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FOREWORD

Industrial radiography is a non-destructive testing (NDT) method which allows
components to be examined for flaws without interfering with their usefulness. It is one of
a number of inspection methods which are commonly used in industry to control the quality
of manufactured products and to monitor their performance in service.

Because of its involvement in organising training courses in all the common NDT
methods in regional projects in Asia and the Pacific' and Latin America and the Caribbean
" and in many country programmes, the Agency is aware of the importance of standardising
as far as possible the syllabi and training course notes used by the many experts who are
involved in presenting the training courses.

IAEA TECDOC 628 " TRAINING GUIDELINES IN NON-DESTRUCTIVE
TESTING " presents syllabi which were developed by an Agency executed UNDP project
in Latin America and the Caribbean taking into account the developmental work done by the
International Committee for Non - destructive Testing. Experience gained from using the
radiography syllabi from TECDOC 628 at national and regional radiography training courses
in the Agency executed UNDP project in Asia and the Pacific (RAS/86/073) showed that
some guidance needed to be given to radiography experts engaged in teaching at these courses
on the material which should be covered. The IAEA/UNDP Asia and Pacific Project National
NDT Coordinators therefore undertook to prepare Radiography Training Course Notes which
could be used by experts to prepare lectures for Level 1,2 and 3 radiography personnel. The
notes have been expanded to cover most topics in a more complete manner than that possible
at a Level 1, 2 or 3 training course and can now be used as source material for NDT
personnel interested in expanding their knowledge of radiography.

While all National Coordinators contributed to the production of these training notes,
particular mention needs to be given to Mr. A. A.Khan, Pakistan Atomic Energy Centre, Mr.
N. Ooka, Japan Atomic Energy Research Institute, Mr. R. R. Wamorkar, Bhabha Atomic
Research Centre, India, Mr. J. Rodda, Australian Institute for NDT, Mr. Nassir Ibrahim,
Nuclear Energy Unit, Malaysia and Mr. R. Gilmour, Project Expert NDT.

The Agency wishes to express its appreciation to all those who have contributed to the
production of these Training Course Notes and to the governments and organisations whose
financial and technical support made this publication possible.

* Australia, Bangladesh, China, India, Indonesia, Japan, Democratic Peoples' Republic of
Korea, Republic of Korea, Malaysia, Pakistan, Philippines, Singapore, Sri Lanka, Thailand
and Vietnam.
** Argentina, Barbados, Bolivia, Brazil, Chile, Colombia, Costa Rica, Dominican Republic,
Ecuador. Guatemala, Guyana, Jamaica, Mexico, Paraguay, Peru, Trinidad and Tobago,
Uruguay, and Venezuela



EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts and given some attention to presentation.

The views expressed do not necessarily reflect those of the governments of the Member States or
organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
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1. GENERAL KNOWLEDGE

1.1. BASIC PRINCIPLES OF NON DESTRUCTIVE TESTING

1.1.1. Importance of Non Destructive Testing

An industrial product is designed to perform a certain function for a certain period of time
to the satisfaction of its user. Any premature failure of the product in carrying out its job
is in no way desirable, as besides monetary losses it may endanger human life as well.

One of the most important factors which adversely affects the mechanical strength of a
product and may cause its premature failure, is the presence of discontinuities in the
structure of the product. In older design procedures, the presence of discontinuities in
products was taken care of by including a safety factor in the design of the product. But
nowadays since high emphasis is being placed on the use of as little material as possible
during the manufacture of the product to reduce its cost and weight, the presence of
discontinuities is in no way tolerable. The discontinuities in an industrial product may be
due to:

(i) the presence of discontinuities in the raw material used in the manufacture of the
product,
(ii) faulty manufacturing processes,
(iii) the environmental and loading conditions during service.

To get a product which conforms to the design specifications, a means of monitoring the
quality of the product at every stage of its manufacture and during its service life is
required. The means should be such that it in no way interferes with the service
performance of the product. Non destructive testing (NDT) provides that means. NDT
methods, as the name implies, are testing methods which can be used to detect
discontinuities in an industrial product without affecting the service performance of the
product in any way.

1.1.2. Basic Methods of NDT

There are five basic NDT methods which are used widely in industry for the detection of
defects. These methods are:

(i) liquid penetrant testing method,
(ii) magnetic particle testing method,
(iii) eddy current testing method,
(iv) ultrasonic testing method, and
(v) radiographic testing method.

In the following a brief description of all these methods except radiographic testing is
given.

1.1.3. Liquid Penetrant Testing

This is a method which cau be employed for the detection of open-to-surfacc
discontinuities in any industrial product which is made from a non porous material.
In this method a liquid penetrant is applied to the surface of the product for a
certain predetermined time, after which the excess penetrant is removed from the surface.
The surface is then dried and a developer is applied to it. The penetranl which remains in
the discontinuity is absorbed by the developer to indicate the presence as well as (he
location, si/e and nature of the discontinuity. The process is illustrated in Fig. I.I.
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f-'igure i.I Four stages of liquid pcnelrant process
(a) penetrant application and seepage into the discontinuity
(b) removal of excess penetranl
(c) application of developer, and
(d) inspection for the presence of discontinuities

1.1.3.1. General Procedure for Liquid Penetrant Inspection

(a) Cleaning the surface to be examined

There should be no material such as paint . plating or coatings of oxide or loose dirt
covering the surface. This is to prevent false indications and to expose hidden
discontinuities Io the penetranl. Solid contaminants such as carbon, engine varnish, painis
and similar materials should be removed by vapour blast, chemical dip or other acceptable
methods. Methods such as shot blasting, sand blasting, emery cloth, wire brushing or metal
scrapping should not be used, especially for soft materials, since these cleaning methods
will cover up defects by cold working the surface. Contamination can occur due to the
presence of lubricants, protective oils, metal dust, polymerisation, oxidation, carbonaceous
deposits, protective paints etc. Various solvents have been developed by different
companies to remove them. Contamination due to inorganic corrosion products, heat
treatment scale, operationally formed refractory oxides etc. is conveniently removed by
abrasive blasting with glass beads etc. combined with a chemical cleaning. Which ever
method is employed the use of trichlorethylene vapour degreasing as a final stage is
strongly recommended.

(b) Drying the surface

If. for any reason, separations are filled with liquid, they will prevent entry of penetraal,
hence drying is an essential operation. It should be realised ihat although the surface may
seem dry. separations may still be filled with liquid. With "dismountablc cracks" used to
evaluate penetrants. it is remarkable how long a liquid can stay in a small separation after
the outer surface has become dry. The lesson is that improper drying may be worse than
no cleaning, because the remaining solvent may present a barrier to the pcnclrant loo. If
penetrant liquid does reach into the separation, it will be diluted by the solvent, and this
also makes the treatment less effective.

{cj Application of penetrant

The pcnetranl is applied with (he help of a brush or by spray or by dipping Ihe lest piece
inu a bath of the penetrant. After this a certain residence time is allowed for the penetranl
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lo seep into discontinuities. The residence time varies with Ihe temperature, the type of
penclranl. the nature of the discontinuity and the material of the K\st specimen. It usually
varies between 5 and 30 minutes. In special cases it may be as long as one hour.

(d) Removal of superfluous pcnelrant

The excess penetrant on the surface should be removed to obtain optimum contrast and lo
prevent misleading indications. The appropriate remover is usually recommended by the
manufacturer of the penetrant. Some penetranls are water washable, others need
application of an cmulsificr before they can be removed with water. The removal method
is to use a sponge or water spray. There arc special penetrant removers which are
essentially solvents. It is most important that removal of the pcnctrsnl is restricted to :he
surface and that no pcnetranl is washed out of the flaws. This can easily happen when the
cleaning is too rigorous. When the surface is smooth, washing can be less intensive than for
rough surfaces; in the latter case there is a definite risk that penelrant may be washed out
of small imperfections.

A general criterion for the removal operation is that it must be fast and should be
prolonged long enough to make the surface almost clean. It is better lo leave small traces
of penetrant on the surface than to carry out excessive cleaning. When removing
fluorescent penetrants, the effect of the treatment should preferably be watched under
black light.

(e) Drying the surface

The surface can be dried with a dry cloth or an air blower. Drying is generally needed to
prepare the surface for the application of a powder developer, which would otherwise ;lot
al wet places. It also decreases the adverse effect of insufficiently removed traces of
penelrant. Here again excess should be avoided. Penctrani liquid left in flaws should not
be allowed to dry. This can happen when hot air is used for drying.

(f) Application of developer

Developers arc usually of two types, namely, dry or wet developer. Dry developer consists
of a dry, light coloured powdery material.

It is applied to the surface after removal of excess penetranl and drying of the part. It can
be applied either by immersing the parts in a tank containing powder, or by brushiag it on
with a paini brush (usually not a desirable technique) or by blowing the powder onto the
surface of the part.

Wet developer consists of a powdered material suspended in a suitable liquid such as water
or a volatile solvent. It is applied to the parts immediately following the water washing
operation.

Developers should be such that th.-y provide a while coating that contrasts with the
coloured dye-pcnctranl, and draw the penetrant from the discontinuiiies lo the surface of
Ihe developer film, thus revealing defects.

The dry developers are applied generally with fluorescent penetrants. They are applied just
prior to the visual inspection process. The wet developers J-C also generally used in
connection with fluorescent penetranls. They are applied after the washing operation and
before the drying operation. The solvent based developers are generally used with the
visible dye-penetrants. T'cy are applied after cleaning off extra penetrant. A short time
should be allowed for development of indications after the developer has been applied. This
time should be approximately one half that allowed for penetration. Developer coating is
removd after inspection by water stream, spray no/zle. brush etc. The powder
concenUvition of the liquid developer should be carefully controlled lo obtain Ihe required
thin and uni'orm layer over the surface.



