects the ions in circular path. The radius of the curvature of the path depends upon the
mass of the ion. Ions having equal mass will all emerge from the magnetic field at a certain
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position. The helium leak detector is adjusted so that only helium ions are collected. The
flow of helium ions to the collector induces a minute electrical current which can be detected,
amplified, and used to activate an electrical meter to control the pitch of an audio si'gnal
generator. Figure 11.1 shows a schematic diagram of a helium leak detector and the associated

vacuum system.

Heated
repeller grid

To power supply
Electron beam

as molecules—=
from test object—s

Tungsten
filament
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(a) Probe technigue

In this technique, a fine jet of helium such as that obtained from a hypodermic needle, is
passed over the exterior surface of the specimen. Helium gas will be drawn into any opening
through the walls of the specimen and register on the leak detector as a visible or audible
indication.

(b) Envelope vacuum technigue

Sometimes it is desired to determine only the presence of leaks or the total magnitude of all
the leaks. In such a case, the specimen containing helium air mixture is put into an evacuated
chamber. The chamber is evacuated using an auxiliary pump and the pump outlet is connected
to the leak detector for measuring the leak.

(c) Sniffer technique

In this technique, the specimen to be tested is filled with helium or a mixture of helium and
air to a pressure greater than atmosphere. The surface of the test object is then scanned with
a “sniffer” connected to the leak detector. Helium flowing out through any opening will be

Permanent = sucked into the leak detector system by the sniffer and the leak rate is indicated.
masnet A s (d) Envelope pressure technique
Light fons In this technique, the test system is surrounded by a hood containing helium. The test system
is then evacuated. Helium will flow through any leaks into the evacuated test system and
then to the leak detector. This technique gives the overall leak rate of the component.
Helium ions
Heavy ions (e) Pressurization technique

Target

Electrometer
tube

To amplifier

Fig. 11.1 Schematic diagram of helium leak detector

Helium is generally used for leak detection because it is an inert gas and does'no.t react
with other gases and materials in the system. Helium is not present in any ngmﬁcant
quantity in the atmosphere, thus causing little interference in sensitive leak detection work.
Helium, having a light mass, passes through small leaks more readily as compared to

heavier gases. ‘
There are five different techniques in using helium leak detector. They are:

(a) probe technique

(b) envelope vacuum technique

(c) sniffer technique

(d) envelope pressure technique

(e) pressurization technique.

In all these techniques, it is necessary to have clean test specimens/components since dirt,
moisture, scale and oil may easily seal comparatively large leaks. A brief description of each
of the above techniques is discussed below:

In applying this technique, the component is first placed in a helium pressurization vessel
and exposed to a helium atmosphere. The component is removed from the pressurization
vessel and transferred to a second chamber which is connected to a vacuum pump and
helium leak detector.

11.4 STANDARDS

1. IS 8973:1987  Glossary of terms relating to leak detection technique.
. IS 9902:1982  Recommended practice for leak testing.

3. ASTM E493  Test methods for leaks using mass spectrometer leak detector in the
inside-outside testing mode.

4. ASTM E 1003 Methods of testing for hydrostatic leak testing.

5. ASTM E 515  Methods of testing for leaks using bubble emission technique.

6. ASTM E 499  Methods of testing for Leaks using the mass spectrometer leak detector
in the detector probe method.

7. ASTM E 498  Methods of testing for leaks using the mass spectrometer or residual
gas analyser in the tracer probe mode.

8. ASTM E 1002 Methods of testing for leaks using ultrasonics.

9. ASTM E 908 . Practices for calibrating leaks, gaseous reference.

10. ASTM E 432 Practices for guide for selection of leak testing methods.

11. ASTM E 479  Practices for guide for preparation of a leak testing specification.

12. ASTM E 425  Definitions of tems relating to leak testing.
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Appendix A: Conversion factors for leak testing (Ref: ASTM E 425-85)

To convert from To Multiply first column by
Leak rate
atm cm’/s Pa m’/s 1.01 x 107!
micron litres/s Pa m’/s 133x 107
Pascal litres/s Pa m’ls 1.00 x 107*
STD em’/s Pa m¥/s 1.01 x 107!
Torr litres/s Pa m/s 1.33 % 107!
Pressure
Atmosphere Pa 1.01 x 10° Chapter 12
Bar Pa 1.00 x 10 s
Micrometer of Hg Pa 133 x 107! . .
Micron P 133 10" Comparison and Selection of
Millimeter of Hg Pa 1.33 x mj :
Torr Pa 1.33 % 10° N T M
Viscosity D ethOdS
Centipoise Pas 1.00 x 107
Poise Pas 1.00 x 1077
Volume N N . . -
— i 1.00 % 1070 Non-Destructive testing (NDT) exploits the physical principles for detection, location and
litre m? 1.00 x 107 evaluation of defects and assessment of microstructures and/or mechanical properties without
fi? m’ 283 x 107 impairing the usefulness of the part being inspected. NDT finds wide use in many areas such
-as process improvement, inservice inspection, life extension studies and measurement of
Appendix B: Comparison of leak rates mechanical properties. Nearly every form of energy is utilised in NDT. Each NDT method
- : - : is specially suited for a particular task and hence does not compete with, but complement
Std.cm’/s Approximate - Approximate bubble (Nos) each other.
e il Seinlent 4l The purpose of this chapter is to summarize the characteristics of vafious types of
107 1 cm¥/10 s steady stream discontinuities and to select the possible NDT methods which may be employed to detect
1072 1 em”/100 s 10/s each type of discontinuity. Before going into the selection of a suitable NDT method for
lGj 3 cmj!h Is detecting discontinuities, the user must know what types of defects are to be expected in any
: g_s : §$324hh {;. s inspection: In the fo‘llowing sectior.l, }!arious. types of defects that can occur right from the
1076 1 e 2wk b raw material stage till the product is in service are discussed.
107 3 cm’fyr b
1078 1 em*/3 yr b 12.1 DEFECTS IN MATERIALS
10°° 1 em*/30 yr b )
101 1 cm?/3000 yr c The purpose of NDT is to detect, locate, and characterise various flaws in materials and

(a) assuming bubble of 1 mm?® volume
(b) bubbles too infrequent to observe

(c) smallest detectable leak by helium mass spectrometer leak detector.

products. Flaws or imperfections that are detected and located by inspection may be from
the original material, caused by the process used, created by some human error or defects
introduced during the operating life of the component or a result of combination of some of
them. It is important for the NDT inspector to be able to detect and evaluate defect/flaw
when it exists. In order to have a better knowledge of the types of defects that exist in a
particular material/component, a clear understanding of the material, the processes, and the
possible interaction between them is a must. Before discussing various types of discontinuities
which can be expected in a material, let us know the definitions of discontinuity and defect.
‘Discontinuity’ is any local variation in material continuity such as change in geomeéiry,
structure, composition or properties or presence of holes, cavities or cracks.
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When any discontinuity, single or multiple is of such size, shape, type and location that
there is substantial chance for material failure to occur inservice, then the discontinuity is
commonly called a simple discontinuity that is not harmful in a different application.
Various types of defects/discontinuities introduced during various metallurgical processes
and in service are discussed below,

12.1.1 Metallurgical Processes and Defects

12.1.1.1 Casting defects

Casting of metal involves pouring or injection of molten metal into a cavity of a particular
shape where it is allowed to solidify. The cavity or mold may be of an intricate shape so that
when the metal is solidified, a part is produced which, with or without further preparation,
may be used for its designed purpose. Even those materials considered to be wrought,
originate from cast ingots through deformation work in the solid state. The solidification
from liquid at pouring temperature to the solid at room temperature occurs in three stages:
(i) contraction of liquid metal, (ii) liquid to solid contraction, (iii) contraction of the solid to
room temperature. The flaws which may be formed during the solidification process are
discussed as follows:

Comparison and Selection of NDT Methods 147

(i) Macro-shrinkage ( piping defect): Molten material, after it is poured into the mold, starts
to cool and solidity. The solidification process starts from the surface and progresses towards
the center of the ingot. Since the center of

the ingot is the last to cool and solidify,

most of the cavity due to shrinkage forms M

at the center. The cavity is called the “pipe”. ’ k3

Piping may extend along the axis from the s S } E

top towards the interior of the ingot. .
- Below the feeder head Near the gate or runner

(ii) Center line shrinkage (Filamentary
shrinkage): Wherever solidification cannot
be correctly controlled and is not directional,
a coarse form of shrinkage may occur. This
type of shrinkage flaws may be extensive,
branched, dendritic and interconnected. This
form of shrinkage is, in general, more
dispersed than macro-shrinkage.

Filamentary shrinkage

(iii) Microshrinkage: Shrinkage cavities may Fig. 122 Formation of shrinkage flaws

(@) Non-metallic inclusions: ‘Non-metallic inclusions’ is a general term applied to sand,
slag, oxide etc. trapped in the casting. Most of the non-metallics, generally lighter than the
molten metal manage to move to the top of the ingot but some are trapped within because
they did not have sufficient time to reach the surface before the molten metal above them
solidifies. Usually these inclusions are irregular in shape (Fig. 12.1).

Porosit
Slag ¥

inclusions

Ingot

Fig. 12.1 Non-metallic inclusions and porosities in an ingot
(b) Porosity: Porosity is caused by the entrapped gas in the molten metal which gets trapped
in the solid casting. The size and amount depend on the gas content of the metal and the
rate of solidification of the casting. Porosity may either occur throughout or in some
localised areas of the casting. It’s shape is spherical or nearly spherical (Fig. 12.1).

(¢) Blow holes: Blow holes or gas holes are caused by trapping of air, mold, or core gases
and water vapor in the casting during solidification. They occur in single or in clusters and
are of smooth, round, elongated, or oval shape of varying sizes. Sometimes an extremely
large gas hole appears like a shrinkage cavity, although it differs from a shrinkage cavity in
that the ends of the gas hole are rounded and smooth.

(d) Shrinkage flaws: These are cavities formed during liquid-to-solid contraction. Various
forms of cavities (Fig. 12.2) can occur in a casting. They are:

also be produced on a micro-scale. During

the later stages of solidification, the channels between the growing dendrite arms become
progressively narrower. In some places, the dendrite arms may bridge over and restrict the
supply of liquid to the new isolated channels with pools of liquid. Contraction of these pools
of liquid during solidification leads to formation of fine cavities. These cavities are very fine

and are called “microshrinkage”.

(e) Cold shut: Cold shut is caused by the failure of the stream of molten metal to unite with
a confluent stream or with solid metal such as a poring splash, internal chill or a chaplet.
Formation of cold shut is shown in Fig. 12.3. They usually look like a crack with a smooth
and curved contour. It is usually exposed to surface.

M Splashed metal cold shut

open to the surface
Fig. 12.3 Cold shut in a casting

(f) Crack: This is a discontinuity which is due to fracture of metal during or after solidification.
‘Hot tears” are cracks (Fig. 12.4) caused by stresses which develop near the solidification
temperatures when the material has lowest strength. The stresses arise when the contraction
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of the cooling metal is restrained by a mold or core or by an already solidified thinner
section. ‘Stress cracks’ also called as ‘cold cracks’ are formed when the metal is completely
solid. They are the result of large contraction that builds up in large complicated shapes of
castings.

Light (small) sections
solidify and shrink

Mold faster than the heavy
/ sections
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Laminations

MNonmetallic
inclusions V!

Hot tears
Fig. 12.4 Hot tears in a casting

12.1.1.2 Forging and rolling defects

Forging is the working of a material into an useful shape by hammering or pressing. Many
times forging operations are carried out at higher temperatures. Certain materials are also
cold forged.

The process of plastically deforming a material by passing it between rolls is known as
rolling. The initial breakdown of ingots into blooms and billets is generally done by hot
rolling before further processing into plate, sheet, rod, bar, pipe, rails or structural shapes.
Cold rolling produces sheet, strip and foii with good surface finish and increased mechanical
strength. The defects (Fig. 12.5) that can occur during forging and rolling are given below:

(a) Forging lap: A forging lap is a discontinuity caused by folding of metal in a thin plate
on the surface of the forged material. It is due to mismatch between the mating surfaces of
the two forging dies in “closed-die forging”. It is always open to the surface and is irregular
in contour.

(b) Forging bursts or cracks: Bursts are caused by forging at too low a temperature. They can
occur internally or on the surface.

(c) Laminations: Large porosity, pipe and nonmetallic inclusions in slabs or billets are
flattened and spread out during rolling and forging processes. These flattened discontinuities
are known as laminations.

(d) Stringer: Nonmetallic inclusions in slabs or billets which get thinned and elongated in
the direction of rolling by the rolling process are called stringers.

.

Internal burst External burst or crack
(subsurface) {open to the surface)

Fig. 12.5 Forging and rolling defects

(e) Seams: Surface immegularities such as cracks on the slab or billet which get stretched out
and elongated during rolling are called seams. Seams may also be caused hy folding of the
metal due to improper rolling. Seams are surface discontinuities. On finished bars, seams
appear as straight or slightly spiral lines either continuous or broken.

12.1.1.3  Extrusion defects

Extrusion is the process by which a block of material is reduced in cross section by forcing
it to flow through a die under high pressure. Extrusion is carried out either under hot or cold
condition. Following defects are generally formed during extrusion process.

(a) Internal pipe or extrusion defecr: Trapping of oxidized outer skin of the billet into the
central region of the extruded product is known as ‘internal pipe’.
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(b) Cracks: If the material does not flow through the die properly,” cracks’ are generated in
the finished product.

12.1.1.4 Drawing defects

Drawing operations involve pulling a material through a die by means of a tensile force
applied on the exit side of the die. Most of the plastic flow is caused by compressive force
which arises from the reaction of the material with the die. The reduction in diameter of a
solid bar or tube by successive drawing is known as ‘bar or wire or tube drawing’. The
drawing defects are as follows: )

(a) Seams: Seams can occur in rod or wire if the starting rod (raw material) has defects such
as seams Or pipe.

(b) Center-bursr: The most common type of drawing defect is the ‘Center-burst’ or chevron
cracking. Center burst is caused due to drawing at too low a temperature.

12.1.1.5 Welding defects

Welding is the process of joining materials in which the pieces to be joined are bonded with
alloying taking place at the interface. Two basic types of welding are fusion welding and
SrESTT : : . ; ; S
melted and cast in the joint and is made to fuse with the parts to be joined. This metal is
supplied by filler rods, which are generally of a composition similar to the metal being
welded. Some of the well known fusion welding processes are: Tungsten inert gas, Metal
inert gas, Shielded metal arc and Electron beam.

In pressure welding, both pressure and heat are applied to the pieces to be welded. The
pressure produces plastic deformation and the heat produces recrystallisation across the
boundary in the plastically deformed material. This results in the formation of new crystals
which are integral part of both the pieces. Thus bonding takes place. The heat necessary for
the welding may be generated by passing electric current through the pieces to be joined.

The general sources of weld defects include improper design and joint preparation, defects
in parent material, improper welding technique and faulty solidification of molten metal. A
variety of defects occur in welds. Some of these defects which are shown in Fig. 12.6a-c are
discussed below:

(a) Gas inclusion: Gas may be formed in molten weld metal for various reasons and may get
trapped if there is not sufficient time for it to escape before solidification. The trapped gas
is usually in the form of round holes, termed porosity or blow holes, or of an elongated shape
called piping or wormholes. Gas formation may be caused by chemical reaction during
welding, high sulphur content in plate and/or electrode, excessive moisture in the electrode
or in base plate edges, too short an arc. incorrect welding current, wrong polarity ete.

The type of porosity (Fig. 12.6a) within a weld is usually designated by the amount and
distribution of the pores. Some, of the types are classified as follows:

(i) Uniformly scattered porosity: This is characterised by pores scattered uniformly throughout
the weld. '

(i) Cluster porosity: This is characterised by cluster of pores that are separated by porosity-
free areas.
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Uniformly Cluster Linear
scattered porosity porosity
porosity

Fig. 12.6a Various types of porosily in the weld

(iii) Linear porosiry: This is characterised by pores that are linearly distributed. This generally
occurs in the root pass and is associated with lack of penetration.

(b) Slag inclusions: Slag inclusions are oxides and other nonmetallic solid materials that are
entrapped in the weld metal or between the weld metal and base metal. In most cases, the
sources of slag inclusions are the materials covering the electrodes or fluxes employed in arc
welding operations. In multilayered welding operations, failure to remove the slag at the end
of each pass will result in entrapment of slag inclusions in these zones. Slag inclusions are
frequently associated with lack of penetration, poor fusion, oversize root faces, too narrow
a groove and faulty electrode manipulation.

lete

¢) Lack of fusion: Lack
fusion of weld metal and base metal or inter-weld passes. Lack of fusion can occur at side
wall or in the interpass region.

(d) Lack of penetration: Frequently, the root of a weld will not be adequately filled with
weld metal and a void is left. This inadequate penetration may be caused by too small a root
opening, too large an electrode, insufficient weld current, excessive welding speed, improper
groove preparation etc.’In joints requiring complete penetration, this type of defect is generally
not acceptable and requires its complete removal and re-welding.

(e) Cracks: Cracks are linear ruptures of metal under stress. Although sometimes wide, they

are often very narrow separations in the weld or adjacent base metal. Usually littledeformation
is apparent in the cracked region of the weld. Cracks can occur in a wide variety of shapes
and types and can be located in numerous positions in and around a-welded joint (Fig. 12.6b).
Cracks associated with welding may be categorized according to whether they originate in
the weld itself or in the base metal. Generally four types of cracks occur in the weld metal:
transverse, longitudinal, crater and hot cracks. Base-metal cracks can be divided into seven
categories: transverse cracks, underbead cracks, toe cracks, root cracks, lamellar tearing,
delaminations and fusion-line cracks.

(i) Transverse cracks: Transverse cracks lie in a plane normal to the axis of the weld. These
cracks are usually open to the surface. They usually extend across the entire face of the weld
and sometimes propagate into the base metal. They are the result of high residual stresses
induced by thermal cycling during welding. High hardness of the parent metal, excessive
restraint, and the presence of hydrogen promote their formation.

(ii) Underbead cracks: They are similar to transverse cracks. They form in the heat affected
zone because of high hardness, excessive restraint, and the presence of hydrogen. Their
orientation follows. the contour of the heat affected zone. ;



152 Practical Non-destructive Testing

Hat cracks
Crater crack
Underbead and
Transverse crack HAZ crack
Toe crack
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high residual stresses are present. Both toe and root cracks propagate through the heat
affected zone before they are arrested in region of the base metal. Characteristically they
are oriented almost perpendicular to the base metal surface and run parallel to the weld axis.

(vii) Lamellar tearing: This is a phenomenon that occurs in T-joints where the web plate
is welded on both sides by employing full penetration welds. The stresses developed by this
configuration result in separation that takes '
place in the base metal between the roots of
the two welds extending in a plane parallel
to the surface of the base metal. Such a
discontinuity is often associated with
laminations or other planes of weakness in
the metal. Such a discontinuity is often
associated with laminations or other planes
of weakness in the metal. It is characterised
by step like tear and is caused by the shrinkage
of the weld bead thus stressing the base metal
through its thickness (12.6¢). This results

Longitudinal crack = \ N\ & 3
0ot crac

Fusion-line crack
Fig. 12.6b  Various types of welding defects (cracks)

(iii) Longitudinal cracks: Three types of longitudinal cracks are possible. They are: (i) check
cracks-open to the surface and extend from the root to some point within the weld, (ii) root
cracks—extend from the root to some point within the weld and (iii) full centerline cracks—
extend from root to the face of the weld. The longitudinal cracks are usually oriented
perpendicular to the weld face and run along the plane that bisects the welded joint. Check
cracks are caused either by build up of high centraction stresses in the weld joint, particularly
in the final passes or by a hot cracking mechanism. Root cracks are the most common form
of longitudinal weld metal cracks because of the relatively small size of the root pass. If such
cracks are not removed, they can propagate through the weld during subsequent passes. This
is the usual mechanism by which full centreline cracks are formed.

(iv) Crater cracks: Crater cracks are caused by failure to fill the crater before breakin g the
arc. When this happens, the outer edges of the crater cool rapidly, producing stresses sufficient
to crack the interior of the crater. Crater cracks may be oriented transversely or longitudinally,

Or may occur as a number of intersecting cracks forming the shape of a star.

(v) Hat cracks: Hat cracks derive their name from the shape of the weld cross section with
which they are usually associated. This type of weld flares out near the weld face, resembling
an inverted hat. Hat crackes are the result of using excessive voltage or too low a welding
speed. The cracks are located about halfway up throu gh the 'weld and extend into the weld
metal from the fusion line of the joint.

(vi) Rootortoe cracks: This type of cracks can occur at the notches present in the weld when

initially in decohesion of nonmetallic \LarneI]ar tearing

inclusions and then ductile tearing at about
45° between adjacent nonmetallic inclusions
to produce the step like-tears. Lameljar tearing can occur outside the heat affected zone,
5-10 mm below the fusion face.

Fig. 12.6c Lamellar tearing

(f) Tungsten inclusions: In the &as tungsten arc welding (GTAW) process, the occasional
touching of the electrode to the work or to the molten weld metal, particularly in manual
operation, or use of excessive currents may transfer particles of the tungsten electrode into
the weld metal. These are called ‘tungsten inclusions’.

(g) Undercut: This discontinuity occurs when the welder has melted and flushed out some
of the parent metal in the line of fusion. An undercut, therefore, is a small groove running
parallel to the weld at its edge. It may be continuous or intermittent, Undercutting may be
caused by excessive welding current, incorrect arc length, high speed, incorrect electrode
manipulation etc.

(h) Burn through: A burn through area is that portion of the weld bead where excessive
penetration has caused the weld pool to be blown into the pipe or vessel. It is caused by
factors such as high current, slow rod speed and incorrect rod manipulation. These factors
lead to excessive heat in a particular area.

(1) Root pass oxidation: Oxidation is the result of insufficient protection of the weld and
heat affected zone from the atmosphere. Severe oxidation of stainless steels can reduce
corrosion resistance if the joint is not adequately purged with an inert gas.

12.1.1.6  Grinding cracks

Grinding cracks are caused by stresses which are built up from excessive heat generated
between the grinding wheel and the material. These cracks occur on the surface of the
material at right angles to the direction of rotation of the grinding wheel.
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12.1.1.7 Heat treating cracks

Heat treating is basically the process of obtaining microstructure with desired properties like
strength, hardness, ductility, impact strength etc. of a material by controlled heating and
cooling. While heat treating, unequal cooling between light and heavy sections of a part
results in build up of stress leading to cracking. These cracks are called ‘heat-treating
cracks’.

12.1.2 Defects Introduced During Service

The response of metallic materials during service (life) can vary widely as a function of
chemical composition, thermal treatment, mechanical working, service conditions, presence
of discontinuities and other material characteristics. NDT personnel need familiarity with
these material characteristics in order to evaluate their suitability for service. Products that
need careful testing and evaluation are those used in load carrying applications, operating at
high temperatures and corrosive environments where failure may involve complete replacement
or expensive repair of the component or danger to other products, structures and human life.
It is important to know the types of failures that might be expected and the causes for such
failures in order to know what and how to inspect, how to eliminate the fault and how to
assess the risk of failures. In the following sections, a brief discussion is made on various
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(e) Corrosive environment: Corrosive environment or corrosion due to a combination of
selective materials in contact (galvanic couple) can produce failure in two ways. Corrosion
may actually reduce the amount of material available to carry the load, but even more
important, in many cases, the corrosion may create small discontinuities which serve as
stress risers. These stress risers become the nuclei for initiation of fatigue failure. Combined
influence of stress and corrosion environment may lead to stress corrosion cracking, hydrogen
embrittlement etc.

(f) Vibration: Many structures and systems are subjected to vibration during their service,
such as transportation equipment, machines and devices that have moving parts. In addition,
some structures may vibrate because they are excited by some outside influence. Stresses
from vibration may be superimposed on the stresses from other loading sources. The principal
problem created by vibration is the introduction of cyclic loading leading to high cyclic
fatigue failure.

(g) Abuses: Excessive loading from abuse may be accidental. Many a time, it may be due to
human error. Abuse is controlled by use of factor of safety in design, usually based on yield
strength or fracture mechanics concepts. Factor of safety ranges from slightly more than one

causes of matenial failures and the nature of failures.

12.1.2.1 Cause of material failures

Products and structures may be subjected to a number of varying service conditions. Imposed
loads may be static (stationary or fixed) or dynamic (varying). The environment may contribute
to corrosion vibration, temperature and pressures higher or lower than normal etc. The
product may also be subjected to abuse. Mechanical failure is always a result of presence of
stresses above some critical value, leading to deformation or fracture. Such excessive stresses
are set up by some combination of (i) material defect, (ii) excess load, (iii) improper load
application or (iv) design error. Some of the important causes of material failures are discussed
below:

(a) Static loads: The principal reasons for failure under static loads include large discontinuities,
poor dimensional control during manufacturing, overloading during use etc.

(b) Dynamic loads: Dynamic loads are varying loads that can be unidirectional or multi-
directional. Multidirectional loading is a more severe condition to cause a failure. When the
cycles of loading become high, failure can occur at stress levels far below those determined
by static load tests.

(¢) Service at high temperature: Service at high temperature reduces the allowable value of
most of the desirable material properties including the ability to support load due to
phenomena like creep, thermal fatigue etc. The effect of creep also increases with increased
temperature. The temperature at which property values become critical depends upon the
particular material and the previous treatment it-has received.

(d) Stresses above elastic limit: Stresses above the material’s elastic limit may cause material
flow, distortion and cross-sectional weakening. These effects get further intensified at
elevated temperatures.

to five or more depending om the criticality of the component:

12.1.2.2  Types of material failures

There are generally two type of material failures in service. One is the easily recognized
fracture or separation into two or more parts. The second is the less easily recognized
excessive plastic deformation or change in shape.

(@) Excessive plastic deformation: Yielding followed by excessive plastic deformation occurs
when the elastic limit of the material has been exceeded. Yielding produces permanent
change of shape, which may prevent the part from functioning properly. Inaductile material
under conditions of static loading at room temperature, yielding rarely results in fracture.
This is because of the fact that the material strain-hardens as it deforms, and an increased
stress is required to produce further deformation. Failure by excessive plastic deformation is
controlled by the yield strength of the material selected for a uni-axial condition of loading.
For more complex loading conditions, the yield strength is still the significant parameter. At
temperatures significantly greater than room temperature, materials no longer exhibit strain
hardening. Instead, materials can continuously deform at constant stress in 2 time dependent
manner, known as ‘creep’. The failure criterion under creep conditions is complicated by the
fact that the stress is not proportional to strain. Further, the mechanical properties of the
material may change appreciably during service, due to microstructural changes.

(b) Fracture: Brittle fracture occurs at stresses far below the yield strength. Brittle fractures
are usually associated with flaws and are often catastrophic in nature, i.e. occurs without

‘warning. Brittle failures can occur in both brittle and ductile materials under certain loading

conditions. High strain rates, triaxial stresses or low temperatures can make a normally
ductile material to behave in a brittle manner. In an ideal brittle fracture, all the energy is
absorbed to create the new surfaces and none is absorbed for plastic deformation. Brittle
surfaces are often flat and shiny, with little or no evidence for deformation.
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(c) Fatigue: Failures occurring under conditions of dynamic loading are called ‘fatigue
failures’. A part can be subjected to various kinds of loading conditions including fluctuating
strain, fluctuating temperature or any of these in or without a corrosive environment. The
failures under dynamic loads in corrosive environments are referred to by the category
‘corrosion fatigue’. Most service failures occur as a result of tensile stresses. Practically all
fatigue failures start at the surface or near surface. There are three stages in a fatigue failure,
viz. crack initiation, crack propagation and fracture. These stages are not completely separable.
A fatigue failure is insidious because it occurs without any obvious warning. Fatigue results
in a brittle fracture with no gross deformation at the fracture point. The three basic factors
necessary to cause fatigue failure are: tensile stress of sufficiently high value, a large enough
fluctuation in the applied stress and a sufficiently large number of cycles of the applied
stress. In addition, there are also a host of other variables, such as stress concentration,
corrosion, temperature, overload, metallurgical structure and residual stresses which influence
the fatigue failure.

Fatigue data is usually presented in the form of S-N curves (Fig. 12.7), where applied
stress () is plotted against total cycles to failure (M). The total cycles to failure includes the
cycles necessary to initiate the crack and the cycles for propagation of the crack. As the

T
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12.2 SELECTION OF THE NDT METHOD

Increasing recognition is being given to the importance of NDT in various engineering
disciplines at all stages, i.e. during material production to inservice. Associated with this,
there is a growing concern about the reliability of the material/technique used, cost etc.
Testing and evaluation technology includes not only the measurement and presentation of
data but also requires inference from such data based on comparison and interpretation. This
calls for efficient and trained operators and data analysts. NDT is also used to supplement
destructive tests. Observing defects in material/components helps to reduce failures and
improving product quality. However, ineffective use of NDT can be disastrous in such
industries as nuclear, space and defence where quality demands are very stringent. In other
industries, rejection of acceptable components due to ineffective NDT can lead to financial
losses. Acceptance of rejected components results in damage to the reputation of the company
due to supply of products which do not meet the quality requirements. Therefore, it is
needless to say that the importance of right choice of the appropriate NDT method/technique
or a combination of methods/techniques depends on the type of component/structures to be
inspected, the type of defect, the suitability of the technique from access point of view etc.

While selecting a particular NDT method, cost factor is also mjcinmma.:ﬁmgg—_

stress decreases, cycles to failure increase. In steels there exists a stress limit below which

tatigue failure does not occur. This stress limit is called ‘fatigue limit’ or ‘endurance limit’.
In aluminum and other nonferrous alloys, there is no fatigue limit, i.e. a finite life exists
at any stress level. Since infinite life (cycles) is (are) not possible, the endurance limit for
such materials is taken as the maximum stress at which failure will not occur within 108
cycles.
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Fig. 12.7 Typical S-N fatigue curve showing fatigue limit in carbon steel

(d) Corrosion: In general corrosion is the deterioration of metals by the chemical action of
some of the surrounding or contacting medium which may be liquid, gas or some combination
of the two. To some degree, corrosion can influence all materials, but the effect varies widely
depending upon the combination of the materials and the corrosive agents. Corrosion attacks
materials by direct chemical action, by electrochemical action or more by the combination
of the two. The effect of corrosion is always detrimental to the safe operation of critical
componenis, assembilies and structures.

stages where NDT is applied are:

(a) In the pre-manufacturing stage for inspection of raw materials, (b) during manufacturing
of a product, to check whether it meets the specifications and (c) during service life of the
product, for fitness-for-purpose (FFS) and life prediction.

In selecting an NDT method for evaluation of a specific type of discontinuity, it should
be kept in mind that the NDT methods may compliment each other and therefore several
NDT methods may be capable of performing the same task. The selection of one method
over another is based on the following factors:

(a) type and origin of discontinuity,

(b) material manufacturing process,

(c) accessibility of the component to perform NDT,
(d) typeof equipment available,

(e) time available,

(f) cost

Capabilities of different NDT methods for detection of defects at various stages
(manufacturing to inservice) are discussed below.

12.2.1 Visual Testing (VT)

The easiest and most useful method of NDT is visual examination. Important details can be
collected during VT which would be useful for future analysis and also to decide on the type
of NDT to be used for further analysis. Also, VT should be carried out as a complementary
method to all other NDT methods VT should preceed and succeed all other examination.
Inaccessible areas can be inspected by means of boroscope and fibre-optic techniques.
Depending upon the severity of the surface defect and the component in use, decision will
be taken for salvaging the component or not. If the product is found unacceptable during
visual examination itself, further NDT need not be carried out, thus saving time and cost of
inspection.

¥

)
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VT is selected for detecting the following discontinuities:

# surface deposits * mechanical damage

* gcaling * dimensional conformance

erosion * gross defects visible on the surface

# distortion of components during fabrication and

%

*

discoloration
# oxidation bulging
* missing parts

in service
* general corrosion on the surface of a component.

12.2.2 Liquid Penetrant Testing
Liquid Penetrant Testing (LPT) is another means of enhancing the capability of visual
examination. It is suitable for use on smooth surfaces of all materials, magnetic as well as
nonmagnetic. It is limited to surface defects. Its inability to indicate the depth or breadth of
a flaw should be kept in mind while selecting this method for a particular application.
Use of LPT for porous materials is ruled out since the absorption of penetrant into the
pores would mask the presence of defects. A clean surface is a pre-requisite as penetrant
cannot enter a crack that is filled with dirt, oil, or other matter.
Size, shape, weight and number of work pieces to be inspected often influence the

selection of @ penetrant systent Thedesi
important factors in selecting a system.
LPT can also be used for leak testing. In this case, the component casing is filled with the
penetrant and developer is applied outside the surface.
LPT is selected for detecting the following types of discontinuities on the surface of a
component:

* cracks of any orientation * laminations in plates
* porosity ' * various types of weld defects
* pin holes * corrosion cracks
* voids * creep fissures
*

* fatigue cracks forging bursts

12.2.3 Magnetic Particle Testing

While LPT is effective only for fine surface discontinuities, the need remains to detect larger
surface flaws or those present just below the surface. This need is met by magnetic particle
testing (MPT). This technique is applicable to only ferromagnetic materials. MPT is considered
more sensitive than LPT. MPT requires a higher degree of operator expertise to ensure that
the magnetic fields are aligned in the correct direction in order to detect the defect. Flaws
oriented perpendicular to the induced magnetic field are only reliably detectable. Hence the
challenge is to induce magnetic field lines in a given work picce so that they are most likely
to be perpendicular to the flaw orientation. Therefore, prior knowledge on flaw orientation
and/or introduction of maghetic fields in several directions arefis essential,

It is commonly agreed that defects breaking the surface are the most severe amongst the
various discontinuities occurring in components. For dynamically loaded structures, their
removal is essential. Their detection in ferritic materials is most easily accomplished by
MPT. Since the depth determination of the surface breaking cracks is almost impossible,
crack depth measurements may be additionally employed to assess them. Detection of

1 SE—
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subsurface defects by MPT is impossible if the components are thick, but generally it requires
ideal testing conditions.
MPT is used for detecting following types of discontinuities in ferromagnetic materials.

Surface discontinuities

forging laps
grinding cracks
corrosion cracks
fatigue cracks.

* cracks and tears
* porosity
shrinkage cavities
slag inclusions
voids

*
* * * #

* *

Discontinuities just below the surface (within around 6 mm depth from the surface) (sensitivity
goes down as the defect is deeper):

* larger size cracks in various orientations * voids
* pores * incomplete fusion
* slag inclusions * laminations.

12.2.4 Eddy Current Testing
| LPT and MPT require some test medium (cleaner, penetrant, developer etc. in the case of

LPT and ferromagnetic power and liquid vehicle such as water or kerosene etc. in the case
of MPT) to be applied over the test surface. Application of such medium may not be
permitted or not possible in certain components and in certain environments Eddy current
testing (ECT) can be used in such conditions. In ECT, the test system need not have to be
coupled directly to the material under test. The variables that contribute to the influence on
ECT signals are component dimensions, electrical conductivity, and magnetic permeability.
Thus, ECT gives the information that is not provided by LPT or MPT or any other method
and therefore many a time it is complementary in nature.