(g) Observation and interpretation of indications

An indication in the developer will become visible after a certain lapse of time. Because
all penetrant inspection methods rely upon the scciug of an indication by Ihc inspector, the
lighting provided for this visual examination is extremely important. For best results,
inspection for fluorescent indications should be done in a darkened area using Hack light,
for the interpretation of indications, it is very important to observe their characteristics
at the very moment they appear. As soon as the flaws have bled out, the indications may
run lo larger spots, depending on size and depth, and at this stage ii is difficult to derive
characteristic information from the flaw.

The extent to which observation of developing indications can be realised in practice
depends largely on the si/e and complexity of the s'irfacc to be examined as well as on the
number of components lo be tested. A brief guide to the penetrant indications is given
here. A crack usually shows up as a continuous line of penetrant indication. A cold shut on
the surface of a casting also appears as a contiguous line, generally a relatively narrow one.
A forging lap may also cause a continuous line of penetrant indication. Rounded areas of
penetrant indication signify gas holes or pin holes in castings.

Deep crater cracks in welds frequently show up as rounded indications, Penetrant
indications in the form of small dots result from a porous condition. These may denote
small pin holes or excessively coarse grains in castings or may be caused by a shrinkage
cavity. Sometimes a large area presents a diffused appearance. With fluorescent penctrants,
the whole surface may glow feebly. With dye penetrants, the background may be pink
instead of white. This diffused condition m:y result from very fine, widespread porosily,
such as microshrinkage in magnesium. The depth of defects will be indicated by richness
of colour and speed of bleed out. The time required for an indication to develop is
inversely pioportional lo the volume of the discontinuity.

1.1A2 Penetrant Processes and Equipment

Penelrants are classified depending on whether the dye fluoresces under black light or is
highly contrasting under white light. A second major division of penctrants is determined
by the manner is which they can be removed from the surface. Some penctrants arc water
washable and can be removed from the surface by washing with ordinary tap water. Other
penctrants arc removed with special solvents. Some penctrants arc not in themselves water
washable but can be made so by applying an cmulsificr as an extra step after penetration
is completed. During a short cmulsification period this emulsificr blends with the excess
penetrant on the surface of the part after which the mixture is easily removed with a water
spray.

The Fluorescent Penelraut Water Washable Penetrant Process uses this method. The
fluorescent is used for greater visibility; can be easily washed with water; is good for
quantities of small parts; is good on rough surfaccs;is good in kcyways and threads; is high
speed, economical of time and good for a wide range of defects.

The Post Emulsification Fluorescent Process has fluorescence for greater visibility; has
highest sensitivity for very fine defects; can show wide shallow defects; is easily washed
with water after cmulsification; has a short penetration time; high production; especially
satisfactory for chromáte surfaces.

The Water Emulsifiablc Visible Pcnclrants Process has greater portability; requires no
black light; can be used on suspected local areas of large parts; aids in rework or repair;
can be used on parts where water is not available; can be used where parts arc to be
repaired in ordinary light. Best of all techniques on contaminated defects; sensitive lo
residual acidity or alkalinity; high sensitivity to very fine defects.

Fluorescent materials generally respond most actively to radiant energy of a wavelength of
approximately 3(>5()Ä . This is just outside the visible range on the blue or violet side but
not sufficiently far removed to be in the chemically active or ultraviolet range. This is black
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light. Four possible sources of black light are incandescent lamps, metallic or carbon arcs,
tubular "BL" fluorescent lamps and enclosed mercury vapour arc lamps. Mercury vapour
arc lamps arc generally used. One of the advantages of this is that its light output can be
controlled by design and manufacture. At medium pressures, from 1 to 10 atmospheres, the
light output is about evenly distributed between the visible, black light and hard ultraviolet
ranges. These medium pressure lamps are ordinarily used for inspection purposes. A red
purple glass is used to filter the light not desired. Factors such as the nature of inspected
surface, extraneous white light entering the booth, the amount and location of fluorescent
materials near the inspector and the speed with which inspection is to be carried out, have
an effect on the black light intensity necessary at the inspected surface. The light level,
once it is set for a practical job, should be maintained. Good eye-sight is also a requisite.

1.1 .Í3. Areas of Application of Liquid Penelrants

Liquid penetrants can be used for the inspection of all types of materials such as ferrous
and non-ferrous, conductors and non-conductors, magnetic and nonmagnetic and all sorts
of alloys and plastics. Most common applications arc in castings, forgings and welds.

1.1.3.4. Range and Limitations of Liquid Penclrants

AH imperfections which have an opening to the surface arc detectable no matter what their
orientation. Sub-surface defects which ire not open to the surface will not show up and
consequently will not interfere with the interpretation. No indications arc produced as a
consequence of differences in permeability (a weld in dissimilar steels, transition zones
etc.). There is no risk o.' surface damage which may occur, for example, during careless
magnetisation with prods in the current flow method. The equipment is also low cost.

Flaws may remain undetected by penetrant inspection if magnetic particle testing has been
previously used, because the residual iron oxide may fill or bridge the defect. Similarly
fluorescent penetrant will often fail to show discontinuities previously found by dye
penetrant because the dye reduces or even kills fluorescence. Reinspection should be done
with the same method. Surface condition may affect the indications.

Surface openings may be closed due to dirt, scale, lubrication or polishing. Rough or porous
areas may retain pcnctrant producing irrelevant indications. Deposits on the surface may
dilute the pcnctrant, thus reducing its effectiveness.If all the surface pcnctrant is not
completely removed in the washing or rinse operation following the penetration time, the
unrcmoved penctranl will be visible. Such parts should be completely reprocessed.
Degrcasing is recommended. Another condition which may create false indications is where
parts are press fitted to each other. The penetrant from the fit may bleed out and mask the
true defect.

Some of the precautions necessary for liquid penetrant inspection are briefly summarized
here. Only one process should be used. Change of process is not advisable for reinspection.
The lest materials should not be contaminated. Contamination leads to a loss of test
sensitivity and reliability. Contamination of water with pcnelrants should be avoided. Wet
developer bath should be at the recommended concentration. The temperatures should not
exceed certain limits depending on the materials used. The pcnctrant should not be heated.
Avoid contact of pcnctrant with skin by wearing gloves. Keep penctrants off cloths. Check
for traces of fluorescent penclrant on skin and clothes and inside gloves by examining
under black light. Excessive amounts of dry pcnelrants should not be inhaled. Improperly
arranged black lights may cause some eye fatigue. The materials used with visible penetranl
process are flammable and should not be stored or used near heat or fire. Do not smoke
while using them.

1.1.4. Magnetic Particle Testing

Magnetic particle testing is used for the testing of materials which can be easily
magnetised. This method is capable of detecting open-to-surfacc and just below the surface
flaws. In this method the test specimen is first magnetised cither by using a permanent
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magnetic or an electromagnet or by passing electric current through or around the
specimen. The magnetic field thus introduced into the specimen is composed of magnetic
lines of force. Whenever 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 and whenever minute magnetic particles are sprinkled
onto the surface of the specimen, these particles arc attracted by these magnetic poles to
crcnte a visual indication approximating the size and shape of the flaw.

Fig. 1.2(a,b) illustrates tbc basic principle of this method.

Figure 1.2(a): The effect of defects on the flux flow

CRACK

DEEP LYING
FLAW

Figure

'ili'l! "FLUX FLOW LINES

1.2(b): The effect of defects on the flux flow
in a magnetised ring.

1.1.4.1 Methods of Magnetisation

Electric currents arc used to create or induce magnetic fields in magnetic materials. Several
types of magnetisation are in use for magnetic particle inspection Some of the types arc
D.C magnetisation , half wave rectified current magnetisation and A.C. magnetisation. All
these three types arc mainly used for magnetic particle inspection.

Direct Current obtained from storage batteries was first believed to be the most desirable
current lo use, since it penetrates more deeply into lest specimens than any other
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current. The big disadvantage of the currcnl obtained from storage batteries is that
(here is a specific limit to the magnitude and duration of current which can be drawn from
the ballery before recharging. Battery maintenance ic costly and can become a source of
trouble. Battery current can be replaced by the current obtained through dry plate rectifiers
from a.c. power lines. This has the advantage of permitting an almost unlimited supply of
DC.

Half wave rectified current is the most effective current to use for detection of surface and
sub-surface defects using dry magnetic particles. It gives mobility to magnetic particles and
aids in the formation of indications.

Alternating current is also used for detection of surface cracks like fatigue cracks. A.C.
inspection units should be equipped with proper current controls. An advantage of using
A.C. is that the parts being inspected with thi* current can be easily demagnetised.

Some of the commonly used methods of magnetising the test specimens of different
configurations are given below:

(a) Circular magnetisation

Electric current passing through any straight conductor such as wire or bar creates a
circular magnetic field around that conductor.

DEFECT

Figure 1.3 : Flux flow in a bar carrying current.

For inspection of axial cracks in a solid or hollow part, the part can be magnetised
circularly. For a solid part the current is passed through the test piece and a circular field
is developed inside and around the piece. In the case of hollow or tube like objects, a
central conductor is used to carry the magnetising current. The central conductor is
always a copper rod. The conductor is placed inside the hollow piece and current is
then applied to it. This induces a circular magnetic field on the inside and outside
surfaces of the hollow piece as shown in Figure 1.4.

(b) Longitudinal magnetisation

Parts can be magnetised longitudinally using a permanent magnet ( Figure 1.5 ) or by using
an electromagnet , Figure 1.6.

Paris can also be magnetised longitudinally by the application of electric current. When
electric current is passed through a coil of several turns, a magnetic field is established
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Flux flow in cylindrical specimens using threading bar.

Figure 1.4 : Flux flow in cylindrical specimens
using threading bar.
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Figure 1.7 : Helical Coil
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lengthwise or longitudinally within the coil. The nature, and direction of this field is the
result of the field around the conductor which forms due to the number of turns in the
current carrying coil. A crack at right angles or tangential to this field can be revealed.
Longitudinal magnetisation may be achieved by surrounding the test specimen with helical
coils and passing current through them Figure 1.7

(c) Magnetisation of irregular parts

Parts of irregular shape sometimes have to be tested. They can be tested using the magnetic
particle inspection method. Local magnetisation is created by applying prods to the area
to be tested. The area is magnetised circularly and any defect in the path of the magnetic
lines of force can be indicated as shown in Figure 1.8.