ECT is primarily used for testing nonferromagnetic conducting materials. However, with
modifications, it can also be used for testing ferromagnetic materials. One of the most
important applications of ECT in engineering industry is the inspection of heat exchanger
tubes and larger size tubes during manufacturing and inservice. ECT is also selected for
detecting following types of discontinuities or variables:

* electrical conductivity * cracks
* heat treatment condition * voids
* dimensional variation * porosity
(in thickness direction only) *# pinholes
* hardness * corrosion
%

* coating thickness fatigue cracks.

12.2.5 Radiographic Testing (RT)

The NDT methods discussed so far in this Chapter are used for detection of defects which
are open to the surface or nearer to the surface. To detect more deeply seated discontinuities,
NDT methods with test medium capable of deeper penetration and system that senses even
minute changes in the characteristics and behaviour of the test medium are required.
Radiographic inspection is one of the most widely used methods of NDT as this is applied
to all metals and alloys, both ferrous and nonferrous, for detection of volumetric type of
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defects. The range of capabilities offered by the variety of sources and equipments has
brought radiography to the forefront of NDT techniques.

Testing of multilayer vessels and welds is generally a difficult task due to inaccessible
inner layers. RT is the only NDT method to evaluate multilayers vessels during manufacturing
stages and inservice.

Development of microfocal X-ray units has made it possible to extend radiographic
practice to meet the requirements of more stringent quality levels demanded for critical
applications, besides a host of new application. It is known that the sensitivity in radiography
depends to a large extent on the focal spot size. In microfocal radiography, the focal spot size
is less than 100 pm and typically 15-50 ym as compared to a few millimeters or half a
millimeter in conventional radiography. Using microfocal RT, intricate geometrical components
such as tube to tube sheet welds can be tested with a sensitivity of even 1% of wall thickness
of about 3 mm. Microfocal RT can be used for detection of microcracks of around 25 Lm
size. Another application of microfocal RT is to check the integrity of the micro welds used
in electronic integrated circuits.

One of the advantages of RT is that no prior preparation of the surface of the component
is necessary. The main disadvantage of the use of RT is the possible hazards due to exposure
to radiation if proper care is not taken.
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to any material in plate or tube form to measure its wall thickness to a high degree of
accuracy. Thus it is possible to make an assessment of the corrosion rate. The procedure for
corrosion rate evaluation by UT is relatively simple and the level of operator training need
not be high to follow the procedure.

Ultrasonic flaw detection is the only practical method having widespread use in underwater
inspection applications for locating and sizing subsurface defects in components. The types
of defects that are anticipated in structures such as offshore installations are surface breaking
defects. Ultrasonic testing is used as a reliable means of testing and measuring the depth of
these surface breaking defects that have been located using ECT and MPT.

UT is the most suitable method of NDT for inservice inspection (ISI) of components in
power plants, chemical process industries etc. Many a time, RT cannot be applied for ISI due
to the requirements of two side accessibility. UT is more sensitive for flaw growth monitoring
as compared with RT. In view of all these advantages, the first choice for 1SI is UT for
volumetric defects in components except for heat exchangers, and condensers where BECT is
preferred.

UT is selected to detect and size the following types of discontinuities:

* surface breaking and hidden cracks in any orientation

e

. 5 o % i 3
RT is selected to-detect and size the folowing types-of-discontinuities:

cracks (parallel to the radiation beam)

volumetric defects such as slag inclusions and voids

porosity

blockages or deposits inside the pipe lines or pressure vessels,
material thickness

hidden foreign material inside a component.

o R S T 3

12.2.6 Ultrasonic Testing (UT) _

Ultrasonic testing involves use of high frequency sound waves coupled to the components
to be inspected and studying the reflection pattern of these waves. UT is finding increased
applications in various industries. Several wave modes such as longitudinal, shear and
surface waves can be used depending on the orientation and location of the discontinuities.
Different techniques such as pulse-echo, through transmission, and pitch-catch are employed.
The advantages of ultrasonic testing are real time availability of results, higher penetrating
power of these waves, higher sensitivity for planar defects, independence of sensitivity over
depths, low cost for inspection, higher portability of the equipment and compatibility for
automation. But the subjectivity of the results on the operators’ training and skill is a
stumbling block for its wider acceptance. With the advent of microprocessors and automation,
operator dependability is being eliminated to a larger extent and UT is finding increased
applications in industries such as power, railways, chemical and aerospace.

UT of cast metals and alloys is rendered difficult due to the influence of casting intricacy,
microstructural variations and surface roughness. Defects occurring in the cast structure
have irregular surfaces which scatter the acoustic waves and make UT more difficult. Hence
successful use of ultrasonic testing for inspection of castin gs depends greatly upon the skill
and expertise of the operator,

UT is used for wall thickness measirements and for detection of subsurface (volumetric)
defects in almost all types of materials. Ultrasonic measurements may be applied

Intergranutar cracks

laps

laminations

volumetric defects such as slag inclusions and voids

porosity

wall thickness measurements

creep

hydrogen embrittlement

liquid level measurement

* blockages, deposits etc. in the pipe lines and pressure vessels.
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12.2.7 Acoustic Emission Testing (AET)

The principal advantage of AET over other conventional NDT techniques is that it can
directly detect, locate and determine the growth and severity of growing cracks. This is
particularly valuable for inservice monitoring for evaluation of structural integrity. As of
now, there is no other technique which can replace AET for this type of application. There
are a number of advantages one can derive from the application of AET. To mention a few,
ease of flaw location, ability to scan large inaccessible areas, portability of equipment etc.
Its applications span a wide range covering monitoring of huge pressure vessels to the
quality control of miniature electronic components.

AET has been applied for the following:

* To monitor nuclear plant components during hydrotests, preservice pressure testing
of the primary system and during plant operation

monitoring of fatigue cracks in components in aerospace and transportation systems,
monitoring of highway bridges

on-line surveillance in chemical and petroleum industries

monitoring of structural integrity of off-shore structures.

on-line and off-line monitoring of weld quality in different types of welding processes
elc.

*OoH ¥ x %
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12.2.8 Thermography

According to the laws of thermodynamics, all bodies hot or cold tend to be in thermal
equilibrium with their surroundings through heat transfer processes such as conduction,
convection and radiation. If the body is big enough, the local discontinuities in the material
give rise to local thermal conductivity changes which in turn, produce heterogeneous temperature
distribution ‘on the surface of the body. This heterogeneous temperature distributions are
very COMMmOon Occurrences in many industries where heat generation due to any process is
involved. Temperature distribution can be used to control the process and sometimes (o
avert dangerous and costly failures.

One of the important advantages of thermography over other NDT methods is that there
is no necessity for contact between the test equipment or probing camera and the object
being scanned. Hence, far away object can be tested for its temperature distributions.
Thermographic NDE is applied to the following components and areas for detection of
temperature distribution as an indicator to monitor the healthiness.

*

converters, furnaces etc.

linings in furnaces

deposits or blockages in pipe lines carrying fluids
power transmission lines and switchyards

L
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alls, but can be instrumental in assuring quality products if the NDT methods are integrated
into the entire spectrum of manufacturing activity from design to final inspection and in
service. NDT, in reality, is a combination of art and science, which can be learnt by a person
even with limited knowledge. Yet, it is a vast subject with results to be interpreted with
patience. This is because of the fact that the evidence it produces is most often indirect. Also,
the conditions in the practical industrial world where NDT methods are widely applied
seldom measure up to the scientific concepts on which the methods are based or to the
laboratory conditions in which they were developed.

In NDT, we generally apply the testing medium to the material or component under
‘examination. The flaws or material structure modify or change the testing medium in some
manner. Built into the test method, there must be a means by which we detect this change
and convert the detected signal to a form that is well suited for interpretation. A variety of
NDT equipments are available in the market. Though these equipments or instruments are
often claimed and marketed as independent and easy to use, they are not readily applicable
under plant conditions. Hence it is most important that proper NDT instrument/equipment
is selected to suit the test conditions and other requirements.

Reference standards, when properly used, ensure the success of the NDT. Normally
destructive tests are attempted to determine how a material or a device will perform. But,

£

© heat exchangers, pressure vessels etc. in the process industry
« insulation of the furnaces and other components for its effectiveness
* electronic components.

12.2.9 Summary
Table 12.1 shows the general guidelines for selecting various NDT methods Tables 12.2 (a)
and (b) show the capabilities of various NDT methods in detecting different types of defects
and their fitness-for-purpose application.

It many applications, more than one method of NDT is applied in a complimentary way
to detect defects in a specific situation. In this connection, it may be imortant to note that X-
radiography is particularly useful for detection of volumetric defects like porosities and slag
inclusions. However, the reliability of detection by radiography is poor for defects like
cracks. For thicker objects, radiography often loses to UT except in a few specific applications.
High energy radiography units, although available, are impractial to use in most cases.
Wherever applicable, both radiographic and ultrasonic techniques, when used in a
complimentary manner, would provide a reliable answer to the present day safety and

reliability standards.

NDT is heavily relied upon as the basis of assurance against the presence of flaws large
enough to either cause immediate fracture or to grow large enough to cause premature
fracture at a later time. Often, the successful implementation of a fracture mechanics based
design depends solely upon the reliability of the NDT to detect flaws in the components.
Thus, it is necessary that a proper and reliable NDT method and technique should be
selected. -

12.3 SELECTION OF INSTRUMENTATION

All NDT methods are simple in principle, but success in their use depends heavily on
intelligent application and interpretation of the results. They are not easily appiied as cure-

NDT is not reallv_a te easurements based on which, the size of a

discontinuity is usually indicated rather than the performance capabilities of the component.
Hence, it is imperative to have a comparative reference standard as a calibration of testing
procedure. This also serves as a means to understand the NDT results in a quantitative
manner. Details of various reference standards are given in codes and standards. The concerned
user has to judicially select the reference standards for reliable NDT.

Therefore the selection of instruments/equipments for carrying out different NDT methods
is very important and is discussed below. The motive behind the discussion is to give a clear
concept in selecting the proper instruments considering various factors rather than listing the
available instruments.

12.3.1 Visual Testing
One of the oldest, simplest, and cheapest NDT methods is visual testing. Here, the object is
illuminated and examined directly by eye or with the help of a light sensitive device. The
eye is one of the best NDT instruments that man possesses, except when the owner is tired
or bored. Access and visibility are the key considerations. Unaided eye can evaluate surface
finish, moderate size pits, cracks, dimensional conformance of accessible areas etc. Examination
of minute cracks, deep holes, hidden deffects and inaccessible areas require the help of
special devices such as magnifying lenses, microscopes and boroscopes. Selection of these
aids is based on the size of the discontinuities to be detected, test object configuration and
sensitivity requirements.

During under water UT and recording of data, closed circuit television (CCTV) is extensively
used. By use of CCTV, all video records can be related to date, time, position, and other
inspection information for future reference and comparison.

12.3.2 Liquid Penetrant Testing

For liquid penetrant testing, no special equipment is required except a source of ultraviolet
{black) light for use with fluorescent penetrants. Effective inspection can be performed by
using simple kit itself.
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A variety of equipment is available for inspection of units in large quantity. Especially for
mass production lines, package units and automatic stations are used for inspection. Also,
where high reliability is required, automatic stations are used for liquid penetrant testing.
Essentially, the size, shape, and production quantity of the components influence the selection
of equipment.

The LPT inspection station is simply a work table on which workpieces can be handled
under proper lighting. For fluorescent methods, the work table is usually surrounded by a
curtain or a hood to exclude most of the white light from the area. For automatic inspection,
workpieces are moved through booths equipped with split curtains, either by hand or by
conveyer. In some large inspection installations, fully enclosed rooms have been built for
black-light inspection.

LPT kit is most suited for inspection of plants/components, in situ applications and for
limited test applications. Semi-automatic/automatic test stands are used where high reliability
is required or errors due to human factor are to be avoided. Other important factors for
selection of equipments are sensitivity, desired inspection coverage etc.

12.3.3 Magnetic Particle Testing
For magnetisation of the part, mobile, portable and stationary equipments are available.

i
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to the electrically conducting surface of metallic material to be inspected, induces eddy
current flow in the material. The presence of a defect or a discontinuity disturbs the eddy
current flow. These eddy currents in turn generate an alternating magnetic field which may
be detected either as a voltage across a second coil or by the perturbation of the impedance
of the original coil. This impedance change is a function of electrical conductivity of the test
material, magnetic permeability of the test material, geometry of the component and test
frequency. The change in impedance is measured and correlated with the presence and
extent of discontinuity.

In the through-transmission system of eddy-current testing, a signal is transmitted from
a coil through a metal and is detected by a coil on the opposite side of the metal. This type
of measurement completely eliminates lift-off but requires that the two coils be aligned
properly. However, there is a limitation in applying this technique for higher thickness.

Various types of instruments are commercially available. Types of instruments and their
capabilities are given below:

(a) Resistor and single coil (1 kHz to 5 MHz) direct reading analog meters,
(b) Inspection coil and balance coil, bridge balance (1 kHzto 5 MHz)—phase rotation of

signals, storage scope, display of impedance planes, continuously varlableﬁaquﬁmy.—_

selection of a particular type of equipment 1s based on the components to be inspected and
their size and quantity and the required sensitivity. Portable equipment is available in light
weight (10 to 50 kg). Generally, these portable units are designed for use at 220 or 440 V AC
and supply magnetizing current outputs of 500 to 1500 amp in half-wave rectified or AC
modes. Machines capable of supplying half-wave current and AC have provision for
continuously variable current control and therefore can be used for MPT of wide variety of
components. Primary method for magnetisation is hand-held prod. The major disadvantage
of this method is the limited amount of current available. For detection of discontinuities
lying deep and for coverage of a large area with prod contact, a machine with higher-
amperage output is required. Also portable equipment cannot supply the full-wave DC
necessary for some inspections.

Mobile units usually supply half-wave rectified or AC current outputs. Full-wave DC
current is sometimes available as a single output. Inspection of parts is accomplished by use
of flexible cables, yokes, prod contacts, contact clamps etc. Mobile units have an output
ranging from 1500 to 8000 amp. Magnetizing current usually is controlled by a remote-
control switch connected to the unit by an electric cord. Quick-coupling connectors for
connecting magnetizing cables are also provided with the unit.

Stationary units may be obtained as either general-purpose or special purpose. The general
purpose unit primarily uses the wet method, and has a built-in tank that contains the bath and
the pump. The pump continuously agitates the bath and forces the fluid through hoses onto
the part being inspected. Stationary power packs serve as soutces of high-amperage magnetizing
current to be used in conjunction with special fixtures, or with cable-wrap or clamp-and-
contact techniques. Rated output varies from 3000 to 8000 amp and in some cases, upto
about 20000 amp. The higher amp units are used for overall magnetization of large forgings or

castings, which otherwise would require laborious prod inspection at much lower current levels.

12.34 Eddy Current Testing

In ECT, an alternating current is made to flow in a coil (probe) which when brought close -

X-Y alarm gates,

(c) Inspection coil and variable impedance bridge unbalance (1 KHz to 2 MHz) direct
read-out of thickness and electrical conductivity, binary codes decimal output,

(d) Induction bridge (100 Hz to 50 MHz)—used for simultaneous measurement of four
variables, analog computers, binary coded decimal output, direct digital read-out of
thickness and lift-off.

An important part of eddy current testing instrumentation is the instrument used for read-
out. The read-out device may be an integral part of the system, an interchangeable plug-in
module, or a solitary unit connected by cable. The read-out instrument should be of adequate
speed, accuracy and range to meet the inspection requirements of the system. X-Y plotters,
X-Y storage oscilloscopes and strip-chart recorders are most widely used read-out instruments.
Magnetic-tape recorders are fairly accurate and capable or recording at very high speed.
Moreover, the data can bé processed by automated techniques. When multi-channel instruments
are used, microprocessors/computers are used for data storage and processing. The computers
can separate parameters and calculate the variable of interest and sngmfcance print summaries
of the results and store all data on tape for reference in future.

12.3.5 Radiography Testing
NDE methods employing X-ray equipment for radiography require heavy investments. Gamma
ray cameras are available at cheaper cost. The cost of maintaining a full fledged radiography
facility in a pressure vessel manufacturing company comprises of consumables namely X-
ray films and processing chemicals, depreciation on investments on X-ray equipment, trained
staff and overheads. There has been an ever increasing trend in the cost of X-ray films. High
energy X-ray and gamma ray equipment require separate rooms constructed with high
density concrete for shielding purposes. Such rooms are necessary to prevent radiation
hazards to operating and other non-operating personnel.

The most significant way to improve quality of radiographs is to reduce the focal spot

- size. This has led to the design and manufacture of microfocus X-ray equipment. The
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focusing and the alignment of the electron beam to the target is automatic. With a focal spot
of the order of 10 um, direct enlargement around 20X is possible. Also, high quality radiographs
may be obtained with very small film-to-focal distances. Microfocal system is proven to be
especially useful for examining circumferential electron beam welded parts. The improvement
in X-ray real-time detection devices and the possibilities for treatment of the images by
digital video image processing have made it both technically and economically feasible to
inspect a broader range of products by X-ray real-time systems. The purpose of video image
processing is to increase the signal-to-noise ratio and to improve the detectability of image
details of interest. The video image processing is done by digitizing the analog camera video
signal and digitally process the signal. The processed image can be viewed on a video
monitor. The widely used video processing operations are (i) averaging to improve signal-
to-noise ratio, (i) summing to enhance the contrast, (iii) grey scale expansion/compression
to provide sufficient contrat within the grey level range displayed and (iv) spatial filtering.
By filtering, it is possible to enhance the contrast and to improve details and edges. Finally,
substraction of video images provides a way of enhancing details.

Automatic fluoroscopic inspection system is used where critical evaluations are required
and to eliminate the possibilities of errors due to human interpretation. Further, the sensitivity
is superior due to dynamic conditions applied in the inspection. The system operates faster
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Generally, high frequency transducers are used for sensitive test applications. Immersion
testing, generally applied to automated tube testing employs special transducers.
Conventional ultrasonic test equipment is provided with Cathode Ray Tube oscilloscope
for read-out information. Data received is usually displayed on an oscilloscope in either
video mode of RF mode. In video-mode display, only peak intensities are visible on the
trace, whereas in the RF mode, it is possible to observe the actual waveform of the signal.
RF signal mode displays are required for signal processing of received signals so as to get
more information of the tested object. Signal processing is used in testing applications
where signal to noise ratio is poor, for example, if the grain structure of the material is highly
scattering or anisotropic etc. Signal processors are available as scparate units. Modern
equipment combine signal processing with limited capability along with test equipment.
Additional features are incorporated in many commercial ultrasonic instruments which
include a) a circuit that electronically compensates for signal amplitude loss caused by
attenuation of the ultrasonic pulse in the test piece, (useful in the case of testing thick and/
or highly attenuating materials), and (b) electronic gates which monitor returning signals for
pulses of selected amplitudes that occur within the selected time-delay ranges. The set point
of a gate corresponds to a flaw of a certain size that is located within a prescribed depth
range. Gates often are used to trigger alarms or to operate automnatic systems to sort test

and safer than any equipment with human interpretaion. In this system, the mechanical/
electrical design is fail-safe, which means that the equipment rejects all parts until the
computer has measured and found the part acceptable. The cost of film, processing etc. are
eliminated.

Highly automated, self-propelled mini-crawlers which travel within pipe lines to take X-
ray radiographs of pipelines from inside are available. Such a system would be suitable for
both land based and off shore pipe lines for oil, gas and other fluid handling networks
employing pipelines down to 250 mm bore. Such a crawler is designed for remote control

from outside the pipe. It is completely self contained. The control for positioning along the

length is by means of a small radioisotope source which emits a collimated beam of radiation
through the pipe wall. The inensity of the beam is measured by a Geiger Muller tube and fed
to an electronic logic module.

12.3.6 Ultrasonic Testing
Most ultrasonic inspection instruments detect flaws by monitoring one or more of the
following variables:

(a) reflection of sound energy
(b) transit time of sound wave
(c) attenuation of sound energy

Based on the variable that is being used for knowing the healthiness of the material, a
specific type of instrumentation is selected. Although the electronic equipment used by
different manufacturers for ultrasonic inspection can vary greatly in detail, all general purpose
equipment consist of a power supply, a pulser circuit, a search unit, a receiver-amplifier
circuit, an oscilloscope and an electronic clock.

Transducers are the heart of the ultrasonic test system. Various types of transducers are
available in the market. Single element normal/angle beam transducers to array type transducers
are used depending upon the application, sensitivity requirement, technique of testing etc.

- PO 2.5 x L= H . 5
pieces-orto-identify-reject-objeets—Various-types of display-modes are available. Theyare

A-scan, B-scan, C-scan, P-Scan, Zip-scan etc. Most of the commercially available ultrasonic
test equipment are provided with only A-scan display which gives defect location and
roughly size of the defect (to be interpreted). B-scan facility is used where the information
on the cross section of the defect is required. C-scan display gives plan view of the defect.
Based on the requirements, the instruments are selected. P-Scan facility consists of a multi-
headed ultrasonic detector. A computer measures the signals received from a large number
of probes which are fitted to a belt wrapped around a weld. The computer processing
produces a picture of the defect depending on the signals received. Zip-scan or Time of
Flight Diffraction (TOFD) testing system is used for detection and sizing of defects based
on diffraction of signals from crack tips. This technique is useful if the expected orientation
of the crack is perpendicular to the surface.

Multichannel equipments are used for testing components by more number of probes
simultaneously. Suitable manipulators are required to enable such inspection. There are .
various other types of advanced ultrasonic instruments such as SAFT (Synthetic Aperture
Focusing Technique), ALOK and phased array. These instruments have not yet gained their
popularity for application in shop floor because of advanced operator knowledge needed
and the cost and sophistication of the systems.

12.3.7 Acoustic Emission Testing
Materials can speak. When stressed, they give out messages in the form of acoustic emissions.
All materials exhibit this emission phenomenon. But these emissions from metals are
generally inaudible. If we can detect the emissions with instrumentation and device a
mechanism to decode the messages, we have an effective NDT tool to give us immediate
information (on-line) regarding the internal transformations, degree of damage or state of
integrity within a material or a component or a structure.

AET instrumentation consists of various units for signal detection, data acquisition, signal
processing and analysis. The transducer which is used for detecting the AE signals is the
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heart of the system. Historically microphones were used as transducers to start with and later
accelerometers were tried. The most favoured transducers for AE applications are piezoelectric
transducers because of their high sensitivity and ruggedness. Resonant types are used with
narrow band instrumentation and non-resonant types with wideband instrumentation. Capacitive
transducers have excellent wide band frequency response but are less sensitive. Additionally,
stringent requirements are imposed on the quality of the surface of the material which is
used as one electrode in the case of capacitive transducers. Consequently, their usage as AE
transducers is still limited to the laboratory. The pre-amplifier follows the transducer and
the two together form the front end of the AET instrumentation,

The processing instrumentation required for AET depends on the form and quality of the
raw data. Converting analog data into digital form and spatial filtering before analysis are
some of the important aspects. Instrumentation utilized for processing and analysis is undergoing
continuous evolution. Essentially two approaches are in use: one emphasizing hardware and
the other emphasizing software. In completely hardware based systems, processing and
analysis circuitry is completely hardwired. A system could be a single unit or a number of
small units which can be plugged in as needed. A single channel system has the capability
of obtaining cumulative counts, cumulative events, count rate and event rate and rms
voltage. Hardware type multichannel systems are generally modular in design to provide
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to 1153 K. The accuracy at lower temperatures (around 295 K) is claimed to be 0.01 C. The
absolute temperatue of a point can also be calculated using emitted radiation value. Many
a time only the temperature distribution over the surface or the temperature gradient along
aline of the surface is of importance. Permanent record of the thermograms called thermographs
can also be made by using a 35 mm photo camera or with video recording storage facility.

124 SUMMARY

In most of the cases, NDT depends on human judgement for the interpretation of the results.
While handling large number of simple symmetrical parts, automation can be introduced.
But, by and large test results are interpreted and evaluated by persons trained in specific
techniques and applications. The skill, competence, and knowledge of the person performing
the test are highly important in NDT. This is the reason why certain procedures specify the
certification of the personnel conducting the tests in addition to the other requirements,
Failure analysis provides invaluable inputs in identification of defects which caused the
failure. Failure analysis helps in evolution of improvements and refinements in NDT techniques
for detection of potentially harmful defects either during manufacturing or in service.

; itiorr to the event or cumulative parameters obtained
with a single channel unit, this system can locate a growing flaw. Facilities like audio
monitoring and parametric distributions can be incorporated in both single and multichannel
systems. If two or more sensors are allowed to be excited by a single source, the arrival
sequence and the arrival time differences can be measured. These parameters are utilized for
emission source location. Linear location is possible with two sensors while a minimum of
three sensors are needed for planar location. With increase in number of channels needed,
the hardware system looses its attraction and software system takes over. The most important
advantage of software system is flexibility in operation and analysis. They have a built-in
computer and the analysis is done by software. Currently, commercial systems utilizing time
domain parameters are of modular design and can accommodate upto 256 channels. The
most commonly used display device for visual observation of AE signals is a CRO (Cathode
Ray Oscilloscope). A variety of devices are used for displaying and recording the analysed
data. The simplest and most commonly used recording devices are the X-Y recorders. CRT
displays are faster, more versatile and are available with multiple display and hard copy
facilities. The data is also stored in magnetic disk for permanent storage and future analysis.

12.3.8 Thermography
The most common methods for detection of temperature distributions on the solid surfaces
in the industries have been templistics and thermocouples. Though simple and inexpensive,
these methods are obviously inadequate when large surface areas are involved or when the
surfaces in question are inaccessible or difficult to reach. In such cases, a noncontact type
area scanning mode thermal mapping technique, now commonly known as thermal imaging
or thermography is used. The method is not only very convenient in application but in a
way economical too (except for higher capital cost),

Various types of thermal imaging equipments are available. These are generally portable.
Being portable in nature, the equipments are suitable for field work and in situ inspection.
Thermography equipment can produce thermograms of surfaces at temperatures from 293 K

Table 12.1 Guide to Frequently used NDT Methods

Technigue Access requirements Remarks

Very versatile, little
skill required.

Optical One point of access may be
enough. Used to view the
complex equipment.

Applied on all except for
porous materials, test is rather messay.

Requires clean surface.
Flaw shall be exposed to the
surface.

Liquid penetrant

Applied on only magnetic materials,
surface breaking and subsurface defects
are detected.

Requires clean and reasonably
smooth surface.

Magnetic particle

Eddy current Surface must be reasonably Cracks, thickness measurement,
smooth and clean. comparison of materials is possible.
Applicable to electrically
conducting materials.
Radiography Both sides access is needed. Considerable skill is required for
interpretation.
Ultrasonics One or both sides. Requires point by point search,

skilled personnel are required.

Detection and location of growing
defects possible under stimulus.
Volumetric inspection.

Acoustic emission Can be remote.

Thermal mapping for trouble
shooting, or conformance to
requirements. High capital cost.

Thermography Either direct or remote.
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Chapter 13

Probability of Detection
Concepts in NDT
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temperature and stress of the component, last but not the least, operator. However, these
concepts are very valuable and are applicable to a large number of situations and thus need
clear understanding to build reliability in testing.

132 PROBABILITY OF DETECTION (POD): THE APPROACH

The POD concept was first introduced in 1973 and was integrated into the design and quality
assurance programs of NASA and US Air Force. The POD concepts and methodologies have
gained widespread acceptance and continuing improvements have enhanced their acceptance
as useful tools for quantifying and assessing the NDE capabilities. Probability of detection
is defined as the probability that, using a given inspection procedure/system/sensor, an
inspector will detect a flaw that is present in the component. The probability of detection can
be determined by experimentally observing the number of times an NDE procedure can
reveal flaws in a set of parts known to contain flaws. As an example, for every 100 defective
parts that are inspected., if 95 are identified as containing defects and 5 parts as being free
of defects, then the POD of defects is 95%. The POD can take a maximum value of 100%.
Often the POD values are attached with a degree of confidence, which refers to the ability

to esti etection that is representative

13.1 INTRODUCTION

The present day NDE engineer aims at optimization of inspection process, especially cgnctc_rning
evaluation of minimum detectable flaw size, reliability of instruments/sensors, reliability of
operator, frequency of inspection, suitability of calibration standards fztc. These aspe;ls can
be better evaluated using quantitative statistical parameters. The most important questions of
engineering interest during the application of NDE inclu_c_le (i) What inspection _methods are
applicable?, (ii} How small a flaw can they detect?, (iii) What are the_requnrements for
demonstrating an NDE procedure performance capability level?, and ('\f} What type of
process control is needed to maintain this level of performance? The dwerse_nature of
different NDE processes results in different sources of variance and resu[taqt 1mpe.u:t on
detection capabilities. For.example, a manually applied liquid pcnetr.ant process is dominated
by the skill of the operator in process application and interpretation. An gutomated.eddy
current process is dominated by calibration, instrument and procedurct variances. Suitable
guidelines are to be followed for demonstration of capabilities of specific NDE process. It
is important to recognize complex and multiparameter nature of NDE process as well as the
source of variance in each NDE process and to take into account the nature of the variance
and process control while applying margins to the NDE processes and c{emonstrati.ng the
procedures. The variances in NDE process capabilities can be addressed using l.:'robab]l1t3{ of
Detection (POD) concepts. A brief introduction to the POD concepts and their application
to quality assurance, damage tolerance and fail-safe design are dlscuss.ed. I.[ should be
explicitly mentioned that there are no universally fixed procedures for qugllﬁcau_on of PQD,
as the procedure has to be evolved for each specific case. In view of thlS, the information
given in the subsequent sections are to be taken as general approaches Wlt]'.l a few examp]gs.
The examples given should not be extended to any other application w1th(_)ut systemgtlc
assessment and expert opinion. Indeed probability of detection can vary wiflei y depending
. upon the nature of crack, orientation of crack, the crack width, material within the crack,

of large-scale inspection. For example, 95% POD with 90% confidence level means that
there is a 10% probability that 95% is an overestimate of the true POD.

POD is measured as the probability that a specified flaw will be found in a given sample
set using a specific inspection technique. Figure 13.1 shows two POD curves in which the
probability of flaw detection is plotted as a function of flaw size for both areal and an ideal
inspection technique. For the ideal technique, the POD of flaws smaller than a critical size
is zero whereas the POD of any flaw greater than a critical size is unity. In this case, there

f Critical flaw size
1

False accept

Real technique

Probability of detection

False reject

. 4

0
Flaw size

Fig. 13.1 Probability of detection (POD) curve as a function of flaw size for both ideal and real
technique '
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are neither false rejects (FR) of good parts nor false accepts (FA) of defective ones. However,
real NDE techniques are seldom. if ever, as sharp and as discriminatory as that indicated by
the ideal curve, with the result that there are regions of uncertainty shown by the false reject
and false accept areas.

In the context of POD, the generally asked question is: How small a flaw can be found
by NDE? However, the more important question is: How large a flaw might be missed by
NDE? The answer to the second question depends on (1) material, configuration, accessibility,
and surface condition of the component etc. and (ii) the capabilities of NDE procedures such
as, inspection environment, inspection equipment, nature of component, type of flaw, reference
defects used for calibration/process control, calibration procedure followed, skill of operator
and human factor (fatigue, mood etc.). It is clear from the above that the application of
complex and multiparametric nature of NDE procedure always introduces an uncertainty in
measurements, which can enter in many ways. Due to this, after completion of an inspection,
it can only be asserted that there is a certain probability that the inspected component is free
of flaws of a specific type and size. Thus, the POD concepts are being increasingly used in
NDE, primarily to fix the uncertainties that arise during inspections and give a quantitative
representation to the NDE process.

13.3 TYPICAL METHODOLOGY FOR ESTABLISHING POD

When an NDE process is applied to a test object, the output response to a flaw within the test
object depends on the form of detection (pattern recognition), the magnitude of the feature
or signal that is used in detection, and the relative magnitude of the response of the material
surrounding the flaw. For example, in an ultrasonic inspection procedure, the amplitude of
the response from a flaw may be used to discriminate against the response from the grain
structure (noise) surrounding the flaw. If the ultrasonic procedure (measurement) is applied
repetitively to the same flaw, a distribution of responses to both the flaw and the surrounding
material (grain structure) will be obtained. The measured response distribution reflects the
variance in the ultrasonic measurement process and similar variance can be obtained for any
measurement process. The response from the surrounding material constitutes the baseline
level, usually termed as “noise”. This noise is different from the electronic noise of the NDE
instruments. Both the discrimination capability (flaw detection) and flaw sizing (quantification)
capability of the NDE procedure are dependent on their relative amplitudes as compared
to noise and the rate of change of the flaw response with increasing flaw size. The variance
in flaw-to-flaw and variance in signal response to flaws of equal size cause increased spread
in the probability density distribution of the signal (plus noise) response. Typical probability
density function for eddy current testing (ECT) of EDM notches in stainless steel plates is
shown in Fig. 13.2. By applying a decision threshold (amplitude) to the responses, clear
discrimination (detection) of notches is achieved. However, when the same decision threshold
(acceptance criterion) is applied to a set of notches of a smaller size, clear discrimination
is not noticed.

In the above example, the decision threshold could be adjusted to a lpwer signal magnitude
to produce detection. As the signal magnitude is adjusted downward to achieve detection, a
slight increase in the noise level will result in a false call. As the flaw size decreases, the
noise and signal (plus noise) responses will overlap. In such cases, a downward adjustment
in the decision threshold (to detect all flaws) will result in an increase in false calls. Thus,

Probabilitv of Detection Concepts in NDT 175

100 - [ ® L @ @ ®
98 I

& L

& 96

]

=9
04 Notch width 0.4 mm

Notch length 4 mm
92 Probe dia. 4 mm
90 I 1 1 | | 1 |
0.2 0.4 0.6 08 1.0 32 1.4

Notch depth, mm

+— -Fig- 13.2  Typical probability density function for eddy current testing of

stainless steel plates using 4 mm dia. probe

it is clear that accept/reject decisions resulting from the application of an NDE procedure
may result in both detection failures (MISSES) and false detection (FALSE CALLS) when
the NDE procedure is operated near the limit of discrimination. Now, the probability of
detection can be calculated as the ratio of total number of rejects identified to total number
of actual rejects present. Similarly, probability of false alarms (POFA) can be calculated as
the ratio of the total number of false calls to the total number of acceptances.

All flaws of equal size do not respond equally when an NDE procedure is applied. The
physical nature of flaw initiation and growth vary considerably with the origin of the flaw,
the material type involved, the load history on the test object, the environment, e.g. corrosion
and the load levels immediately prior to inspection (NDE procedure application). Crack
opening and crack closure effects have been studied extensively in different materials as
crack closure has a dominant effect on crack detectability by X-ray, liquid penetrant, and
ultrasonic inspection methods, as compared to magnetic and eddy current methods.

The POD data is usually represented as a POD curve, which is produced as follows:

Step 1: Applying a specific NDE procedure to a large number of artificial flaws of varying
size that represent the type of flaws to be detected in actual components

Step 2: Recording the results of inspection with each flaw size

Step 3: Analyzing the data by fitting the results to a model that is representative of the type
of data produced

Step 4: Plotting the results in the form of POD vs. flaw size.