The inspection of irregular parts by this method is time consuming since a.magnetising
current has to be applied many times to achieve thorough inspection of a component.
However the testing time is not a large problem, due to the quick testing capability of the
magnetic particle inspection method.

FLUX LINES PRODS

CONDUCTIVE
GUAZE PADS

CURRENT
SOURCE

Figure. 1.8 : Magnetisation of irregular specimens.

1.1.4.2.General Procedure for Magnetic Testing

The steps and sequence involved in the magnetic method are as follows:

(a) Preparation of the test specimen

Loose rust and scale should be removed from the component. Machined parts should
be degrcased using appropriate solvents. In painted parts the paint should be removed
locally to provide adequate contact areas for the current flow tests. 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, therefore, to provide poor contrast. In the latter
case a contrast aid may be applied. This is normally a thin white coating. The application
of a white emulsion paint is an alternative procedure. Components which have been in a
magnetic field may be carrying residual magnetism. It is advisable to remove this residual
magnetism to avoid false indications.

17



(b) Magnetisation of the test specimen

The test specimen may be magnetised depending on its shape and configuration by using
any of the methods outlined in Section 1.1.4.1. It is advisable to devise and write down the
technique to be used listing the operations required with all details ol directions of tests
and jigs needed. Many components may not have simple geometric shapes but instead may
have what can be considered to be combinations of simple shapes. In such cases more than
one magnetising technique may be necessary to be able to lest the whole specimen. When
multi-diameter or multi-thickness specimens are to be tested in the same direction, then
testing of the larger diameter/thickness portion will over-saturate, the smaller
diameter/thickness portion. Therefore the lower value tests should be made first. The
sensitivity of defect detection improves with the level of magnetisation.

Theoretically a level just below saturation would give the most sensitive results but this
is impractical owing to the variety of non- regular shapes encountered and therefore-
in practice, lower levels are quite adequate. For most critical work about 40% of
saturation is sufficient. With this level of magnetisation large defects of 2.5 mm depth
below the surface can always be found and up to about 1.5 mm deep all defects of a serious
nature can be detected. Practically the saturation flux value for the test specimen may
be found by increasing the flux level until background is formed. Variables affecting
the flux for permanent magnets and electromagnets include the cross section and length
of the test specimen and the total length of the flux path including the machine poles.
For the current flow method a value of 9 A/mm of perimeter of the test specimen is the
recommended level of magnetisation for critical work. For basically round components this
can be expressed as 28 A/mm of diameter. While testing using a coil, the factors that

influence the magnetic flux are number of ampere turns of the coil, fill factor of the
coil, length over diameter ratio of the test specimen and the coil shape. To
obtain a suitable test value in this case , the current in the coil is increased with the
component in position until saturation is obtained and the suggested standard would
then be 40% of the saturation value. Alternatively for rigid coils and provided that the
component is placed near the coil perimeter and has a cross sectional area not more than
10% of the coil cross sectional area , the test current may be calculated using the equation
A = 9000/CT where A is the current in amperes, C is the coil diameter in millimeters and
T is the number of coil turns.

(c) Application of the magnetic powder

Magnetic particles are available in red or black colours. The red material improves visibility
on dark surfaces. There are also fluorescent materials available. These magnetic particles
may be applied to the test specimen either in dry or in wet form. If a dry powder is used
it should be applied to the magnetised component such as to achieve an even distribution.
Tapping the test specimen with a rubber hammer is often helpful. For the wet magnetic
particles it is best that these are applied during magnetisation. They should cease flowing
just before excitation ceases. They can be applied to the test specimen by brush, ladle or
hose. Whichever method is used, care should be taken to avoid violent flow over the test
specimen, otherwise faint indications from flaws are disturbed. Such faint indications will
also be washed away if the magnetic particles arc reapplied after the current has ceased to
flow. The application of magnetic particles may also be made by immersing the test
specimen in a suspension of the particles. As the particles in the wet method are generally
finer than those in the dry method, the wet method is more sensitive for the detection of
fine surface defects. On the other hand it is not as sensitive as the dry method for the
detection of subsurface discontinuities. Greatest sensitivity is achieved through the use of
fluorescent magnetic particles.

(d) Viewing and recording of indications

The whole of the surface under test should be viewed. Viewing of under surfaces may need
a mirror. Bores may need special lighting and viewing of end faces may necessitate
removing the test specimen from between the contacts. Doubtful indications arc often more
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evident if the component is allowed to drain for a few minutes. Any indications found can
be marked with a grease pencil after allowing the ink to drain. It is frequently desirable to
record not only the appearance of indications on a part but also their locations. For a
permanent record the indication can be lifted from the test specimen and transferred to
white paper using adhesive tape.

(e) Demagnetisation

For many industrial applications the (cstcd specimens are required to be free from
magnetism. Demagnetisation may be achieved by inserting the part in the field of an
alternating current solenoid and gradually withdrawing it from the field. Larger parts may
be demagnetised by subjecting them to an alternating current field that is gradually reduced
in intensity by means of a current controller. When large masses of steel or iron are
involved, alternating current has insufficient penetration to demagnetise such pieces
thoroughly. In such cases direct current should be used. Hammering or rotating in the field
will sometimes assist demagnetisation. Heat treating or stress relief will demagnetise
wcldmcnts and total demagnetisation is always accomplished when the work piece is heated
above the curie temperature of the metal. The efficiency of demagnetisation should be
checked by using a compass or a commercial magnetic field indicator.

1.1.4.3. Equipment for Magnetic Particle Inspection

It is emphasised that magnetic particle testing is an important process in the production of
steel components which arc not checked at any subsequent manufacturing stage. The
provision of adequate equipment for use by a reliable operator will more than justify the
initial cost and will ensure that the tests arc correctly carried out. Equipment is available
in the range of from small hand tools to big universal type testing equipment. In both
categories i.e. portable and nonportable, more than a hundred types arc used in industry.
Portable equipment can be taken to the site for the inspection of large castings, wcldments,
assembled or welded structures or parts of assemblies tested without disassembly. Small
parts, on the other hand can be brought to a fixed inspection station. In industry, inspection
is a part of the production line.Therefore inspection of in process parts can be done by
sampling or on a 100% basis at one or more locations along the production line.
Sometimes inspection is needed where mass production of a single piece is done. For
this purpose specialised testing equipment may be best for minimum testing cost per
piece. At other places inspection of various types of parts may be required in a very
high volume. Here there is need for an equipment where eight, ten or twenty different
parts can be inspected on a single piece of equipment in lots of several thousand per
hour. In many industries various types of parts are produced on a low production basis. For
this a single piece of test equipment can be used with greater efficiency. Other factors
which need to be kept in view when selecting equipment arc the types of defects of
interest, the required sensitivity and whether the whole or a localised area of the test
specimen is to be inspected.Different types of equipment available in the market are
briefly reviewed here. Hand operated small fixed or stationary units are widely used
for small manufactured parts.These units normally contain a built-in tank with pump which
agitates tbc wet particle bath and pumps inspection fluid through a hand held hose for
application to test objects. A part is clamped within the magnetising coil between the
copper contact faces. At the operator's option, the parts can be magnetised circularly with
current between the head, or longitudinally with current through the coil, or both if desired.
While the part is magnetised, the operator applies the liquid inspection medium, and then
views the surface for indications. Most units arc provided with inspection hoods and black
lights, so that fluorescent magnetic particles can be used. This increases the rate of
inspection and reduces the possibility of missing an indication. This type probably accounts
for about 75% of magnetic particle inspection.

For bulkier work up to say 1.5m long and 0.3m in diameter more power is needed to
maintain the desired flux level. Such units have a magnetising current up to 5OOOamp.
A.C. and a magnetic field of about 1500 oersteds (120 K A/m). A demagnetises which is
built in can accommodate a part of 360x250mm. Sensitivity may be controlled to reveal only
surface cracks with a.c. or surface and subsurface cracks with half wave current. For site
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testing, equipment must be capable of being handled manually up ladders and to be located
remote from mains supply. Many standard sizes of portable magnetic particle inspection
equipment arc in use. They vary from small hand held yokes made from permanent magnets
to electromagnets.

Several lypcs of completely aulomalic equipment arc used for magnetic particle
inspection in hundreds of plant locations. Inspection is carriedout automatically on
parts carried by a continuous conveyer. Loading and unloading may be manual

or automatic. The inspector is required to view the parts as they pass on the
conveyer and must only see and react to readily visible indications. Parts bearing
indications are diverted for later evaluation and salvage or rejection. Accepted parts
remain on the conveyer and pass through an automatic demagnetiser before being
discharged from the unit. Such equipment permits a rapid and low cost inspection
where slower inspection may not be worth its cost. Special purpose equipment for checking
automatically large numbers of identical parts of simple form can be designed in such a way
(hat a current flow test and a coil test are applied at the same time, thus enabling both
longitudinal and transverse defects to be found.

1.1.4.4. Applications of the magnetic method of testing

In general engineering practice, a large proportion of components are made of steel or iron
which are capable of being magnetised. This is fortunate because this testing method is not
expensive and it can reveal all the surface faults in parts which arc subjected to light
stresses and fatigue and in those which have been cast, welded or heat treated during
fabrication. Many inspection specifications for aerospace, atomic and other critical work
specially call for this type of test.When non metallic inclusions occur in areas of high stress
or in certain special locations, they may be a cause for rejection. A subsurface condition
which is much more likely to be dangerous is the presence of inclusions which were not
plastic at the time of rolling or forging e.g. refractory materials. Usually the inclusions are
very fine and arc revealed with magnclic particle inspection only when they occur near the
surface. They arc most likely to be shown on highly finished surfaces by applying the wet
method with high magnetisation levels. Inspection before machining is not helpful, and if
inclusions arc considered a cause for rejection, parts should be inspected after surface
finishing.

Surface seams in rolled bars result from cracks or other defects (surface) in the billets from
which they arc rolled or from some defects introduced by the rolling operation itself. The
great elongation of the metal draws out such surface defects into long, straight scams,
usually parallel to the direction of rolling. Cooling cracks which occur in rolled bars are
similar to scams but usually differ in appearance in some respects. When magnetic particles
arc applied to such a surface for inspection, the indications arc sharp and well defined, but
deviate some what from the rolling direction.

Porosity in castings caused by gases trapped during the solidification of the molten metal
can sometimes be located with magnetic particle inspection. Subsurface blow holes and
thermal cracks in castings can also be revealed with magnetic particle inspection.

Magnetic particle inspection is used extensively on welds. It is possible to find porosity,
slag inclusions, shrink cracks, inadequate penetration and incomplete fusion. With d.c.
magnetisation a subsurface discontinuity like a lack of penetration at a root can be
revealed.

Cracks caused by faulty heat treatment processing arc readily found with magnetic particle
inspection. Such cracks may occur during either the heating or quenching cycle and may be
enlargements of conditions existing in the part from some previous operation. Heat
treatment cracks which are created by tbc quench cycle and which arc also called quench
cracks arc usually found at sharp changes of section, which cause unequal cooling rates, or
at fillets or notches which act as stress concentration points.

Fatigue cracks arc produced in service under repeated stress reversals or stress variation.
A crack almost invariably starts at a highly stressed surface and propagates through the
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section until failure results. A fatigue crack will star! more readily where design or surface
condition provides a point of stress concentration. Sharp fillets, poor surface finish, seams,
grinding cracks, and other such defects act as stress raisers and assist in the start of fatigue
cracking.

All magnetic particle inspection to eliminate seams, inclusions, cooling cracks, laps,
porosity, heat treatment cracks and grinding cracks is for the purpose of preventing fatigue
or service failure after the part goes into service. Consistent use of magnetic particle
inspection as well as other non destructive tests in a well planned preventive maintenance
program, can in many cases reduce service failure from fatigue to practically zero.

1.1.4.5 Range and limitations of magnetic particle inspection

Magnetic particle testing is a method of finding surface and near surface defects in any
steel or iron sample capable of being magnetised. It is essential that the flux path crosses
the flaw and ideally it should be at right angles to it. Fortunately, with an adequate level
of magnetisation, defects oriented by as much as 50 degrees with respect to the direction
of the flux will show up and any object can be tested completely provided at least two tests
arc made. The flux direction in the object for the second test should be at right angles to
the flux direction for the first.

To ensure an adequate lest, the factors that need to be considered include the shape of the
component, the dimensions of the component, the magnetic permeability, surface finish,
possible defects and their orientation, suitable flux direction and strength and a suitable
testing stage during manufacture. Unless due consideration is given to all these factors,
the test is unreliable, although it may reveal some defects,but it is quite possible that
serious defects may not be revealed.

Because every component differs and at least two tests are required to find all defects, i;
is good to establish a proper technique for each. For components having complex shapes,
this technique may consist of as many as a dozen tests at varying field strengths and using
different methods to ensure 100 percent coverage. Provided that adequate equipment is
available, it is feasible to test any type and size of magnetic object. The size of defects
which can be detected will depend upon surface finish and other factors.

Magnetic particle inspection is not expensive. The testing can be performed in the presence
of an overlay of paint or non-magnetic plating. The inspection can be undertaken by semi-
skilled labour without requiring elaborate protection such as that needed for radiography.

The presence of non-conducting surface coatings, such as paint, may preclude the use of
contact current flow tests. The material must be capable of being magnetised which
precludes the testing of austenitic steels and other non-magnetic materials. Since every test
requires at least two directions of flux, each component must be tested at least twice.
Therefore components of complex shapes may need numerous tests which becomes
cumbersome and time-consuming. Demagnetisation is another of the shortcomings. The ink
particles can clog fine passages and their removal is sometimes laborious.

1.1.5. Eddy Current Testing

An alternating current of known frequency is applied to an electric coil placed adjacent to
the material to be inspected. This current will produce its own magnetic field known as the
excitation field and will also induce currents in the metal part known as eddy currents
according to Faraday's law of electromagnetic induction. These eddy currents will produce
their own magnetic field which will oppose the excitation field. The resultant field is thus
reduced which will change the coil impedance.

In Figure l.'i an alternating current of a given frequency is generated in Ihc primary or
exciting coil. An alternating magnetic flux is consequently produced. This induces an
alternating curren' of the same frequency in the secondary coil. With the introduction of
the specimen, the alternating flux of ihc primary induces in it (the specimen) an eddy
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Figure 1.9.

current flow which gives rise to an alternating magnetic flux in the opposite direction. The
current in the secondary coil is consequently reduced. For given conditions the reduction
in current should be equal for all identical specimens placed in the same position relative
lo the coils. Any observed inequality in the value of the reduced current could indicate the
presence of a defect, a change in dimensions, or a variation in the electrical conductivity
or in the magnetic permeability of the test specimen due, perhaps, to a change in its
physical or chemical structure.

The coil impedance which is usually measured in practice instead of the current or flux,
's a vector quantity having resistive and inductive components. These are 90° out of phase
with each other. The other quantity that may be measured in practice is the voltage across
the coil. The coil impedance as well as voltage is related to the effective permeability of
the test specimen, the test frequency of the coil, the limiting or boundary frequency of the
test specimen and the fill factor of the coil. This relationship is shown in Figure 1. tO. The
boundary frequency is defined as

f, = 2/ (itu^oD2)

where u.o is the permeability for air and almost all other non-ferromagnetic materials,
a is the electrical conductivity and,
D is the diameter of the specimen.

The fill factor is defined as

r, = D/D

where D is the inside diameter of the coil.

Figure 1.10 fhow.s variations of impedance with frequency for different values of t) . The
dashed lines join all points on the curves corresponding to similar values of f/fg.
Continuous lines represent variations of conductivity for constant diameter D and the
dashed lines represent changes in D for constant values of a.

For ferromagnetic materials the relative permeability is greater than unity and therefore
f, must be defined as 2/(i:\i,\i0D

2). If the specimen is kept magnetised to well above
saturation level then the value of u, can he taken as unity and curves such as in Figure 1.10
remain valid. But if the specimen is not saturated magnetically then fresh curves have to
he drawn.

The inspection frequencies used in eddy current inspection range from 200 Hz (o 6 MHz.
The choice of the frequency depends on the thickness of the material, the desired depth of
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Figure 1.10

penetration, the degree of sensitivity or resolution and the purpose of inspection. Selection
of inspection frequency is normally based on a compromise between the dcplh of interest
and sensitivity to flaws. Increasing the frequency lowers the depth of penetration but
increases the resolution and vice versa.

Normally the highest inspection frequency compatible with the penetration depth required
is selected. For surface flaws frequencies up to several mega hertz may be used. For the
inspection of ferromagnetic materials, relatively low frequencies arc normally u-jd.

The inspection probe will give a certain indication on the instrument when placed in air.
This indication will begin to change as the probe is brought close to the test piece and will
continue to change until the probe is directly on the piece. This change in indication with
change in spacing between tbc probe and the material to be tested is termed lift off. Lift
off has a draw back as well as an advantage. The drawback is that many indications
resulting from conditions of primary interest arc masked by small changes in spacing. The
advantage is that by utilising the lift-off effect, the eddy current testing instrument can be
employed excellently for measuring the thickness of noncooductivc coatings such as paint
and anodiscd coatings on metals. When an eddy current inspection probe approaches the
edge of a part, the eddy currents arc distorted because they arc unable to flow beyond it.
The indication obtained from it is called "edge effect" and is very dominant, thereby
limiting inspection near edges. It is not advisable to inspect any closer than 1/8" from the
edge of a part.

The distribution of eddy currents in the part being inspected is such that these are densest
at the surface closest to the probe and progressively become less dense with increasing
distance from the surface. This phenomenon is known as skin effect. The depth at which
the density is reduced to about 37% of the density at the surface is defined as standard
depth of penetration. It depends on the electrical conductivity, magnetic permeability of
the material being inspected and the frequency of exciting signal.

1.1.5.1. Equipment and procedure for eddv current testing

The main component of eddy current equipment is the probe of which there are several
different types. The probe could be the encircling type, the internal type or the external
type. The main coil arrangements which may be present in these probes can be divided
mainly into three categories depending upon the methods of measurement. In the absolute
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method the primary and secondary coils are matched so [hat in the absence of any test
specimen the voltages across them are equal and opposite. Introduction of the lest piece
results in a change in impedance and a voltage change appears which is measured.

The comparison method consists of the use of two identical coil assemblies. A standard
defect free specimen is placed in one coil and the test specimen in the other. Changes
arising from the differences in the two sample are measured. In the auto-comparison
method two different parts of the same sample ar." compared with one another.

A wide variety of eddy current testirg equipment exists, but only some of its typical types
are mentioned here. The simplest is the AC bridge. The bridge is unbalanced when a
probe passes over the defect because ils impedance is changed. Forsler's analysis has been
applied in the design of some versatile instruments which can be used for conductivity
testing, investigation of dimensional variations and flaw detection. The two components
of the voltage across the secondary coil arc separated in phase and fed lo the X and Y
plates of an oscilloscope. On the screen appears a bright spot representing a point on the
Forster's impedance analysis graph. The movement of this spol is then related to different
measurements such as crack detection, conductivity measurements and determination of
dimensional variations. Such instruments can be applied lo automatic testing, for example,
for sorting of materials.