The single valued parameter that is used to characterize the procedure is that flaw size at
which the POD reaches the 90% confidence level. The single valued parameter that is often
quoted in validation requirements is that flaw size at which the lower 95% confidence line
reaches the 90% level (90/95 value). From sampling theory, 29 successes out of 29 trials
provide a 90% confidence that the same result would be obtained if the expefiment is
repeated infinite number of times.
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134 ROLE OF POD CONCEPTS DURING DESIGN AND OPERATION

During the past several years, a number of design-centered “global” approz_lchefs havc_bcen
proposed that deal both with material synthesis and the manufacture of materials into ﬁms_hcd
products. Although the structure and constituent components of these approaches differ
because of their different end purposes, they all depend on design, theoretical modelling,
extensive computations and use of more than one NDT&E technique for confirming the
measurements. Unified Life Cycle Engineering (ULCE) is an example of a global model for
manufacturing, in which emphasis is placed on the development of predictive capability by
the design to speli out the total set of properties important for product performance, quality,
reliability. maintainability and life-cycle costs. Successful development and operation of
such concepts would allow the design engineer to incorporate all trade off considerations at
the time of product design, would reduce the need for retrofitting, and would undoubtedly
increase the choice of the appropriate manufacturing process. Successful development of the
ULCE concept could provide a new paradigm in manufacturing.

A schematic representation of the possible linkages needed for ULCE concept is shown
in Fig. 13.3. With the above model of ULCE in mind, it is necessary to examine the approaches
that are available to develop the linkages between the various engineering functions of
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intelligence approaches. First, the empirically designed POD curves represent a convolution
of operator and instrumentation capabilities. It is not possible to isolate these two sets of
variables on the basis of empirical results only; hence, the degree to which any empirically
determined POD curve represents the true POD determined only by the physical principles
(part shapes, materials, details of measurement system etc.) is unknown. Secondly, empirically
determined PODs cannot be used with confidence to predici POD values of other sets of
measurement conditions.

In recent years, theoretical models that permit calculation of PODs have gained limited
recognition for three major NDT&E techniques-ultrasonic, eddy current, and microfocal
radiography. In contrast to empirically determined PODs, these are first principle engineering
models that can be used as a basis for the NDT&E/Designer linkage in ULCE. These first
principle models are analytical models of the NDT&E measurement process and depend
upon the details of the measurement setup for each inspection technology. For example, the
details include the geometry of the component being inspected, relative inspection confi guration
of probe and part, characterization of the generation, propagation and reception of the
interrogating energy, critical flaw information that is obtainable from materials engineering
etc. Detailed models of field-flaw interactions can be calculated for a known interrogating

field, and the knowledge about the noise conditions that add to the uncertainty in the results

manufacturing operations. Clearly, the approach needed to develop and implement the
NDT&E/Design coupling is vastly different and more advanced than any encountered in
current NDT&E practice. For example, this link needs to provide the designer with several
pieces of quantitative information related to the design. A logical approach for the development
of the NDT&E/Design link is based upon the POD concept. This concept possesses the
neccssarjr features to fulfill the above requirements. To date, all applications of the POD
concept have been empirical, i.e., a statistically significant number of samples are prcpa__red
. with artificial flaws, and then experiments are made by various operators utilizing specific
NDT&E techniques. POD, or ‘confidence results’, are then drawn from these data. It is
evident that such empirically derived results represent insufficient data bases for the development
of NDT&E/Designer linkage of ULCE, even if coupled with expert systems or other artificial

Design

Operating
history

Quality assurance
(NDT&E)

Reliability and
maintainability

Fig. 13.3 Schematic representafion of linkages needed for unified life cycle engineering

Thus, we can say that POD characterization has emerged as a useful NDE engineering
tool for NDE procedure design and development; for comparison of various NDE procedures;
for validation of specific NDE procedures; and for personnel skill qualification. If signal
amplitudes are quantified and used as the basis for acceptance/discrimination, then it is
natural to use post analysis and processing at different threshold discrimination to optimize
the performance of any NDE procedure. Quantification of NDE procedure capabilities
provides tools for establishing an objective basis for assuring reliable NDE on a continuous
basis. The obvious economic advantages of moving from more detérministic to more quantified
design/analysis through POD based approaches include shorter development cycles, efficiencies
in quality control, improved design efficiencies, and improvements in confidence levels for
reliable performance of engineering structures.

A typical example of application of POD procedure to compare performance of different
types of probes for defect detection in stainless steel plates by eddy current NDE is discussed.
Notches of different length, width and depth were made in stainless steel plate and eddy
current tests have been conducted using ferrite core probes of diameter 2 mm, 4 mm and
8 mm. The lift-off (noise signal) is made horizontal by suitably adjusting the signal phase.
The POD data has been obtained by placing the ECT probe on defect and defect-free regions
and recording the vertical output of EC signals. Typical POD curves for three probes for
different notch depths are shown in Fig. 13.4. It is observed that POD increases very
significantly with increase in notch depth for all the probes. When the notch depth is more
than 0.8 mm, all the probes have shown a POD better than 95%. It can be inferred that there
exists a minimum detectable notch-depth for each probe and it increases with increasing
probe diameter. This observation highlights the need for choosing a suitable probe diameter
for detecting a defect deeper than the specified depth. Similarly, POD procedure can be used
to assess the inspection reliability in detecting defects of specified length and/or width for
a known probe type and lift-off conditions.

Advanced methods of life assessment of materials and structures incorporate quantification
of fracture and fatigue life properties based on knowledge of material/component configuration



| 178  Practical Non-destructive Testing

100 | o=

80

60

POD, %

E 2 mm dia. probe

20 - ® 4 mm dia. probe
A 8 mm dia. probe

Notch length = 3 mm

Chapter 14

Statistical Methods for
Quality Control

o} &

] 1 I | 1 1

1
0.2 02 06 08 1.0 1.2 14 L6
Notch depth, mm

Fig. 134 POD curve for eddy current testing for detection of
EDM notches using three different probes.

' and conditions. An essential element of this life analyses is the assumption of the presence
: of an initial flaw of a known size at the beginning of the material/component life. Here
‘ / again, POD approaches in NDT&E provide the necessary input. Thus NDE is increasingly

applied for inservice “fitness-for-purpose” analyses, life-cycle management analyses, and
| life-extension analyses.

The word quality refers to the totality of features and characteristics of a product or service
that have bearing on its ability to satisfy a given need. Control is the process of regulating
or directing an activity to verify its conformance to a standard and to take corrective action

if required. Therefore quality control is a regulatory process for those activities which

measure a product’s performance, compare that performance with established standards, and
carry out corrective action, if necessary. Quality control is a term that has been used in both
a narrow sense and a broad sense. In the narrow sense, quality control means conformance
to quality, often this is achieved by inspection and process control on the manufacturing
floor. However, for quality control personnel, quality control has a much broader scope,
which involves conformance of quality and control of the quality with respect to design and
performance to the degree of customer’s satisfaction. ‘Total quality management’ is the term
now a days applied to this broad concept.

In engineering industry, activities of measuring, inspection and testing are carried out
manually and also by automatic devices. The results or data, mostly in the form of numbers,
are obtained in order to take corrective action in a manufacturing process for improving the
quality or for taking decision on acceptance/rejection. The problem is that these data or
results vary from time to time, piece to piece or sample to sample. Even if the production is
carried out by fully automated machines, there is still variation in quality. Quality control
uses statistical methods to separate variability due to controllable causes from that due to
uncontrollable causes. Statistical quality control (SQC) is a branch of quality control. It
involves the collection, analysis, and interpretation of data to solve a particular problem.

In 1924, W.A. Shewart of Bell Telephone Laboratories developed a statistical chart for the
control of variation in products. This is considered to be the beginning of modern statistical
quality control concept. In this chapter, the most widely used statistical methods for quality
control are discussed.
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14.1 PROBABILITY

One of the important problems facing production plants and engineering industry is concerned
with quality improvement. It is well known that all processes, no matter how well controlled,
result in variations in quality, i.e. all materials possess a wide variety of defects and each
type of defect has a wide variation in the range of its characteristic parameters. A wide
variety of test schemes exist, some destructive and some nondestructive to verify quality
with respect to the specifications. The benefits of nondestructive inspection are many, as
long as the results are reliable. It is no longer sufficient for the inspection engineer to simply
specify that the component is accepted or not accepted.

There needs to be a quantitative assessment on the presence or absence of flaws and its
sizes so that life prediction can be made based on this information. The probability concept
when related to NDT. is the probability of the existence of a given type and severity level of
defect in a particular component/item.

The probability concept can be further related to NDT as follows:

(a) in a component, what is the probability of existence of a defect when tested with a
particular method of NDT?
(b) once a defect is detected, what is the probability that the size of the defect detected
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14.1.2  Probability Sample Space and Flaw Size Distribution

The categorization of a particular event under a particular situation is defined as the sample
space. This sample space can be finite or infinite. A finite sample space is applicable when
there is a limit on the number of possible events. Consider three coins to be tossed simultaneously
in the air. This situation results in a finite number of possible *head’ and “tail” combinations.
The following probabilities may be calculated for the indicated combination of heads and
tails in one toss.

(i) Probability for all the three coins showing tails:
p{TIT} =1/2 * 1/2 % 12 = 1/8
(i) Probability for obtaining any one of the combinations as HTT, THT and TTH:
p{HTT} + p{THT} + p{TTH}
= {125 1/2% 12 + 112 1/2%1/2 + 1/2%172%1/2} = 3/8
(iif) Probability for obtaining any one of the combinations as HHT, THH AND HTH:
p{HHT} + p{THH} + p(HTH} = 3/8

15 within the specified range?

(c) what is the probability that a particular method of NDT could miss defect(s) of
specified size?

(d) what is the probability that a defect of particular size could propagate to a bigger size
and ultimately lead to failure?

14.1.1 Basic Concepts

Probability Events: Probability is the study of the likelihood of occurrence of specific
events. Take for example, in the case of tossing a single coin, the probability of showing
head or tail on a single toss is 50%. The probability of showing head is p(h),

& 1 event
no. of equally possible events

=1/2=05

Similarly the probability of showing tail is also 0.5.

In another case, for the dice with six faces, there are six equally possible events (1, 2, 3,
4,5 and 6) and the probability of a single event say getting a side having No. 2 is given by
p(2) where

p(h) (14.1)

p(2) = 1/6.
If a pair of dice is thrown, the probability of getting a pair of sides with both having

No.2is

p(2, 2) = (1/6)(1/6) = 1/36.

The above discussion is to make an important point that the probability of two single
independent events occurring together-is the product of their individual event probabilities.
The multipie event probability will be lower than any single event probability. However, it
is important to note that neither event is impossible and neither event is definite. There is ar
element of chance, or probability in each case.

(iv) Probability for all the three coins showing heads:
p{HHH} = /8

An infinite sample space is demonstrated by the concept of tossing a coin until head
appears where there is no limit on the number of tosses. In the case of inspection and quality
control, an infinite sample space is often practically useful in defect detection (for example
fatigue cracks). The dimensions of a fatigue crack can fill infinite sample space since infinite
number of groupings can be made between the possible minimum and maximum crack
sizes. Usual practice, however is to categorize the data in to defined numerical categories in
terms of ranges of crack size and fit the fatigue crack data within those limits. For example,
inspection of a group of pressure vessels could result in the data as shown in Table 14.1 for
the observed fatigue cracks. If it is required that the crack depth be recorded on a smaller
interval, more crack size groupings would be required. If extremely small crack dimension
range is used then an extremely large number of groupings would be required. The number
of groupings in the sample space thus could in fact be! very high approaching infinite
depending on the size range selected for each grouping. The probability of finding a flaw

Table 14.1 Size Distribution of Observed Fatigue Cracks

Crack size range No. of Probability for cracks with
{groupings) (mn) occurrences in a given size range
O0<d<l5 B 0.06
1.5£d<3.0 5 0.08
30<d<45 7 0.11
45<d<6.0 12 0.19
60<d<75 15 0.24
75<d<9.0 11 0.17

9.0<d< 165 6 0.09

105<d< 120 | 2 0.03
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p(flaw) in the specified group is equal to the number of flaws in the group divided by the
total number of known flaws. This probability is given in Table 14.1 (third column) for
each grouping.

14.1.3 Effect of Inspection on Flaw Size Distribution

It has been seen from the experience that any NDT inspection system detects large defects
casily as compared to small ones. The probability of defect detection and flaw size distribution
for an inspection system is shown in Fig. 14.1

10~ \
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Fig. 14.1 Probability of defect detection and flaw size distribution for an inspection system

It is clear from Fig. 14.1 that for a defect of size larger than 2 mm, the detection probability
is 1. It is obvious that for smaller and smaller size defects, the probability of defect detection
decreases.

Probability of defect detection not only depends on an inspection system but also on
various other factors such as

(a) operator knowledge

(b) proper application of the technique

(c) test environment

(d) material properties such as inhomogeneity and anisotropy
(e) defect orientation

(f) test accessibility, geometrical features etc.

The relationship between operator performance and the probability of defect detection is

shown in Fig. 14.2. The ‘ideal’ circumstances are those in which no component with a defect

size less than d will be identified as defective and all components having defects with size
greater than d will be correctly identified. The other two curves represent more realistic
conditions. For the ‘good’ curve, a small number of components will be detected with defect
size less than d as defective. These defect detections are noted as ‘false calls’. The curve for
the ‘poor” operator/system performance results in a number of “missed defects’ and a few if
any false calls.

It has been seen from the above discussion that the ability to detect a flaw/defect with a
particular size depends on the characteristics of the NDT system. While the probability of
existence of a defect is a factor over which the NDT engineer has no control, the probability
of detection is a factor that is very much in the control of NDT engineer. Therefore, while

During mass production of components, variations in the quality levels between each component
have to be evaluated. This variation in quality from one part to another is due to a number
of reasons. It is always the desire of the customer to obtain uniform products, i.e. products
in narrow range of specifications. Maintaining optimum conditions closely in a process that
would result in minimising the variation in the product is the key to satisfy the customer. As
an ideal goal, it is commendable. But, just as there is no such a thing as a perfect circle, it
is impossible to achieve exact repeatability of the quality of a product. This is due to
variations in process conditions, however, small there may be. Only in the case of automated
process, the reality is close to the desire.

Quality can not be controlled unless there is a means for quantitatively measuring the
level of quality and for distinguishing controllable variables from uncontrollable variables.
The task of evaluating these factors is accomplished largely by the application of statistical
methods.

The benefits enjoyed by industry through the use of statistical quality control are immense
like reduction in time and manpower requirements, waste, scrap, rework, and inspection
costs. Statistical concepts can be applied in many industries involving mass production, for
achieving desired quality and reliability.

14.2.1 Basic Principles
Important terms (as defined by American Society for Metals, is given in Metals Handbook
Vol: 11) widely used in statistical quality control are given below:

Characteristic: A property that can serve to differentiate between units of a product. The
differentiation may be qualitative (method of attributes) or quantitative (method of variables).

Distribution: Position, arrangement or frequency of occurrence of individual attributes or
variables within a sample or population. :
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Lot: A group of individual items that are produced or sold as a unit.
Method of attributes: Measurement of quality that consists of noting the presence (or absence)

of some characteristic in each of the units in the group or lot under consideration and
counting the number of units that do or do not possess the characteristic.
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farther that value is from the most common value. Sometimes, the most common value is
not centered in the normal distribution and this is known as ‘skewed distribution’. Skewed
distribution contains two or more peak values of frequency of occurrence. The spread can
be expressed mathematically as the root-mean-square (rms) value of deviations from the
process average. The rms deviation is called the standard deviation, and is usuaily designated
by the Greek letter sigma (¢). It is inherent that, in general, in all normal distributions,

Method of variables: Measurement of variables that consists of mea
a quality characteristic for each

suring the magnitude of
of the units in the group under consideration.

Nonconformance: Failure to meet any specified quality requirement.

Population: The totality-of individual items of a single design that is available during a
given period of interest, and from which samples can be taken for statistical analysis.

Sample: A finite part of a statistical pop
about the population as a whole.

ulation whose properties are studied to gain information

Random sampling: A process of withdrawing a sample from

a lot or population in which
each unit in the lot or population has an equal chance of bein i

gincluded-in-the sample-——

Range: The difference between the largest value and the smallest value in a given set of
observations.

Variability: Variability is evaluated as the dispersion or spread of a measured attribute about
the most common value of that attribute. Both the limits of the spread and the frequency
distribution of measured values within the spread must be defined to accurately evaluate the
variability. Frequency distributions can be of many forms. Most industrial products exhibit
a normal (Gaussian) distribution as shown in Fig. 14.3 where the most common value is
centered within the range and the frequency of occurrence of any given value diminishes the

Frequency

99./73%

+3c

—_—

Measured attribute
Fig. 143 Gaussian distribution

99.97% of the individual values fall within three standard deviations (= 30) of the process
average.

Techniques for statistical quality control
There are two principal techniques for statistical quality control, viz. (a) control charts and
(b) acceptance sampling.

14.2.2 Control Charts

The concept of control charts is developed by W.A. Shewhart and the charts are prepared
by drawing samples from a population, measuring the same characteristic of every unit in
each sample, and plotting the average and range of that characteristic in each sample against

theorem and the relation between chart sensitivity and sample size. In simple terms, the
central-limit theorem shows that, regardless of the shape of the frequency distribution of -
individual measurements, the distribution of averages for samples, each of which contains
i units, will tend towards a normal distribution as 1 increases. For most industrial processes,
the central limit theorem holds good for all sample sizes of five or more units, which allows
statistical generalization to be applied to a wide variety of industrial processes.

The second fundamental feature of the Shewhart’s control chart is that the sensitivity of
the chart for small fluctuations in the production process increases as the sample size (n)
increases. )

In the control chart, upper and lower control limits define the + 3¢ spread for the sample
average and range that is the spread within which 99.73% .of all the sample averages or
sample ranges is expected to fall, assuming no change in the process average or variability.
If the sample average falls outside the control limits, it is a signal to immediately look for
assignable cause in order to affect a change that will bring the process under control.
Control charts give the average level at which the process can operate and the amount of
chance variation present. On many occasions, it is not possible to reproduce the exactly
given set of conditions. Whatever may be the ideal manufacturing or fabrication conditions,
there is still a possibility for variation due to chance like the variation we get by tossing
a coin, i.e. we are not going to get head or tail equal number of times. This type of chance
variation is not possible to be eliminated in any manual or semiautomated engineering
process. Inspection by this type of quality characteristics (attributes) is used as 20 0r NO go
type for segregating defective products from the finished products. Many process parameters
(e.g. in the case of welding; voltage, amperage etc.) can be optimized using statistical
method to get products with better quality.

A typical example showing the variation in the percentage of defective rods produced
with time of production is shown in Table 14.2.

Calculation of Upper and Lower Control Limits (UCL and LCL) of defective rods is as
follows:

. a sample number. The control chart relies on two fundamental principles— entral limit .
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Table 14.2 Data on Ten Lots of Rods Inspected 10
Lot No. No. Fraction of
No. inspected rejected defective rods (%) 8-
ucL
| 300 10 333
2 240 12 5.0 £ b
% 320 12 3.75 E
4 310 . 10 3.22 k2 o 5
5 290 13 4.48 = o o o - 25
6 270 12 4.44 g 4 a3 P
o] o o
7 315 15 4.47 ¥
8 325 ' 11 343
9 295 12 4.06 2r
10 275 13 472
T 2940 12 4.08 (L 0 ! ! ! L ! LCL
s : @ 0 2 4 6 8 10
. Lot number
L Fraction defective = Total number of defective rods 14.2 Fig. 14.4 Upper and lower control limits of defective rods
Total number of rods inspected (14-2) )
1202940 = 0.0408 say 004 Calculations for UCL and LCL:
' s s | pass Average number of units, 7 = 49.7
L=L+3V{La-L)/7 14.3 © >
e (La=Lyn (A9 Average defects per lot = 124.6
0.04 (1-0.04 it =
—0.0443 2940 ) Average defects per unit = 2.5

= 0.04 + 0.034 = 0.074 or 7.4%
LCL = 0.04 — 0.034 = 0.006 or 0.6%

The data in Table 14.2 is plotted in the L chartin Fig. 14.4. UCL and LCL are also shown
in this figure. In this example, it is expected that 7.4% of the rods would be defective due
to chance variation in production condition and is considered as acceptable. Variations
between control limits as shwon in Fig. 14.4 are known as chance variations, which are
inherent in the process, i.e., from the common causes of the system. In other words, only
variability beyond these fixed limits will be assumed to have come from assignable or
special causes. Normally, lower control limit for components is set at 0 (zero) in the case
of defect detection because it is preferable to have zero defects. In the said example, if the
% defective rods is more than 7.4%, process parameters have to be optimized to produce
better product or alternate method of production has to be developed. Thus, any system
exhibiting variation only in common cause is a statistically controlled system.

The ‘defects per unit chart’ ({7 chart) is another type of control chart used in statistical
evaluation of quality of a component or a unit which consists of many parts. In this case,
the sources of defects are many or many defects are expected. Similar to the L chart, the
defect per unitor { chart must consider consistent lot sizes because of the use of z in the
formula for calculation of control units.

Upper and lower control limits =& +3VU/7 (14.4)

The following is-an example (Table 14.3) of defects per unit calculations for plotting U
chart.

Table 14.3 Number of defects found in the units for each lots

Lor Na. No. of units Defects Defects/unit
1 52 120 2.30
2 48 125 2.60
3 50 124 2.48
4 49 128 2.61
5 47 132 2.80
6 51 i2i 2.37
7 53 118 2.22
8 50 127 2.54
9 48 126 2.62

10 49 125 2.55
1246 2.509

Total 497

UCL =U +3NU/7 =2.5+3V{2.5/49.7} = 2.5 + 31/0.0503
=254+0.67=3.17
LCL=25-0.67=1.83
Defects-per-unit chart ({7 chart) plotted for the data in Table 14.3, with UCL and LCL are

given in Fig. 14.5.
* Even though control charts are used for statistical quality control methodology, the probability
theory behind the generation of control charts makes them not applicable to every need. One
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Fig. 14.5 Defects-per-unit chart showing upper and lower control limits

area for which control charts are not suited is the ‘acceptance sampling’, a method to
determine overall quality of incoming or outgoing components. Individual items are generally

classified as detective Or non 1VE,

certain set of characteristics or meets particular specifications. Instead of chec_ki_ng each
individual component in a lot, sampling inspection with certain in—bljliltla:_haractenstrc of the
sample to represent the lot is more cost effective if the n:quis.ite rehafb:hty can be ensured.
Principles involved in acceptance sampling inspection.are discussed below.

14.2.3 Basic Principles of Acceptance Sampling Inspection ! ‘ ;
Acceptance Sampling is another tool used widely and is of intrins_‘.lc VE‘l]lIe‘Il'l the practice
of acceptance of the lot based on inspection by sampling. In engineering 1nfiustrxe_5, itis
extremely useful to be able to make a judgment, for the purposes of accepting, rejecting
or reworking a production lot, by inspecting only a few pieces from thr.: lot.

Sampling plans depend on two major factors for their accuracy. One is ranc_lomness of
the sample which determines whether a given sample is a v_alld‘gr(?up which can be
used to judge the whole lot. The other is the actual number of units in the sa_lm.pleA Aq
ac'ccptance sampling plan is best described by the use of an operating characteristic curve

as explained below.

Operating characteristic curve (OC curve) ) )

An OC curve is a plot of the actual number of nonconforming (defective) units in a lot
expressed as a percentage against the probability that the lot \«}Jil] be a'ccq:_rted when sampl.ed
according to the plan. The shape of the OC curve is detelrmlqed primarily by sample size
n and acceptance number c. Typical OC curve is shown in Fig. 14.6. It can be seen from
Fig. 14.6 that the probability for acceptance is 1.0 for sample lot without any defectives. A.s
thg % defectives increases, the probability for acceptance reduces. 'I‘herefm.fe,' the curve
shows the ability of the inspection procedure including sampling adopted for d;sftingquhlng
the good and bad lots. The steeper the slope of the curve, the greater the efficiency of t.he
inspection procedure. Use of a perfect OC curve would result in acceptance of ait.. lots with
acceptable quality and rejection of all other lots.
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Fig. 14.6 A typical operating characteristic curve

Acceptable quality level (AQL)

On the OC curve, the quality level at which there is a 95% probability of acceptance Is
generally referred to as the acceptable quality level. The AQL is defined as the maximum
number of defectives that, for the purpose of acceptance sampling, can be considered
acceptable as a process average. While selecting the AQL, it is important to note that the
value chosen shall be achieved with the existing process variables.

Producer’s risk and consumer's risk

The producer’s risk is associated with a high probability of acceptance, usually 95%. The
manufacturer can expect that the lots with percentage of defectives correspond, to a point,
on the OC curve representing 95% probability of acceptance, would be acceptable. In other
words, the producer’s risk is the chance that a lot with fewer than the allowable percentage
of defectives will be rejected on the basis of sample results. The other 5% represents the
consumer’s risk, that the lots whose actual percentage of defectives is equal to or less than
the acceptable quality level, i.c. the chance of a ‘bad’ lot being accepted on the basis of
the operating characteristic curve is known as consumer’s risk.

Product quality auditing

Although a statistical sampling plan, in which the consumer’s risk is limted is usually
chosen, the actual probability that the consumer will receive lots having a greater percentage
of defectives than the value specified by the OC curve (i.e. defects corresponding to 10%
probability of acceptance in OC curve) for that plan depends on the quality of inspection
process. The usual method of evaluating the effectiveness of the inspection and quality
control is to perform an audit by randomly sampling and reinspecting the goods that have
been released for shipment. On reinspection if any additional defectives were found, the
control of the inspection process itsclf needs to be tightened. In critical instances,-it-may
be necessary to determine the reliability of the inspection process in order to be sure that
no defective lots are accepted as good ones.
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Process average of material inspected

The average percent defectives of several lots of the material inspected. This is computed
by dividing the total number of defectives (found by inspection) by the total number of
sample pieces taken from several lots for inspection.

Average outgoing quality of marterial inspected
Average quality, expressed in percent defectives of material that has passed a particular
sampling plan. This depends on the "process average of the material submitted to inspection’.

14.2.4 Sampling Plans

Inspection is conducted on a 100 percent basis or by sampling, depending on such factors
as desired quality level based on expectations of performance, input materials or components
quality level, process control and cost of inspection. Unless performed automatically, 100
percent inspection may not be 100 percent efficient due to (i) possible variations in inspection
procedure or (i) human factors like operator fatigue the errors during manual inspection.
With the use of modern statistical concepts, the quality of ‘sampling inspection’ can be as
high as 100%. Another advantage of ‘sampling inspection’ is that more detailed inspection
is possible on the basis of a few samples at optimum cost. Several sampling plans that
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‘defective’ found in the second sample. If the total number of defectives is two or less,
accept the lot. If there are three or more defectives, reject the lot.

(c) Multiple sampling plan: This sampling plan works in the same way as the double
sampling plan described above except that there would be more than two stages. This type
of sampling plan is usually more difficult to administer. Acceptance decision is based on
three or more sets of samples inspected. This is more costlier than the other two methods.
This type of sampling inspection is used when material must be inspected during continuous
production process.

Criteria for selecting a sampling plan
Following points must be considered for selecting a sampling plan:

(i) Will the items be accumulated in lots?
(ii) If the items are accumulated in lots, the size of the lots, conditions under which the
lots will be accepted or rejected must be decided.
(iii) The risks such as consumer’s risk and producer’s risk must be specified.
(iv) The method of selecting samples must be specified when sampling inspection is
performed. It must be assumed that, if defects are present, they are randomly
distributed throughout the lot, i.e. the lot should be homogeneous. Therefore, any

available are grouped into three as T0llOWS:

(a) Single sampling plan: In this single sampling plan, acceptance or rejection of a lot
depends on the acceptance or rejection of the units in the sample drawn from the lot. Single
sampling plan works as follows:

If sample size, n = 10 and accept No. ¢ =0, and reject no. r = ¢ + 1 = 1, then inspect
a sample of 10 units and accept the lot if there are no defective units in the sample. If there
is one or more defectives in the sample, the lot will be rejected.

(b) Double sampling plan: This is based on selection of one sample with acceptance if the
number of defectives is low, but a second sample must be inspected if the number of
defectives is moderately high. If the quality of the items is good enough, most of the lots
are acceptable based on the first sample itself. If too many second samples are required due
to higher defect level or the part has large variations then, there is no advantages of having
second sampling plan. Double sampling plan is most efficient and economical when the
quality expected is either much better or much worse than the usual level. The fact that the
sécond sample may or may not be necessary makes the inspection plan little uncertain.
A typical example of the methodology of double sampling plan is given below.

Sample Sample size Accept no. Reject no.
No. (n) (c) (r=c+1)
1 3 25 1 2
2 30 2 3

As per the above plan, select 25 units from the lot at random and inspect them. If none or
one is defective in the sample, accept the lot. If there are three or more defectives in the
sample; reject the lot. If there are exactly two defectives in the sample, then draw another
random sample of 30 units. Add the number ‘defective’ in the first sample to the number

piece within a lot has an equal chance of being selected as part of the sample set.
(v) The sample pieces must be selected at random.
(vi) The characteristics to be inspected must be specified, and standards for acceptance
of these characteristics must be defined.

14.3 TAGUCHI CONCEPTS IN QUALITY CONTROL

Dr. Genich Taguchi from Japan has introduced some new concepts in statistical quality
control, and they are named after him. Taguchi methods involve application of designed -
experiments for evaluation of quality during various-stages, i.e. design, production and
service of a product’s life cycle.

14.3.1 Basic Concepts

Designed experiment: An experiment where one or more variables (called independent
variables) that are believed to have an effect on the experimental outcome are identified
and manipulated according to a predetermined plan. Data collected from a designed experiment
can be analysed statistically to determine the effect of the independent variables. An
experimental plan must also include provision for dealing with extraneous variables, that
is, variables not explicitly identified as independent variables.

Quality: Quality is defined as the loss imparted to the society from the time a product is
shipped. Taguchi divides quality control efforts into two categories: on-line quality control
and off-line quality control.

On-line quality control involves diagnosis and adjustment of the process, forecasting and
correcting the problems, inspection and disposition of product, and follow-up action on the
defectives shipped to the customer.

Off-line quality control methods are the quality and cost control activities conducted on
design and process stages of the product during the product development cycle. Three major
aspects of off-line quality control are as follows: .
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(a) System design: The process of applying scientific and engineering knowledge to produce
a basic functional prototype design. The prototype model defines the initial settings of
product or process design characternistics.

(b) Parameter design: An investigation conducted to identify settings that eliminate or at
least reduce the performance variation. A product or a process can perform its intended
function at many settings of its design characteristics. However, variation in the performance
characteristics may change with different settings. This variation increases both product
manufacturing and lifetime costs. The parameter design comes from an engineering tradition
of referring to product characteristics as product parameters. An exercise to identify optimal
parameter settings is therefore called parameter design.

{c) Tolerance design: A method for determining tolerances that minimizes the sum of both
product manufacturing and lifetime costs. The final step in specifying product and process
designs is to determine tolerances around the nominal settings identified by parameter
design. It is still a common practice in industry to assign tolerances by convention rather
than scientifically. Tolerances that are too narrow increase manufacturing costs, and tolerances
that are too wide increase performance variation and the lifetime cost of the product.
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quality product or a quality service'. From this view point, the basic definition of quality
is ‘meeting customers’ need and reasonable expectations’.

Total Quality Management (TQM) is a management strategy aimed at embedding awareness
of quality in all organizational processes. TQM has been widely used in manufacturing,
education, government, and service industries, as well as science programs/organisations.

International Standard Organisation defines TQM as a management approach of an
organization, centered on quality, based on the participation of all its members and aiming
at long-term success through customer satisfaction, and benefits to all members of the
organization and to society.

The TQM is a process for managing quality, it must be a continuous way of life; a
philosophy of perpetual improvement in everything we do.

Often Japan is cited as an ideal example for quality products and quality services. In
Japanese, TQM comprises four process steps, namely:

1. Kaizen — Focuses on continuous process improvement, to make processes visible,
repeatable and measurable. :

2. Atarimae Hinshitsu — Focuses on intangible effects on processes and ways to optimize
and reduce their effects.

L9 %]

Expected loss: Expected loss refers to the monetary losses an arbitrary user of the product
is likely to suffer at an arbitrary time during the product’s life span because of performance
variation. Taguchi advocates modelling the loss function so that the parameter design can
be made more accurate. Noise is the term used to describe all the variables except the design
parameters that cause performance variation during a product’s life span and across different
units of the product. Sources of noise are classified as either external or internal. External
sources of noise are variables external to a product that affect the product’s performance.
For example, the performance of a perfectly designed pump can be affected by external
factors such as vibration from other sources, high ambient temperature etc. Internal sources
of noise are the deviations of the actual characteristics of a manufactured product from the
corresponding nominal settings. '

Performance statistics: It estimates the effect of noise factors on the performance characteristics.
Performance statistics are chosen such that maximizing the performance measure will
minimise expected loss. Many performance statistics used by Taguchi include various
‘signal to noise ratios’ which account jointly for the levels of the parameters and the
variation of the parameters.

Some of the concepts of the Taguchi method for identifying settings of design parameters
that maximize the performance statistics are discussed above. For more discussions on the
subject, the reader is advised to refer to the suggested references given at the end of the
book.

144 TOTAL QUALITY MANAGEMENT

14.4.1 Quality :

The conventional definition of the term “Quality’ given by Thomas H. Bemry is “A customer
who buys any product or service has certain expectations. If the product or service meets
or exceeds those expectations time and again, then in the mind of that customer, it is a

the product itself.
4. Miryokuteki Hinshitsu — Broadens management concern beyond the immediate product.

TQM requires that an organisation maintains quality standard in all aspects of its activities.
This requires ensuring that things are done right the first time and :ha: defects and waste
are eliminated from operations.

Although W. Edwards Deming is largely credited with igniting the quality revolution
in Japan starting in 1946 and trying to bring it to the United States in the 1980s, Armand
V. Feigenbaum was developing a similar set of principles at General Electric in the United
States at around the same time. “Total Quality Control” was the key concept of Feigenbaum’s
1951 book, Quality Control: Principles, Practice, and Administration, a book that was
subsequently released in 1961 under the title, Toral Quality Control, Joseph Juran, Philip
B. Crosby, and Kaoru Ishikawa also contributed to the body of knowledge now known as
TQM .

14.4.2 Deming’s Philosophy

Dr. Edwards Deming was a physicist specialized in the field of statistics and worked in
United States Bureau of Census. His greatest contribution on the evaluation of statistical
methods for ensuring the quality of census assessment established him as a leader in the field
of Total Quality Management. In fact he is considered as the “Guru” of Total Quality
Management.

Deming also enunciated 14 principles for quality management which include innovation,
the philosophy of quality to be inculcated in all individuals, appropriate and complete
supervision, absence of fear and openness, ensuring quality form design through to
maintenance, work standards in production, training of every worker in statistical methods,
retraining people to new skills and so on.