Another type of Foster's equipment uses the ellipse method. A reference voltage in phase
with the signal applied to the primary coil is fed to Ihe X-plates of a cathode ray
oscilloscope. The output voltage from the secondary coil is fed lo the Y-plates. Now two
vibrations al right angles to one another produce a Lissajous figure, which in this case is
an ellipse. The shape of this ellipse depends 01; the phase difference between the two
voltages and hence (he phase angle of the impedance. Different types of defects in the
specimen, say cracks, correspondingly produce different shapes of the ellipse. The ellipse
degenerates into a straight line for a crack-free specimen. Such equipr ent can be used for
testing ferromagnetic as well as non-ferromagnetic materials provided that a d.c. magnetic
saturation unit is used.

There is equipment available which is used for testing tubes,rods and bars which are passed
through an encircling coil assembly at a steady speed of up to 200m/min. The test coil
assembly consists of two single coils of slightly different impedances placed next to one
another and wound in opposite directions. They are excited by an oscillator. The
impedances of these coils are balanced by two comparison coils and a potentiometer device.
The effect of eddy currents on the test coils is to produce two opposing out of balance
signals the resultant of which passes through an amplifier, a phase sensitive detector and
a filter to an output stage. A reference voltage supplied by the oscillator to the phase
sensitive detector enables one to phase-out unwanted components. This equipment is
available for use at different frequencies. The output of such instruments can be connected
with a high speed pen recorder to mark the position of defects on the tesl specimen. Some
equipment employs the principle of frequency modulation and is used for testing rods and
tubes in continuous .notion. The velocity of the component relative to the coil and the
changes in Ihe impedance of the coil combine to give rise to a modulation of the operating
frequency when variations of eddy current distribution occur. Conductivity changes
produce a low frequency modulation while dimensional changes cause a somewhat higher
frequency modulation. The sharp discontinuities produced by defects such as cracks and
blow-holes give rise to modulations at very much higher frequencies. The equipment can
be operated al different frequencies. The signals are detected with an oscilloscope and a
pen recorder.The eddy current equipment for measuring conductivity of materials employs
a single probe coil acting simultaneously as an exciter and pick-up. The probe is moved by
hand over the surface of (he tesl material. The impedance of the coil is initially balanced
with that of a similar coil inside the main body of the apparatus. Changes in the
impedances of the probe coil due lo eddy currents in the material under test give rise to
an out of balance voltage which is indicated by a meter directly in units of conductivity.
The frequency chosen for operation depends on the range of values of conductivity lo be
measured and the thickness of the material. Applications of this type of equipment include
sorting of mixed materials, hardness testing, control of homogeneity, measurement of
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porosity and investigating degrees of beat treatment. The determination of the thickness
of non-conducting coalings on non-ferromagnetic metal surfaces is done with the help of
eddy current equipment by measuring the lift-off effect for a probe coil. The probe coil
is coupled by a transformer to a tuned circuit which is connected to a highly sensitive and
stable frequency oscillator. When the probe is placed in contact with the surface of the
coaling, the oscillations decrease in amplitude by an amount depending on the coating
thickness. The amplitude is then restored to a fixed level indicated on a meter by
manipulating a polentiom ler calibrated in the appropriate units of thickness. The
potentiometer .eadings are zeroed by locating the probe on an uncoated metal surface.

Ferromagnetic materials can be tested by subjecting them to magnetic hysteresis. The
equipment for this includes two identical coil assemblies of either the encircling or probe
type which arc located at right angles to one another in order that the flux passing through
one set of coils docs not pass through the other. The secondary coils are both connected
through an amplifier to the Y-plates of an oscilloscope, the X- plates of which are
controlled by a time base. An alternating current is fed through each primary coil in such
a way thai the two currents are 180 degrees out of phase with one another. The time base
can be adjusted so that a single cycle, or part of a cycle, of the output from each secondary
coil is displayed on the screen. The two signals are superimposed on one another and, in

._. the absence of a test sample, the phases cancel out and a horizontal straight line is
observed. When a test speciiľjn is introduced to one of the coils, the material undergoes
magnetic hyjteresis, the loop of which is modified by the action of induced eddy currents.
The straight line becomes disturbed and the trace assumes a shape which is characteristic
of the electrical conductivity, the magnetic permeability and the dimensions of the material.
On applying an identical specimen to the second coil in exactly the same relative position,
the trace again becomes a straight line. If, however, the permeability, conductivity or
dimensions of two specimens differ in any way, the trace assumes a shape which is
characteristic of this difference. The equipment can be used to test ferromagnetic
components of various shapes and sizes for such properties as hardness, composition, heat
treatment, depth of case hardening, the existence of internal stresses, machinability etc.
Manufacturers usually supply along with the equipment standard shapes of traces
characteristic of some of these properties.

1.1.5.2. Applications of eddv current testing

w>( Most of the applications of eddy current testing have already been mentioned while
v describing the basic principles, equipment and procedures in the previous sections. In the

following, a summary of these applications is given.

Eday current testing is employed for the detection and measurement of defects such as
cracks, porosity, blow-holes, inclusions, overlaps, shrinkage and soft spots, !n a wide variety
of test specimens in solid cylindrical, hollow cylindrical or other complex shapes.
Corrosion and cracking due to stress corrosion can also be delected. Changes in electrical
conductivity and permeability can be measured which in turn have a bearing upon the
material properties such as hardness, homogeneity, degree of heat treatment, existence of
internal stresses, decarburisation, diffusion, alloy composition, presence of impurities etc.
Thickness measurements can be made on metallic plates, foils, sheets, strips, tubes arid
cylinders. Typically il is possible to determine tuc thickness of non-metallic coatings on
metals such as, for example, the insulating layers on cables, non-conducting paints on some
aircraft castings and anodic coating on aluminium alloy surfaces. Dimensions such as
diameters of cylindrical specimens can also be determined. The materials can be
automatically sorted in a production process. Since the method is adaptable to automation
high speed inspection of small diameter tubing such as that used in steam generators, beat
exchangers and as canning tubes for nuclear reactor fuel elements, is possible. Here the
characteristics of tubing such as inner and outer diameters, eccentricity, wall thickness and
the presence of defects are determined. It is also possible to inspect welded small bore
piping. By using encircling type probes larger diameter pipes can be inspected. Similarly
long bars and wires can be speedily inspected. In tube testing the eddy current method also
allows high speed detection of intergranular corrosion on the inside surface. In some
applications round metallic spheres and balls are inspected by eddy currents.
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1.1.5.3. Range and limitations of eddy current testing

Eddy current testing can be carried out on all materials which conduct electricity. Both
ferromagnetic and non-ferromagnetic materials can be tested. The method has the
advantage that contact with the test specimen is not necessary. No couplant is therefore
needed. The probe coils can be made with very small diameters and thus can detect the
presence of very small flaws. The sensitivity of the coils can be increased by the insertion
of high permeability cores such as fcrrite rods which produce very sensitive focused coils.
Long wires, tubes, rods etc can be tested by feeding them through the coils at a constant
speed. Since the technique is susceptible to automation, fast scanning up to say 300m/min
is possible and it allows rapid 100% inspection of production items. The relative cost of
inspection is therefore low. Under certain circumstances the indications produced are
proportional to the actual size of the defect. Thus the tests can be useful for grading and
classifying.

Due to the skin effect the depth of penetration into the test specimen is limited and
therefore the application of the technique is limited to detection of surface and close-to-
surface defects. Also because of this the measurement of wall thicknesses is limited to thin
wall tubing and to smaller thicknesses of materials. The lift-off effect is undesirable in
most testing cases. The technique is limited to inspecting materials which are good
conductors of electricity. It presents some difficulties when attempts to make absolute
measurements are made. For manual testing there is a need to have properly trained,
qualified and experienced operators.

1.1.6. Ultrasonic Testing

1.1.6.1. Nature and Type of Ultrasonic Waves

Ultrasonic inspection is a nondestructive method in which high frequency sound waves are
introduced into the material being inspected. Most ultrasonic inspection is done at
frequencies between 0.5 and 25MHz well above the range of human hearing, which is about
20 Hz to 20KHz. Ultrasonic waves are mechanical vibrations of tbe particles of the medium
in which they travel and are in general represented by the equation,

A = Ao sin2icf(t- x/v)

where A = the displacement of a particle of the medium in which the mechanical wave
is travelling at a time t and distance x from the first excited particle
A,,= amplitude of the wave which is the same as that of the amplitude of vibration of the
particles of the medium
v = velocity of propagation of the wave
f = frequency of the wave

There are different types of ultrasonic waves. These 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.
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Figure 1.11 Longitudinal wave consisting of alternate rarefactions and
compressions along the direction of propagation.
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Longitudinal waves or Compression waves are those in wLich alternate compression and
rarefaction zones are produced by the vibration of the particles. The direction of oscillation
of the particles is parallel to the direction of propagation of the waves ( Figure 1.11 ).
Because of its easy generation and detection , this type of ultrasonic wave is most widely
used in ultrasonic testing. Almost all of the ultrasonic energy used for the testing of
materials originates in this mode and then is converted to other modes for special test
applications. This type of wave can propagate in solids, liquids and gases.

In Transverse or Shear waves the direction of particle displacement is at right angles to the
direction of propagation as shown in Figure 1.12.

Ji

Figure 1.12 Schematic representation of a transverse wave.

For all practical purposes , transverse waves can only propagate in solids. This is because
the distance between molecules or atoms, the mean free path, is so great 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.

Another type of sound wave is called the Surface or Raleigh wave. These waves can only
travel along a surface bounded on one side by the nearly nonexistent elastic forces between
gas molecules. Surface waves , therefore, are essentially nonexistent in a solid immersed
in a liquid, unless the liquid covers the solid surface only as a very thin layer. In surface
waves , particle vibration generally follows an elliptical orbit, as shown schematically in
Figure 1.13.

Direction of wave
travel

AIR

METAL - Particle
vibration At rest surface

Figure 1.13 Diagram of surface wave propagating at the surface of a metal along a metal -
air interface.

Surface waves are useful for testing purposes because the attenuation they suffer for a
given material is lower than an equivalent shear or longitudinal wave and because they can
flow around corners and thus can be used for testing quite complicated shapes. Only
surface or near surface cracks or defects can be detected of course. If a surface wave is
introduced into a material that has a thickness equal to three wavelengths, or less, of the
wave then a different kind of wave , known as a Plate wave, results. The material begins
to vibrate as a plate i.e. the wave encompasses the entire thickness of the material. These

27



waves are also called Lamb waves Unlike longitudinal, shear or surface waves , the
velocities of these waves through a material are dependent not only on the type of material
but also on the material thickness , the frequency and the type of wave. Plate or Lamb
waves exist in several complex modes of particle movement.

1.1.6.2. Ultrasonic wave characteristics

1.1.6.2.1. Frequency

The number of cycles per second is called the frequency and it is measured in cycles per
second (c/s) or Hertz ( 1 Hz = 1 c/s) The length of one complete cycle is the wavelength.
The relationship between frequency and wavelength is given by

v = U

where

f is the frequency
X is the wavelength and
v is the velocity of the wave.

Frequency and wavelength have important implications in ultrasonic testing as they
determine the depth of penetration of ultrasound in the test material as well as the flaw
sensitivity.

1.1.6.2.2 Wave velocity

Sound waves travel in different media with different velocities. In the same media the
velocities of longitudinal and shear waves are also different, these differences arise from
the fact that different materials have different elastic properties and consequently their
abilities to support the stresses and strains differ. Velocity in a specific medium is given
by

v = (q/P)"2

where

q is the constant of proportionality between stress and strain in Hooke's Law
and p is the density of the material.

Velocities of longitudinal and shear waves in some common materials are summarized in
TABLE I.I

TABLE I.I VELOCITIES OF SOUND IN SOME COMMON MATERIALS(cm 'xlO5)

Aluminium
Brass
Copper
Gold
Iron
Lead
Steel
Perspcx
Water
Oil ( transformer )
Air

Longitudinal

6.32
4.28
4.66
3.24
5.90
2.16
5.89
2.70
1.43
1.39
0.33

Transverse

3.13
2.03
2.26
1.20
3.23
0.70
3.24
1.40

-
-
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Since shear waves can only be generated and sustained in materials having some value of
modulus of rigidity the velocity for shear waves is given by

vT = ( G/p ) l / 2

This explains why (he velocity is lesser in water than in steel because although the density
for steel is higher than that for water , the elasticity of steel is much higher than that of
water and this outclasses the density factor.

vT = 0.5 V[. and
v, = 0.9 vT

The velocity of propagation of Lamb waves , as mentioned earlier, depends not only on the
material density but also on the type of wave itself and on the frequency of the wave.

1.1.6.2.3. Acoustic pressure

The material carrying the sound wave is subjected to a pressure or stress called acoustic
pressure given by

P = P„ sin w ( I - x/v )

where

P is the acoustic pressure amplitude.

The acoustic pressure is positive for a compression and negative for an expansion.

1.1.6.2.4. Characteristic acoustic impedance

Characteristic acoustic impedance Z of a material , may be imagined as the resistance
offered by the material to the passage of sound through it. It depends on the physical
properties of the material and is given by

Z = p v

1.1.6.2.5. Acoustic intensity

Acoustic Intensity I is defined as the rate of flow of sound energy through unit area of an
imaginary plane surface drawn about the point in question and oriented at right angles to
the direction of wave motion. Intensity is given by

1 = Po
2/2 pv

Intensity I may be expressed in relation to a reference intensity l0 by a logarithm scale
called the decibel scale. This intensity level = 10 log10 I/I,, dB

1.1.6.2.6. Reflection and transmission of sound waves

Sound energy may be reflected , refracted, scattered, absorbed or transmitted while
interacting with a material. Reflection takes place in the same way as for light i.e. angle of
incidence equals angle of reflection. At any interface between two media of differing
acoustic impedance a mismatch occurs causing the major percentage of the wave to be
reflected back, the remainder being transmitted. There are two main cases.

1.1.6.2.6.1 Reflection and transmission at normal incidence

The percentage of incident energy reflected from the interface between two materials
depend:, on the ratio of acoustic impedances of the two materials and the angle of
incidence. When the angle of incidence is 0° (normal incidence), the reflection coefficient
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(R), which is the ratio of the reflected beam intensity lr to the incident beam intensity I;,
is given by

R = IrA = {( Z2 - Z, )/( Z2 + Z, )P

where

Z, is the acoustic impedance of medium 1, and
Z2 is the acoustic impedance of medium 2.

The remainder of the energy is transmitted across the interface into the second material.

1.1.6.2.6.2 Reflection and transmission at oblique incidence

When an ultrasonic wave is incident on the boundary of two materials at an angle other
than normal, then the phenomenon of mode conversion ( a change in the nature of the
wave motion i.e. longitudinal to transverse and vice versa ) and refraction ( a change in
direction of wave propagation ) must be considered. All possible ultrasonic waves leaving
the point of impingement are shown for an incident longitudinal ultrasonic wave in Figure
1.14. Mode conversion can also take place on the reflection side of the interface if material
1 is solid.

-Normal to the
interface

MEDIUM

Interface

MEDIUM,

V|(l) and V|(2) = velocities of longitudinal waves in material 1 and 2
respectively.

vT(1) and vT(2) = velocities of transverse waves in material 1 and 2 respectively,
a, and aT = angles of reflection of longitudinal wave and transverse wave

respectively in material 1.
a, = angle of incidence of longitudinal wave.

B, and BT = angles of refraction of longitudinal wave and transverse wave
respectively in material 2.

Figure 1.14 Phenomena of reflection,refraction and mode conversion for an
incident wave.

l.l.ft.2.7. Snell's Law

The general law that describes wave behaviour at an interface is known as Snell's Law.
According to Snell's Law the ratio of the sine of the angle of incidence to the sine of the
angle of reflection or refraction equals the ratio of the corresponding velocities.
Mathematically Snell's Law can be expressed as

sin o / sin B = v,/v2

where
a is the angle of incidence,
B is the angle of reflection or refraction, and
v, and v2 arc the respective velocities of the incident and reflected or refracted waves.
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1.1.6.2.8 First and Second Critical Angles

If the angle of incidence a, is small (Figure 1.15), ultrasonic waves travelling in a medium
undergo the phenomena of mode conversion and refraction on encountering a boundary
with another medium. This results in the simultaneous propagation of longitudinal and
transverse waves at different angles of refraction in the second medium As the angle of
incidence is increased , the angle of refraction also increases. When the refraction angle
of a longitudinal wave reaches 90° the wave emerges from the second medium and travels
parallel to the boundary (Figure 1.15a). The angle of incidence at which the refracted
longitudinal wave emerges is called the first critical angle. If the angle of incidence a, is
further increased the angle of refraction for the transverse wave also approaches 90°. The
value of a, (Figure 1.15b ) for which the angle of refraction of the transverse wave is
exactly 90° is called the second critical angle. At the second critical angle the refracted
transverse wave emerges from the medium and travels parallel to the boundary. The
transverse wave has become a surface or Raleigh wave.

a) First critical angle b) Second critical angle

Figure 1.15 First and Second Critical Angles

1.1.6.3 Equipment for ultrasonic testing

1.1.6.3.1 Flaw detector

A general purpose ultrasonic test unit (Figure 1.16) comprises the following essential
modules.

i) A pulsed oscillator which, when electrically triggered generates a burst of alternating
voltage. The principal frequency of the burst, its duration, the profile of the envelope of
the burst and the burst repetition rate may be cither fixed or adjustable depending on the
flexibility of the unit.

ii) A sending transducer ( probe ) to which the voltage burst is applied and which
mechanically vibrates in more or less faithful compliance with the applied alternating
voltage. When appropriately coupled to an clastic medium, the transducer thus serves to
launch ultrasonic waves into the medium.

iii) A receiving transducer ( probe ) which serves to convert ultrasonic waves that impinge
upon it in to corresponding alternating voltages. In the pitch - catch mode, ihc sending and
receiving transducers arc separate units, in the pulse echo mode , a single transducer
alternately serves both functions.

iv) A receiver that amplifies and ( if desired ) demodulates the received signal.

v) A display oscilloscope with which the user can observe the wave form of signal voltages.

vi) An electronic clock or timer which serves as a source of logic pulses and reference
voltage wave forms. The timer governs the internal operation of Ihc system as a whole.
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The unit also includes a power supply. Additional features which are often included in test
units are electronic compensation for loss of signal amplitude caused by attenuation of the
ultrasonic pulse in the medium under test and electronic gates which monitor the return
signal for pulses of selected amplitude and which occur within a selected time delay range
(corresponding to defects of a certain size at a prescribed depth). Other refinements are
available especially ir the areas of signal processing and automatic interpretation and in
the interfacing of the u->it with mechanical scanning systems.

Receiver

Amplfier

Pulse
Generator

Pulse
Transmitter

Time Base
Sweep Generator

•Probe

. Flaw

, Sample

Figure 1.16 A typical ultrasonic test unit

Socket

Figure 1.17 A typical normal beam single crystal ultrasonic probe

1.1.6.3.2. Transducers

Certain natural and artificially made crystals show the effect of piezoelectricity i.e. they
produce electric charges on being subjected to mechanical stresses and vice versa. Thus on
the application of electric pulses of appropriate frequency these crystals produce ultrasonic
pulses which arc mechanical vibrations. The most commonly used materials arc quartz,
lithium sulphate, barium titanatc and lead mcta-niobate. The properly cut crystal is
contained in a housing , the whole assembly being termed an ultrasonic probe. The two
faces of the crystal arc provided with electrical connections. On the front face of the
crystal ( the face which comes in contact with the test specimen) a perspex piece is
provided to avoid wear and tear of the crystal. At the rear of the crystal there is damping
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material such as a spring or tungsten aralditc. This damping material is necessary to reduce
the vibration of the crystal after transmitting the ultrasonic pulse so thai the crystal can be
more efficient as a receiver of sound energy. Damping is necessary therefore to improve
the resolution of the probe. A typical probe is shown in Figure 1.17.

l.l.ft.3.2.1. Fundamental Resonant Frequency

The fundamental resonant frequency is the vibrating frequency of the crystal and is given
by F, = v/2l where v is the frequency of sound in m/sec in the crystal material and t is the
thickness of the crystal in meters. The frequency Ff is in Hertz.