14.4.3 Concept of Total Quality Management

TOM represems a comprchbnswc procedure, methodoloay and approach towards Quality
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Assurance and Management, that transcends the barriers of materials, processes, countries,
time and space, in order to satisfy the customer right from the introduction of any product
or service in the market, through its evolution and use, till the complete phasing out of the
product or service, only to be replaced by a better one. TQM is the highest destination in
the ladder with steps of Quality Control, Quality Assurance, Quality Audit, ISO 9000,
Quality Improvement and TQM. The TQM is related to the character of the company,
vision of the leader, an ideal (rarely realisable) and guaranteed profits through customer
delight, brand status, commitment of the employees and the employer to a common focus,
policy of the company through quality circles and quality improvement etc.

In a way, TQM is the sum total of all small, yet important aspects. Strict control,
documentation and updating of data in the following areas are mandatory for TQM: (a)
Choice of raw materials, (b) Processes, (c) Final Product, (d) Marketing, (¢) Services (with
respect to both Spatial Efficiency and Temporal Efficiency), (f) Product Support: Customer
Support, (g) Product Upgradation, (h) Education to the customer about the product or the
service, (i) Gradual phasing-out of any product and its related services, (j) Gradual re-
introduction of the new product (k) the beginning of the next equivalent cycle leading to
a better product or service.

The possibility of defects in processes is always present. For strict quality control,
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then only quality is achieved in any organisation. We can say that total quality management
is a total war.

For example, if the design is not good whatever be the best inspection methods employed,
quality can not be achieved in the final product. In the same way. the reverberation in the
organisations going such as how the personnel department is treating the employees and
taking care of employees, the health care system the organization has and so on. All quality
means quality of output at every stage and of every division, by every employee. Quality
then is synonymous with the pursuit of excellence.

14.44 Key Ingredients of Total Quality Management
Quality cannot be just a ‘drive’, a ‘programme’ or a ‘campaign’, which will only bring
short lived result. Total quality management has to be a way of life, a systematic movement
towarfis performance leadership, the very essence of the strategy and structure of the
organization.

If any organization has to have a total quality management then it requires the following
three key ingredients.

1. Work ethics and work culture that think and act for quality and excellence.
2 Qllﬂ]it}.’ af Ipqdprqhip should ir],gpinP the rank and file.

concept like Six Sigma is very popular and was pioneered by Bill Smith at Motorola in
1986. Originally, it was defined as a metric for measuring defects and improving quality;
and a methodology to reduce defect levels below 3.4 Defects Per (one) Million Opportunities
(DPMO).

Six Sigma concept has now grown beyond defect control. It can be defined as a methodology
to manage process variations that cause defects, defined as unacceptable deviation from the
mean or target; and to systematically work towards managing variation to eliminate those
defects. The objective of Six Sigma is to deliver world-class performance, reliability, and
value to the end customer: g

Different concepts are present for strict quality control but our ultimate aim should be
the concept of zero-defect. The concept of zero-defect (100% quality assurance) should be
accorded prime importance as a part of the TQM by incorporating suitable non destructive
methods in the total chain of TQM. The adoption of the technology of intelligent processing
of materials (IPM) with provision for feedback control to the process based on on-line
measurements and of course understanding the vital correlations between measured parameters,
process variables and quality specifications is another step towards achieving TQM. Multi-
sensor data fusion and integration can be defined as the synergistic use of information from
multiple sources to assist in the accomplishment of a task with TQM. One of the emerging
possibilities of effectively utilizing the multi sensor data together with the knowledge
explosion is to explore the concepts of artificial intelligence (Al) wherever applicable.
Successful implementation of Al concepts in the form of verified and validated knowledge
based systems and knowledge based inference mechanism are currently being developed for
various specific problems.

Achieving quality is not only in the hands of the inspector but also with all. The
inspector’s function is the last; even though he may be good, he alone can not achieve
quality as said by proverb ‘a single sparrow won’t make a summer’. Total quality management
is like a relay race where each runner and every lap are equally crucial. Each individual,
each division, each sector of an organisation has a role to play and if these roles synchronize,

3. Quality of Human Resources.

All the three are equally important but the first two are essential to ensure the third in
an organizatio'n. In order to excel in quality, the process of analysing the activities of the
organisation in search for better understanding of where improvements can be made is to
l;;e continuously thrived upon. This process analysis is essentially a top-down process of
improvement with reviews from the bottom-up. Leadership oriented approach is based on
leaders who brought in the sense of quality and pride in all the people. As the leader knows
all his people, it is relatively an easy task to interact and understand all of them. The leader
does not need a manual or document to describe his quality policy. He shows it in action
everyday to his people and his customers. If an organization has a work culture that thinks
and acts quality, if its leadership is capable of providing inspiration and motivation, then
it will also attract to its fold the best of human resources available.

14.5 SUMMARY

In this chapter, a discussion is made on the usefulness of probability and statistical concepts
for quality control applications. Probability for defect detection can be applied for inspection
methodologies to arrive at the testing sensitivity and reliable defect detectability. The
information so generated is useful for fracture mechanics based design concepts. Statistical
concepts are mainly used in mass production industry to identify variations in process
conditions so that corrective actions can be taken and more uniform quality can be achieved.
Statistical quality control methods can be used to ensure reliability of the quality of the
products to the desired levels. Some of the modern quality control concepts introduced by
G. Taguchi are also briefly discussed in this chapter.




Chapter 15

Codes, Standards, Specification
and Procedures

The modern concept of quality control states that, in each and every activity of the organisation,
there are certain elements which affect the quality of the product cycle. Therefore, it is
essential to identify these elements and control them for ensuring the quality. Dcve]opmfent
of an organizational structure is needed to receive, analyse and disseminate the infO?matlon
on quality for its improvement. If these activities are carried out routinely and actions are
taken from time to time to remove the deficiencies in the quality noticed at any stage, there
would be a continuous improvement in the quality of the product that is delivered to the
customer. However, such an improvement in quality is sustained only when the quality
control activities are carried out in accordance with the written procedures. These procedures

are issued by a standardizing organisation. Nondestructive testing is employed for assuring

the quality. Basic objectives of the NDT of materials and structural components is the
assessment of their healthiness through detection of defects or disorders that may lead to
premature failure. The use of NDT in industry depends on Standards. Standards are used to
ensure reproducible results during inspection/testing, no matter when, where or who conducts
the examination. Standards also help to compare results and to take decisions on acceptance/
rejection. _

Nondestructive tests are specific for a given application and selection of the equipment to
accomplish-these specific needs is based on specifications. At times, capabili[lies of one test
overlap with those of another. It is also true that no single method is capable ofrcvca]mg a.Il
surface and subsurface discontinuities in all types of materials. For these reasons, it is
sometimes necessary to use a combination of tests to obtain complementary information and
thus helps in complete evaluation of the quality of the component. Specifications/Procedures
indicate when and what NDT methods should be applied, what is the intent of NDT and
what are the acceptance limits. ;

Documents containing written procedures used for quality assurance activities are classified
into Codes, Standards, Specification and Procedures. The concepts of Code, Standard,
Specification and Procedure are discussed below.
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15.1 CODE

Code is a comprehensive document relating to all aspects like design, material, fabrication,
construction, erection, maintenance, quality control as well as documentation for specific
industrial components like pressure vessels. air-crafts etc. Codes are prepared by professional
bodies or Government agencies for a specific subject. For some of the activities like design
requirsment, material qualification, NDT etc.. Codes may refer to Staridards which are
independent and parallel documents.

Various types of Codes are available, viz. Indian Power Boiler Code, ASME Boiler and
Pressure Vessel Code etc. The adoption of Codes by various industries and their effectiveness
in reducing human casualties due to accidents is widely recognized. ASME Boiler and
Pressure Vessel Code is an important code which was established by a committee set up in
1911 with members from Government, utilities, insurance companies and manufacturers,

ASME Boiler and Pressure Vessel Code has 11 Sections dealing with various subjects.
Among these Sections, Section V deals with NDT. It is divided into Sub-sections. Sub-
section "A’ contains the details on use of various methods of NDT, whereas Sub-section ‘B’
deals with the various Standard Practices of testing. One of the features of the ASME Code
is that continuous improvement based on the experience gained is attempted by issuing
revisions half yearly, i.e. the Summer addenda and the winter addenda. Any questions about
interpretation of the rules may be submitted to the Committee in a letter of inquiry and
answers from the Committee are published as Code Cases from time to time.

15.2 STANDARDS

Codes will often refer to the Standards which are more specific documents giving the details
on how a particular operation is to be carried out. These Standards take into account:
(i) available technological levels and (i1) operational skills of the operators, while laying
down the requirements of the Standards. To take an example with regard to manual ultrasonic

testing, the test results depend greatly on person’s skill. Hence, ihc_pmcedurcs_fm:.teszing———
‘and evaluation must be standardized in detail so that the test results will be least affected by

difference in personal skill.

As the name implies, ‘Standards’ attempt to standardise material or a specific activity
such as testing and inspection. The body making the Standards takes into account the
various industrial requirements and prepares the Standards in such a way that a few Standards
would be enough for a large variety of industrial applications. ‘Codes’ in turn, find it
convenient to make use of these ready-made Standards.

For example, an Ultrasonic Standard is a document issued by a standardizing organisation
to ensure reproducible results from an ultrasonic examination, no matter when, where or
who conducts the examination. Following are some of the organizations whose NDT Standards
are internationally used:

(a) ASME (American Society of Mechanical Engineers)

(b) ASTM (American Society for Testing Materials)

(c) BS (British Standards Institution)

(d) DIN (German Standards Organisation)

(e) ISO (International Standards Organisation) -

(f) IS (Bureau of Indian Standards)

Various types of Standards, formulated by different agencies are as follows:
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(a) International and National Standards
(b) Industrial Standards

(¢c) Government and Military Standards
(d) Industry Practices

(e) Company Standards

A brief description of these Standards is given below:

5 ional and national standards )
'i‘:;nzs.lls l::;;:;z:ﬁve] in which fundamental pgrameters (characteristics) are defined C_lihei
internationally (ISO) or by the national authorized agency. In the case of Iqterqatlgnt:i
System of Units, the reference standards of various units are developed anc.i maintaine ‘dy
the Federal Conference on Weights and Measures, which is intended asa basis for‘ worldwide
standardisation of measurement units. International System of Units, abbreviated as Sl

its, 1 i 11y adopted.

Un'll'[ksl:ziia:-‘t?éi?;s:ut{lorizepd agency for India is the Bureau of Indian s'tandards (BIS). These
Standards include such basic parameters as linear length, weight, resistance and frequency.
It is necessary that all qualified calibration centres (fpr exampla, the reglongl ti;[ CCI"ltl;eS
of BIS) must have their master instruments- cal-i.brated.m :'a sp_ecvlﬂcd manner v\flth e ma§ ez
instruments available at the national standards organisation (hke' BIS or Nationat Phy‘sma
Laboratory in India). The accuracy of these master Standgrds is generfllly scve_ral times
oreater than the accuracy required in industrial laboratories b‘ccz‘lu§e it is necessary 1o
?ransfer Standards through several levels before they reach an individual company.

15.2.2 Industry standards o
Industry Standards are usually product-oriented. These are defined and maintained by the

concerned trade association or a technical society. The main requiren:lf%nts for this type ?f
Standards include product nomenclature and the need for interchangeability ?f manufacture’s
products. An example of such industry Standards is the colour code for electrical components.

i nment and military standards :
gfjesmm(gl?: ziganizations, in particular military (defence) specify their own Standards fm;
production and testing of most components. In many cases, the defence‘compor;endtsfmus
meet stringent requirements. Thus special Standards .Sl-lliah!e for evz.iluanon 0; the c:lf:tncc
components are prepared. In numerous cases, nonmilitary con.1pames may adopt m:j i ?jry
Standards at their company Standards to take benefit of the stringency of these Standards.

5.2.4 Industry practices _
ll:dustry practics); [;rc followed within an industry. These practices are f()rdmulsateddb);i Sthlz
industry and adopted by consumers. The reason fOl: mcludu:lg ‘Pr_actn.:es under tandar :
that they amount to actual Standards as far as thet}- use WIthln-an industry is concerned.
Exam['}'lcs of such functions are accounting, inspection, purchasing etc.

15.2.5 Company standards ) .
With many years of experience, a company develops its own Standards and Practices both

formally and informally. They are unique to a particular company. Thcse: Standard§ aond
Practices define the steps to be used by every one in the company who is performing a
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certain function such as inspection, rectification, purchase and selling. These practices also
specify the limitations of authority within that particular business cycle or transaction.

15.3 SPECIFICATION

The document that prescribes in detail, the requirements with which the product or service
has to comply with is termed ‘Specification’.

‘Specification’ is of paramount importance in achieving the quality. In many cases, poor
products or services are the result of inadequate, ambiguous or improper Specifications. For
a product to be manufactured and operated properly, different specifications for raw material,
process, inspection, acceptance, installation, operation, documentation etc. have to be finalized
and adopted with reliability. The Specifications are either evolved by national bodies or by
the manufacturers based on their own experiences.

15.4 PROCEDURES

These are the last level documents to be adopted in the shop-floor for any process or service.
The Procedures are formulated in such a way that these documents give all the specific
details pertaining to the activity. This is essential since it is a shop-floor document which has
to be complied with strictly by different levels of personnel. No change in Procedure 1s
allowed to be made without the written approval from the authorised person in the organisation.
The Procedure is prepared in such a detailed manner that the shop-floor personnel can
follow it without any ambiguity.

Written Procedure helps to attain reproducible test results in NDT. For example, in the
case of ultrasonic testing, there are many factors which affect the ultrasonic examination.
These factors include various steps from transmission of voltage pulse which generates the
ultrasonic pulse till the reflected pulse is received and displayed on the CRT. Paragraph
T-522 of Article 5 Section V of ASME 1991 Ed. specifies the requirements of a written
Procedure to help achieve reproducible results. This is as follows:

When required by the referencing Code, any examination shall be performed in accordance
with a written procedure. For example, in the case of ultrasonic testing, each procedure shall
include at least the following information, as applicable.

(a) Material type and configuration of item to be examined, dimensions, product form
(casting, forging weld etc.)

(b) the surface(s) from which the examination shall be performed

(¢) surface condition

(d) couplant details like brand name, type etc.

(e) techﬁigue (straight beam, angled beam, contact, immersion etc.)

(f) angles and mode(s) of wave propagation in the material

(g) search unit type, frequency(ies), and transducer size(s)

(h) special search units, wedges, shoes, and their types

(i) type of ultrasonic instrument

)] dégai_ption of calibration blocks and techniques
(k) direction and extent of scanning

(1) data to be recorded and the method of recording (manual or mechanised)
(m) automatic alarm and recording equipment or both
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(n) rotating, revolving. or scanning mechanisms

(0) post examination cleaning

i 2rs alification requirements

(p) personnel qualification ‘ . . _

(q) review or demonstration of the procedure as required by the referencing Code.

15.5 INDIAN NATIONAL STANDARDS FOR NDT

Recognising the need for standardization in the field of NDT, a separate techn_xcal coan[';lztt]e‘e
to deal with the NDT work, called ‘Non-Destructive Testing Secnon;al Committee, M ;
was formed in 1965, under the Metallurgical Engineering Coun.cll of the BIS. So fa.r 36
standards have been formulated by this committee. These standards include codes of practices,
test methods, definitions, safety codes and specifications. These Stand.ards are de\_fclope_d
based on the discussions within the Committee consisting of experts with pl‘lnla.r?f interest
in specific materials and products. To formulate the Stand;ln‘ds. cpnc_erted effort is made to
obtain a broad involvement and agreement between groups with varied interests. Tl?e‘S[aflidardsf
thus formulated by the committee represent true conscience d.r)cu.mcr‘ats, Parucipauon. o

producers, consumers, national laboratories and other technical institutions ensure meeting

this objective.
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‘Quality Management and Quality Assurance’, deals with standardisation in the field of
generic quality management including quality systems, quality assurance, and generic
supporting technologies. Standards which provide guidelines on the selection and use of
these quality standards also come under the preview of this committee.

ISO/TC 176 has'so far published twelve [SO standards on quality systems and supporting
technologies. In addition, ISO/TC 176 has prepared a series of Committee Drafts (CD) and
Draft International Standards (DIS). A CD is a document circulated for study within the ISO
technical committee or subcommittee, When the committee finally reaches an agreement on
the text, it is sent to the Central Secretariat for registration and publication as a DIS. The DIS
is circulated to all ISO member bodies for voting. If 75 percent of the votes cast are in favour
of the DIS, it is accepted for publication as an International Standard.

Quality system standards based on ISO 9000 series are gaining importance world over.
More than 55 countries have already adopted these standards in to as their national Standards,
Further, around 50 countries have applied for quality systems registration/certification from
ISO.

ISO 9000 series are standards containing guidelines to all activities concerning

manufacturing, i.e. from marketing, design, purchasing, process, inspection and testing.
handlin

Indian Standard Codes, recommended practices and the spec:]ﬁcatlorlis applicabie for
various NDT techniques have been given at the end of each chapter in this book.

15.6 INTERNATIONAL STANDARDS FOR NDT

A separate technical committee ISO/TC135 was set up by ISO in I962 to deal \‘\«'l[h
standardisation work in the field of NDT at International‘ level. The Fomrmttef: func,:uons
through six subcommittees, each concerned with a p.ar-ticular. tc’chmque'. India, bc1_ng, z;
participating member of the committee, maintains close Ilﬂ.lSOl'l.Wlth its wor}(zng, Internatlo.na
Standards and recommendations are always kept in view while forr?lu]atmg' corresponding
Indian Standards. This is done as a matter of policy becau.se thes; international Standards
are adopted by many other countries as the basis of product inspection, product approval an.d
certification system and they tend to govern product acceptance throughout the world. It is
essential that India participates in the development of lnternatiqnal Standards to ensure that
the view points of Indian interests are incorporated in_lntematlona] Standards,_

The modern approach to quality control lays emphasis on manufacture of quality produf:ts
at the first instance rather than correcting it later or sorting out the g_ood and defective
products. The data on quality has to be collected not only at the prt.}ducnon‘ stage but at all
possible stages right from planning to the use of the' product. This has given rise to. the
concept of total quality management (TQM). Under this concept, due consideration is given
to the quality aspect of the product at each stage of t.he p.roductAcycle namt.aly, mark'ctfnf.
design, purchasing, production engineering, manufacturing, inspection and testing, packaging,

shipping, installation, condition monitoring etc. The role of NDT at each and every stage in -

a production process in achieving total quality management is v'vell discussed—in the
introductory chapter of this book. It will be beneficial to the reader if the conccp.t of total
quality management, which is discussed in detail in ISO 9000 series Standards is known

to-him/her:

15.6.1 [ISO Standards for Quality Systems - _
The International Organisation for Standardisation (ISO) Technical Committee, ISO/TC 176

thg;storage, packing and delivery, quality audits etc. towards achieving total quality
of a component. It also helps in identifying the weaker links in the chain of activities and
in translating the requirements to reality. There are five standards in the ISO 9000 series.
The ISO 9000 standard provides some basic definitions and concepts and summarizes how
to select and use the other standards in the series. The effectiveness of the good management
resulting from adoption of [SO 9000 standards depends largely on the careful recording of
all non-conformities and the action taken for corrective action.

The ISO 9001, 9002 and 9003 standards pertain to external quality assurance under
contractual situations.

ISO 9001 ensures conformance to specified requirements during design and develo pment,
production, installation and servicing. ISO 9001 requires procedures for design control and
vertification. It is worth noti ng that about 60% of failures have been attributed to errors in
design, specification and planning. This document aims at preventing such failures.

ISO 9002 is used when conformance to specified requirements during production and
installation is to be ensured.

ISO 9003 is used for quality assurance and conformance in final test and inspection.

ISO 9004 contains guidance on the technical, administrative and human factors affecting
the quality of product and service. This standard is only for internal use and is not to be used
in contractual situations.

The standard ISO 9000 lists the essential elements in some detail that make up a quality
system starting with the responsibilities of management. Various sections are devoted to
each aspect of the quality system: marketing, design, procurement, production, inspection,
materials control, documentation, safety and use of statistical methods etc. This standard
could be used to evaluate a company’s progress towards a fully implemented quality system.

Careful understanding of the ISO-9000 series of Standards shows that it is prepared based
on commonsense. It contains nothing that good management would not subscribe to in any
event. The main impact of the standard is due to its assumption that ‘quality is everybody’s
business’. An organisation cannot comply with ISO 9001/2/3/4 unless this fact is clearly
understood and accepted at every level. This is the reason why adoption of the ISO—90(%’
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series standards has resulted in a complete cultural turn-round in many organisations. The
main thrust for implementation of the standard is to allow this turn-round to be as smooth

and painless as possible. _ : _
It would be worth mentioning here that Bureau of Indian Standards has its standard series

IS 14000 which is same as ISO 9000 series standards. The IS 14000,‘ 14001, 14002 and
14003 standards are identical to ISO 9000, 9001, 9002 and 9003 respectively. The IS 14004

is even more comprehensive than ISO 9004,

15.7 CONCLUSION

The process of standardisation is dynamic and the Standards formulafted. by th'e committee
are reviewed periodically to make them up-to-date and bring them in line with the latest
technical developments. While reviewing them, comments are invited from the users of the
Standards so as to ascertain any difficulty that, might have been faced in implementing the
Standards and to make the Standards widely acceptable and unambiguous.

AN
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Absolute probe, 39

Absorption, 99

Acceptable quality level, 189
Acceptance sampling inspection, 188
Acceptance sampling, 188

Acoustic emission, 116
Acoustic impedance, 96
Active thermography, 127
AE parameters, 117
Aero engine, 18
Alternating current, 26
Ammonia cracker, 129, 130
Amplitude analysis, 118
Analyser, 50
Angle beam pulse echo technique, 101
Angle beam transducer, 98
Angle of beam spread, 99
Anisotropy, 99
Area monitoring, 86
Artificial intelligence, 194
A-scan, 109
ASME Boiler & Pressure Vessel Code, 197
Attenuation, 99
Attenuation coefficient, 100
Austenitic stainless steel, 133
Average oulgoing quality, 190

Back scattering, 104

Back wall echo, 100

Beam divergence, 102

Beam spread, 99

Bismuth doped iron garnet, 50
Black body, 125

Blow holes, 146

Bobbin probe, 41

Boilers; 131

Boroscope, 6

Bridge circuit, 42

B-scan, 109

Bubble testing, 141

Bureau of Indian Standards, 198, 200
urn through, 153

Index

Continuous method, 27
Continuous type acoustic emission, 117
Contrast sensitivity, 70

Control charts, 185

Control rods, 91

Converter screen, 89

Corrosion under insulation, 54
Corrosion, 41, 103, 156

Count rate, 119

Cracker, 129

Cracks, 147, 150

Crater cracks, 152

Creep, 133

Cr-Mo steel, 133

C-scan, 109

Cumulative counts, 117

Decarburisation, 132
Defect detection, 118
Defect location, 118
Defects for unit chart, 186

Index

Eddy currents, 33

Electrical conductivity, 33
Electrical power systems, 128
Electrical transformer, 128
Electromagnet, 23
Electromagnetic radiation, 63
Electro polishing, 132
Emissivity, 125

Emulsifier, 11

Encircling probe, 41

Endoscope, 6

End shield, 123

Energy analysis, 118

Envelope pressure technique, 142
Envelope vacuum technique, 142
Etching, 134

Expected loss, 192

Extrusion defects, 149

Eve, 4

False accept, 173
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Burst type acoustic emission, 117

Californium-252, 89
Capillary action, §
Carbon steel, 133
Casting defects, 146
Catalyst, 130
Cathode ray oscilloscope, 107
Cesium-161, 66
Codes, 196
Centre burst, 150
Centre-line shrinkage, 147
Characteristic, 183
Cholesterol liquid crystals, 126
Cleaner, 11
Cluster porosity, 150
Coarse grain, 99
Cobalt, 66, 69
Cold shut, 147
Collar crack, 17
Company standards, 198
Compressor disc, 18
Compressional waves, 94
Concavity, 80
Condition monitoring, 127
Confidence level, 175
Conical inlet, 129
Constant current drive techniques, 39
Consumer’s risk, 189
Contact current flow method, 23
__Containers, 16

Defectimmateriats, 145
Delamination, 113

Demagnetisation, 26, 28

Deming’s philosophy, 193

Depth of field, 5

Depth of penetration, 35

Detail sensitivity, 70

Developer, 10

Diamagnetic materials, 21

Die, 16

Differential probe, 38

Direct current, 26

Direct technique, 89

Discontinuities, 145

Dished end, 137

Distribution, 183

Dose, 78

Double film technique, 74

Double sampling plan, 190

Double wall double image technique, 73
Double wall penetration technique, 72
Double wall single image technique, 73
Dovetail, 18

Drawing defects, 150

Dry magnetic particles, 27

Dry powder developer, 12

Dwell time, .10

Eddy current detection, 31

Eddy current flow, 38

Eddy current generation, 37

Eddy current testing, 33, 159, 164

False calls, [75

False reject, 173

Far field, 99

Faraday’s Jaw, 49
Far-infrared radiation, 125
Fatigue, 156

Fatigue crack growth, 117
Fatigue cracks, 46, 102
Ferromagnetic materials, 21
Ferromagnetism, 21
Fibre-optic, 6

Field indicator, 28

Field metallography, 132
Figure of eight, 30
Filamentary shrinkage, 147
Fill factor, 34

Film badge, 86

Film density, 70

Film speed, 69

Film unsharpness, 68
Finger print, 133

Fitness for purpose, 178
Flat bottom hole, 41

Flaw sensitivity, 101
Flaw size distribution, 181
Flexiscope, 6
Fluorescence, 8
Fluorescent penetrant, 11
Fluroscopy, 77

Flux flow in a coil, 25
Focal length, 5
Focal spot. 65
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Forging bursts, 148

Forging defects, 148

Forging lap. 148

Frequency, 33

Frequency analysis, 118
Frequency of inspection, 172
Furnace, 130

Furnace linings, 127
Furnance tubes, 127

Gamma rays, 63

Gas inclusion, 150

Gaussian distribution, 184

Geiger Muller counter, 86
Geometric unsharpness, 65

GMR sensors, 60

Government standards, 192

Grain boundary precipitation, 132
Grass, 99

Grinding, 132

1

Imbalance, 41
Immersion testing, 110

Impedance, 33

Impeller, 77
Inclusions, 103

Indirect technigue, 89

Indium antimonide detector, 126

Industry practices, 198

Industry standards, 198

Infrared radiation, 125

Infrared scanner, 126

Inherent unsharpness, 67

Insitu metallography, 132

Inspection of heat exchanger tubes, 41
Intensifying screens, 69

Intergranular cracks, 104

International Annealed Copper Standard, 36
Internal cladding of pressure vessels, 60
Internal pipe, 149

International Standards Organisation, 200
International standards, 200

Lot, 184
Low frequency eddy current testing, 58
Lower control limit, 185

Macro shrinkage, 147

Magnet, 9

Magnetic flux, 21

Magnetic ink, 22

Magnetic particle testing, 15, 21, 158, 164
Magnetic particles, 22

Magnetic permeability, 33

Magnetic saturation, 47

Magnetic yoke, 29

Magnetising equipment, 28

Magnetising force, 21

Magnetising techniques, 22

Magnetism, 21

Magneto optic eddy current imaging, 50
Magnetometer, 28

Magnification, 5

Mass absorption coefficient. 88

Index

Non-destructive testing, |

Non-metallic inclusions, 146

Non-relevant indication, 10

Normal beam transducer, 98

Normal distribution, 184

Normal incident pulse echo technique, 100
Nozzle weld, 121

Nuclear fuel elements, 91

Nuclear reactors, 88

Off-line quality control, 191

On-line quality control, 191

Operating characteristic (OC) curve, 188
Optical microscope, 132

Oxide scale, 122

Paramagnetic materials, 2|
Parameter design, 192
Particle accelerators, 88
Passive thermography, 127
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Guide pin hole, 16

Half life. 66

Half value layer, 67

Half wave rectification, 26
Heat affected zone, 133

Heat exchanger tubes, 41

Heat treated die, 16

Heat treating cracks, 154
Heavy water reactor, 123
Helium leak detector, 141
Hermetically sealed motor, 131
Hidden corrosion, 91

High frequency ECT, 46
High temperature gas filters, 126
Holography, 7

Horton sphere, 121

Hot cell, 131

Hot blast stoves, 128

Hot cracks, 152

Human resources, 195
‘Hydro testing, 121

Hydrogen attack, 104
Hydrogen embrittlement, 117
Hysteresis loop. 22

Ideal technique, 173

Image converter, 126
Image intensifier, 77
Image processing, 82

Image quality indicator (1Q1); 71

Imaging, 49

Iridium, 66
IS 14000 series, 202
IS0 9000 series, 201

Kaiser effect, 116
Ketos ring, 31

Lack of fusion, 151
Lack of penetration, 151

Lamb waves, 95

Lamellar tearing, 153 -
Laminations, 148

Lasers, 9

Latent image, 69

Latitude technique, 73

Leader, 195

Lead zirconate titante (PZT), 97
Leak, 139

Leaking, 122

Leak detection, 123

Leak rate, 139

Leak testing, 139

Leakage, 120, 139

Lift off, 34, 33

Limits of radiation exposure, 86
Linear absorption coefficient, 67
Linear accelerator (LINAC), 66
Linear porosity, 151

Liquid crystals, 126

Liquid penetrant testing, 8, 157, 163
Longitudinal cracks. 152
Longitudinal waves, 93

Mass spectrometer method, 140
Material degradation, 132

Mechanical impedance analysis technique, 111
Mechanical impedance, 112

Mercury cadmium telluride detector, 126
Method of attributes, 184 ‘
Method of variables, 184

Methods for exposure control, 86
Micro focal radiography, 83

Micro shrinkage, 147

Microphone receiver, 112

Microscope, 5, 18

Microshinkage cavities, 77
Micro-yielding, 122

Middle infrared radiation, 125
Military standards, 198

Misses, 175

Movement unsharpness, 71

Multi wall double image technique, 76
Multi wall penetration technique, 75
Multi wall single image technique, 75
Multi-frequency ECT, 43
Multiple sampling plan, 191

National standards, 200
Near field, 98

Near infrared radiation, 125
Neutron detectors, 89
Neutron radiography, 87
Neutron sources, 88
Non-conformance, 184
Non-destructive evaluation, 1

Patteryrecaanition 8
Pen type dosimeter, 86
Penetrameter, 71
Penetrant, 11
Penetration, 102
Percent defectives, 192
Performance statistics, 192
Permeability, 22
Personnel monitoring, 86
Phased array ECT, 46
Piezoelectric effect, 97
Piezoelectric receiver, 112
Pipe inspection, 106
Piping defects, 147
Pitting, 41
Plaque type penetrameter, 72
Pneumatic testing, 121
Polarised light, 50
Polariser, 50
Polishing, 132
Population, 184
Porosity, 103, 146
Post emulsifier method, 13
Post irradiation examination, 91
Pressure vessels, 118
Pressurisation technique, 142
Primary field, 38
Probability, 180
Probability events, 180
Probability of acceptance, 188
Probability of detection, 172
Probability of false alarms; 175
Probe size, 39
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Probe technique, 142
Procedures, 196

Process average. 190

Prod method, 27

Producer’s risk, 189

Product quality auditing, 189
Pulse echo technique, 100
Pulsed ECT. 51 )
Pyricon based devices, 126
Pyrodevices, 91

Quality, 191

Quality assurance, 201
Quality control, 179
Quality management, 201
Quality systems, 200

Radiance, 125

Radiation attenuation, 67
Radiation monitoring, 86
Radiation units, 85

Root pass oxidation, 153
Rotating magnetic field, 46

Sample, 184

Sample space, 181

Sampling inspection, 190
Sampling plans, 190

Saturation ECT, 46

Scanning probe techniques, 41
Scattered porosity, 150

Scattering, 99

Scattering unsharpness, 71

Seams, 149, 150

Secondary field, 37

Sensitivity, 12, 14, 29, 49, 70, 120
Shear waves, 94

Sheet metal inspection, 56
Shrinkage flaws, 146

Single contact piezoelectric probe. 112
Single frequency ECT, 41

Single sampling plan, 190

Tapping probe, 112
Telescope, 7
Temper embrittiement, 132
Tenth value layer, 67
Thermal capacitance, 130
Thermographic camera, 126
Thermography, 125, 162, 168
Thermo luminescent dosimeter, 86
Threaded bar inspection, 24
Three dimensional (3D) ECT, 46
Through transmission technique, 101
Thulium-196, 66
Toe cracks, 152
Tolerance design, 192
Total quality management, 179, 192
Track etch technique, 90
Transgranular stress corrosion cracking, 138
Transmission, 96
Transmitter, 107
Transverse cracks, 151
Transverse waves, 94

Radioactivity, 83 Singte-wall single-image-technique 72 ;
Radiographic exposure, 72 Six sigma, 194 {
Radiographic film, 68 Slag, 103

Radiographic imaging, 68
Radiographic sensitivity, 70
Radiographic testing, 159, 165
Radiography, 63. 159, 165
Radiography of pipes, 72
Radioisotopes, 88
Random sampling. 184
Range, 184
Rayleigh waves, 95
Real leak, 140
Real technique, 173
Real time radiography, 77
Receiver, 107
References, 203
Reflection, 96
Reinforcement, 80
Reinforced plastic sheet, 113
Relative permeability. 35
Relevant indication, 10
Reluctance, 21
Remote field ECT, 48
Replicatape, 133
Repressurisation, 122
Residual method, 27
Resolution, 102
- Ringdown counts, 117
Roentgen, 85
Rolling defects, 148
“Root cracks, 152

Slag inclusion, 151

S-N curve, 156

Snell's law, 97

Sniffer technique, 142

Soap bubble test, 140
Solvent removable method, 14
Sound waves, 93

Specific activity, 66

Specific Faraday rotation, 50
Specifications, 196

Squid sensor, 61

Stack temperature, 127
Stainless steel, 137
Standards, 196

Statistical methods, 179, 183
Statistical quality control, 179
Step type penetrameter, 71
Storage tank, 130

Stress corrosion cracking, 117
Stress cracks, 148

Stringers, 148

Superalloy, 136
Superimposing technique, 73
Surface waves, 95

Synthesis gas, 129

System design, 192

Tag wire, 28
Taguchi concepts; 191
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Index

Ultrasonic transducers, 97
Ultrasonic velocity, 95

Ultraviolet light, 8

Under bead cracks, 151

Undercut, 153

Unified life cycle engineering, 176

* Upper control limit, 185

Variability, 184

Virtual leak, 140

Viscosity, 8

Visible dye, 14

Visible light, §

Visual inspection, 4, 157, 163
Visual testing, 157, 163

Wall thickness, 103

Water washable method, 12
Welding defects, 150
Weldment, 133

Wet magnetic particles, 27
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TFungsteminctusion, 153
Turbo generators, 128

Twin contact piezoelectric probe, 112
Twin probe, 98

Ultrasonic flaw detector, 107

Ultrasonic testing, 93, 162, 166 .37 ik
Ultrasenic testing -6 dB drop method, 106 4 gi g}

Ultrasonic testing, 20 dB drop method, 106
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Wire type penetrameter, 71

X-cut quartz plate, 97
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