1.1.6.3.2.2. Near and Far Zones

The ultrasonic beam from a transducer looks like the one shown in Figure 1.18.

T
D

1
Fresnel Zone

or
Near Zone

Figure 1.18 Ultrasonic beam from a transducer showing the near and far fidds(simplified)

r35i

26

Figure 1.19 I.I.W test block

In the near field the ultrasonic hcam within the material under test remains parallel and
has the same diameter as that of the transducer. The extent of the near field, which is also
known as the Fresnel /one, in front of the crystal is given by D2/4A, where D is the crystal
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diameter and A the wavelength in the material under test. In the near field the intensity of
the ultrasonic beam fluctuates through successive maxima and minima due to interference
effects. This part of the beam is generally not used to test materials.
In the far field the intensity of sound falls obeying an inverse square Jaw and the beam
diverges at an angle © given by sin(©/2) = Kv/fD where K is a factor which increases from
the beam axis to the edge of the beam. Most testing is carried out in the far field of the
beam.

1.1.6.4. Ultrasonic Test Blocks

There are a number of test blocks used in the ultrasonic testing of materials. They help in
the calibration of the flaw detector - probe system and also provide a means of comparing
lest results with standardised and known ultrasonic reflectors. Some of the commonly used
test blocks are described.

1.1.6.4.1. I.I.W test block

The I.I.W test block, shown in Figure 1.19, can be used to set test sensitivity,lime base
calibration, determination of shear wave probe index, determination of shear wave probe
angle, checking the amplifier linearity and checking the flaw detector - probe resolving
power. The block is sometimes referred to as the VI block.

1.1.6.4.2. V2 test block

This test block is mainly used with the miniature angle probes to calibrate the CRT screen.
The block is shown in Figure 1.20 along with the CRT screen appearance when the probe
is placed in two different positions on the block.

(a)

1
1
i

i ill mi Illl

1
11

tihlili in i l l

1

|
Jim

(b)

Figure 1.20 V2 test block (a) with the probe index at the zero point and directed to the
25mm radius, (b) with the probe index at the zero point and directed to the 50mm radius.

1.1.6.4.3. Flat bottom hole (FBH) test blocks

These types of test block arc made from a plate of the same material as the material under
lest. The ASTM Area - Amplitude blocks and Distance - Amplitude blocks are examples
of (his type of block. Figure 1.21.
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(a) (b)

Figure 1.21 Flat bottom hole type test block

These blocks provide known reflectors area which can be compared to reflections from
unknown reflectors. It also enables reproducible levels of sensitivity to be set and therefore
to approximate the magnitude of flaws in terms of reflectivity.

1.1.6.4.4._Geji£raJ

In addition to the standard test blocks there are a number of other test blocks available.
In general a test block is made to meet the inspection requirements of the job. Essentially
a lest block should simulate the physical and metallurgical properties of the specimen under
test. The variety of test blocks available can be found by consulting the various national
standards e.g. ASME, ASTM, BS, DIN, JIS etc.

1.1.6.5. Methods of Ultrasonic Testing

1.1.6.5.1. Direct or through transmission method

In this method two ultrasonic probes arc used. One is the transmitter probe and the other
(he receiver probe which is situated on the opposite side of the specimen to the transmitter
probe., Figure 1.22

Transmitter
probt

Receiver probe

Figure 1,22 Position of transmitter probe and receiver probe in the direct
transmission method of ultrasonic testing.
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Figure 1.23 (a) Defect free specimen, (b) Specimen with a small defect, (c) Specimen with
a large defect.

TR

(a)

Transmission
pulse Back vyalt

echo

(b)

(0

Defect
\«Jio

Back wall
echo

Oelecl
echo

No Buck
wuH echo

Figure 1.24 Principle of pul.sc echo method of ultrasonic testing, (a) defect free specimen
(b) specimen with small defect (c) specimen with large defect.
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In this ose the presence of an internal defect is indicated by a reduction in amplitude or,in
the case of gross defects, by complete loss of the transmitted signal. The appearance of the
CRT screen in such cases is illustrated in Figures 1.23 (a), (b) and (c).This method is
normally used to inspect large ingots and castings which can have gross defects. The
method docs not give the defect size and position. In addition a good method of mechanical
coupling is essential to properly align the probes.

1.1.6.5.2 Pulse-echo or reflection method

This is the method most commonly utilised in the ultrasonic testing of materials. The
transmitter and receiving probes are on the same side of the specimen and the presence of
a defect is indicated by the reception of an echo before that of the boundary or backwall
signal. The CRT screen shows the separation between the time of arrival of the defect echo
compared to that of the natural boundary of the specimen, therefore, location of the defect
can be assessed accurately. Usually one probe acts simultaneously as a transmitter and then
as a receiver and is referred to as a TR probe. The principle of the pulse echo method is
illustrated in Figure 1.24.

The (imc base of the CRT can be calibrated cither in units of time or.if the velocity of
sound in the material is known, in units of distance. If " I " is the distance from the
transducer to the defect and " t " the time taken for waves to travel this distance in both
directions then, I = vt/2 where v is the sound velocity in the material.

1.1.6.5.3 Resonance method

A condition of resonance exists whenever the thickness of a material equals half the
wavelength of sound or any multiple thereof in that material. Control of wavelength in
ultrasonics is achieved by control of frequency. If we have a transmitter with variable
frequency control, it can be tuned to create a condition of resonance for the thickness of
plate under test. This condition of resonance is easily recognised by the increase of
received pulse amplitude. Knowing the resonance or fundamental frequency "f" and
velocity "v" of ultrasound in the specimen the thickness "t" of the specimen under test can
be calculated from the equation :-

^ t =v/2f

Since it is difficult to recognise the fundamental mode of vibration, the fundamental
frequency is usually calculated from the difference of two adjacent harmonics which are
depicted by two adjacent rises in the pulse amplitude. Therefore :-

v

2 (f„ - r„., )

where

r„ = frequency at nth harmonic.
f„., = frequency at (n-1) th harmonic.

The resonance method of ultrasonics was at one time specially suited to the
measurement of thickness of thin specimens such as the cladding tubes for reactor fuel
elements. The method has now be largely superseded by the pulse echo method because of
improved transducer design.

1.1.0,6 Recommended procedures for ultrasonic testing

The choice of method and procedure to conduct an ultrasonic test is influenced by a
number of factors. Also the nature of test problems in industry varies over a wide range.
Therefore it is difficult to define a method which is versatile enough to work in all
situations. However it is possible to outline a general procedure which will facilitate the
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inspection by ultrasonics in most cases. Some of the important steps involved in the
inspection procedure arc discussed in the following sections.

1.1.6.6.1. The test specimen

Specimen characteristics such as (he condition and type of surface , the geometry and the
microstructure arc important. Very rough surfaces may have to be made smooth by
grinding etc. Grease . dirt and loose scale or paint should be removed. The geometry of the
specimen should be known since this has a bearing on the reflection of sound inside the
specimen. Some reflections due to a complex geometry may be confused with those from
genuine defects. The material microstructure or grain structure affects the degree of
penetration of sound through it. For a fixed frequency the penetration is more in fine
grained materials than in coarse grained materials.

1.1.6.6.2. Types of probes and equipment

The quality of ultrasonic trace depends on the probes and equipment which in turn
determine the resolving power, the dead zone and the amount of sound penetration. It is
difficult to construct a probe which will provide good detection and resolving
qualities and al the same time provide deep penetration. For this reason , a variety of
probes exist some of which are designed for special purposes. For the examination of large
surface areas it is best to use probes with large transducers in order to reduce the time
taken for the test. However the wide beam from such a probe will not detect a given size
of flaw as easily as a narrower one. The probability of detecting flaws close to the surface
depends on the type of equipment and probes used. The dead zone can be decreased in si/c
by suitably designing the probe and also shortening the pulse length.

The selection of the test frequency must depend upon previous experience or on
preliminary experimental tests or on code requirements. The finer the grain structure is ,
the greater is the homogeneity of the material and the higher is the frequency which can
he applied. The smaller the defects being looked for the higher the frequency used. Low
frequencies are selected for coarse grained materials such as castings etc.

After the selection of the probe and the equipment has been finalised , its characteristics
JK •. arc checked with the help of test blocks.

^ I.I.6.Ď.3. Nature of defects

Defect characteristics which include the type, size and location, differ in different types of
materials. They arc a function of the manufacturing process and the service conditions of
the material.

The detection and evaluation of large defects is not normally a difficult problem. The
outline of a defect can be obtained approximately by moving the probe over the surface of
the test specimen. The flaw echo increases from zero to a maximum value as the probe is
moved from a region free from defects to a point where it is closest to a defect.
Information as to the character of a defect can be obtained from the shape of the defect
echo. For small defects , the size of the defect is estimated by comparing the flaw
reflectivity with the reflectivity of standard reflectors. If the standard reflector is of the
same shape and size as the unknown flaw, the reflectivity will be the same at the same
beam path length. Unfortunately this is seldom the case since reference reflectors are
generally flat bottomed holes or side drilled holes and have no real equivalence to real
flaws. Theoretically it is possible under favourable conditions to detect flaws having
dimensions of (he order of half a wavelength.

Indications obtained with an ultrasonic flaw detector depend to a great extent on the
orientation of the defect in the material. Using the single probe method the largest echoes
are obtained when the beam strikes the surface of the specimen at right angles. On a
properly calibrated time base the position of the echo from a defect indicates its location
within (he specimen. The determination of the type, size and location of defects which arc
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- not al rigbl angles to the sound beam is complicated and needs deep understanding and
considerable experience.

1.1.6.6.4. Selection of couplant

The couplant provides impedance matching between the probe and the test specimen. The
degree of acoustic coupling depends on the roughness of the surface and the type of
couplant used. In general the smoother the surface the better the conditions for the
penetration of ultrasonic waves into the material under test. Commonly used couplants are
water, oils of varying degrees of viscosity, grease, glycerin and a mixture of 1 part glycerin
to 2 parts water. Special pastes such as Polycell mixed with water are also used.

1.1.6.6.5. Test standards

Standards are used to check the performance of the flaw detector - probe system. There
are mainly two types of these standards. The first type of standard is used to control, such
parameters as amplifier gain, pulse power and time base marking and to ensure that (hey
remain constant for the whole of the test. They arc also used to verify the angle of
incidence and to find the point where the beam emerges in angle probes. Another purpose
of this group of standards is to calibrate the time base of the oscilloscope.

The second group of standards contains those used for special purposes. They are normally
used for tests which are largely dependent on the properties of the examined material and
, if possible , they are made of the same materials and have the same shapes as the
examined objects. These standards allow for the setting of the minimum permissible defect
as well as the location of defects.

1.1.6.6.6. Scanning procedure

Before undertaking an ultrasonic examination , the scanning procedure should be laid
down. For longitudinal probes this is simple but care must be taken with angle or shear
wave probes. For instance in the inspection of welds using an angle probe scanning begins
with the probe at cither the half skip or full skip positions and continues with the probe
being moved in a zigzag manner between the half skip and full skip positions. There are in

B \ general four scanning movements in manual scanning, rotational, orbital, lateral and
\*« traversing. The half skip position is recommended for critical flaw assessment and size

x estimation whenever possible. In tbe gap scanning method, an irrigated probe is held
slightly away from the material surface by housing it in a recess made in a contact scanning
bead. Probe wear can be avoided by interposing a free running endless belt of plastic
ribbon between the probe and the test surface. Acoustical coupling is obtained by enclosing
the probe in an oil filled rotating cylinder in which case only the surface requires irrigation.

Immersion scanning which is most commonly used in automatic inspection is done by
holding (he probe under water in a mechanical or electronic manipulator, the movement
of which controls the movement of the probe.

1.1.6.6.7. Defect sizing

The commonly used methods for flaw sizing in ultrasonic testing are :

i. 6 dB drop method.
ii. 20 dB drop method.
iii. Maximum amplitude method.
iv. DOS diagram method.

1.1.6.6.7.1. 6 dB Drop Method

The basic assumption in Ibis method is that the ucho height displayed when the probe is
positioned for maximum response from the flaw will fall by one half (i.e. by 6 dB and
hence the name) when the axis of the beam is brought in to line with the edge of the flaw
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Figure 1.25 Defect sizing using the 6 dB drop method

as illustrated in Figure 1.25. The method only works if the ultrasonic response from the
flaw is essentially uniform over the whole reflecting surface.

The procedure to determine the dimension of a flaw parallel to the probe movement ie. the
flaw length is as follows :

i. Position the probe to get maximum echo from the flaw,
ii. Adjust the height of the echo to some convenient

scale on the CRT screen by using the gain control of the flaw detector,
iii. Move the probe across the flaw in one direction until the echo height falls to one half

of the height adjusted in (ii).
iv. Mark the centre of the probe on the surface of the test specimen for this probe

position,
v. Now move the probe in the opposite direction through the maximised echo position to

the position when the echo height again falls to one half of the height adjusted in (ii).
vi. Mark the probe centre at this position as well,
vii. The distance between the two marks gives the dimension of the defect parallel to the

probe movemect.If the reflectivity of the flaw varies considerably the probe is moved
until the last significant echo peak is observed just before the echo drops off rapidly.
This peak is brought to full screen height and then the probe is moved as in iii. A
similar procedure is followed for the other end of the flaw.

The 6 dB drop method is suitable for the sizing of flaws which have sizes of the same
order or greater than that of the ultrasonic beam width but will give inaccurate results with
flaws of smaller sizes than the ultrasonic beam. It is therefore generally used to determine
flaw length but not flaw height.

1.1.6.6.7.2. 20 dB Drop Method

This method utilises for the determination of flaw size, the edge of the ultrasonic beam
where the intensity falls to 10% (i.e. 20 dB) of the intensity at the central axis of the beam.

The procedure to determine the size of the flaw with the 20 dB drop method is as follows :

i. Position the probe to get a maximum echo amplitude from the flaw.
ii. Adjust the echo amplitude to some convenient scale on the CRT screen using the gain

control of the flaw detector,
iii. Move the probe first across the flaw in one direction until the echo amplitude falls to

l/10th of its original height (i.e.by 20 dB).
iv. Mark the position of the probe index on the surface of the test specimen at this

position.
v. Now move the probe in the opposite direction through the maximised echo position

until the echo amplitude again falls to 1/lOth of its original height.
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vi. Mark the position of the probe index on the surface at this position,
vii. Measure the distance between the two markings.
viii.Determine the beam width W at the depth, d , of the flaw from the beam profile

diagram or from the equation.

W = D + 2 ( d - X„ ) tan 4>

where

W = beam width,
d = defect depth,
Xo = near field length,
D = probe diameter,
<|> = angle of beam spread.

ix. (vii) minus (viii), as illustrated in Figure 1.26 will thus give the dimension of the flaw
parallel to the movement of the ultrasonic beam.

Figure 1.26 20 dB method of defect sizing

As for the 6dB drop method if the echo amplitude varies as the probe is traversed across
the flaw the 20dB drop should be carried out from the last significant echo peak.Thc 20 dB
drop method gives more accurate results than the 6 dB drop method because of the
greater control one has on the manipulation of the ultrasonic beam. However size
estimation using cither the 6 dB or 20 dB drop methods have inherent difficulties which
must be considered. The main problem is that the amplitude may drop for reasons other
than the beam scanning past the end of the defect :

1. The defect may taper in section giving a reduction in cross sectional area within the
beam. If this is enough to drop the signal 20 dB or 6 dB the defect may be reported as
finished while it in fact continues for an additional distance.

2. The orientation of the defect may change so that the probe angle is no longer giving
maximum response - another probe may have to be used.

3. The defect may change its direction.

4. The probe may be twisted inadvertently.

5. The surface roughness may change.

1.1.6.6.7.3. Maximum amplitude technique

This method takes in to account that fact that most defects which occur do not present a
single, polished reflecting surface, but in fact take a rather ragged path through the
material with some facets of (he defect surface suitably oriented to the beam and some
unfavorably oriented. Figure 1.27 illustrates this, showing a crack propagating in a weld.
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Figure 1.27 Illustration of ragged weld crack

Each of the reflecting facets will be at a slightly different range, and although they may be
too close together to resolve as separate echoes, the echo envelope can nevertheless be
regarded as a scries of overlapping separate echoes. In fact the envelope may look like
Figure 1.28 a, b, or c depending on the degree of range variation from the different
facets and on the resolution of the equipment. As the beam is scanned across the surface
of the defect, the bean, centre will sweep each facet in turn. As it does, the echo from that
facel will reach a maximum and then begin to fall, even though the main envelope may at
any instant, be rising or falling in echo amplitude. The stand-of and range of the
maximum echo of each facet is noted and plotted on the flaw location slide. This results
in a series of points which trace out the extent of the defect. The gain is increased to
follow the series of maximum echoes until the beam sweeps the last facet.

( a )
Facets poorly resolved

( b )
Better resolution

Figure 1.28 Response from weld crack

( c )
Clearly resolved

l.l.d.6.7.4. DOS Diagram Method

This method makes use of the so called DGS diagram, developed by Krautkramer in 1958
by comparing the echoes from small reflectors, namely different diameter flat bottomed
holes located at various distances from the probe, with the echo of a large reflector, a back
wall reflector, also at different distances from the probe. The difference in the amplitude
of echoes of the flat bottomed holes and the back wall reflector is determined in decibels
i.e. dB. The universal DGS diagram for normal beam probes, which can be used for any
normal beam probe irrespective of the size and frequency of the probe, is shown in Figure

This diagram relates the distance D from the probe (i.e along the beam) in near field units
,thus compensating for probes of different size and frequency ,to the gain G in dB for a flat
bottomed hole ( f ,b.h.) compared to a particular back wall reflector and the size S of the
flat bottom hole i s a proportion of the probe crystal diameter.

Since in the case of angle beam probes some of the near field length is contained within
the perspex path length and this varies for different designs and sizes of probe, individual
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Figure 1.29 Universal DGS diagram.

DGS diagrams are drawn for each design size and frequency of angle beam probe. For
this reason the scale used in the angle beam probe DGS diagrams is simplified: the D-scale
is calibrated in beam path lengths.the G-scale in decibels as before and (he S-scale
representing flat bottom hole or disc shaped reflector diameters in mm. Figure 1.30 shows
a typical DGS diagram for a particular angle beam probe.

1.1.6.6.8 Test Report

In order that the results of the ultrasonic examination may be fully assessed it is necessary
for the tester's findings to be systematically recorded. The report should contain details of
the work under inspection, the code used, the equipment used and the calibration and
scanning procedures. Also the probe angles, probe positions, flaw ranges and amplitude
should be recorded in case the inspection needs to be repeated. The principle is that all the
information necessary to duplicate the inspection has to be recorded.

1.1.6.7. Some applications of ultrasonics in the testing of materials

Because of the many applications which exist, the applications arc only listed to show tď
wide applicability of the method.

1.1.6.7.1. Thickness measurements

Thickness measurements using ultrasonics can be applied using either the pulse or
resonance techniques. Some typical applications are:

i) Wall thickness measurements in the shells of pressure vessels and other containers.
ii) Wall thickness measurement in pressure vessels, pipelines, gas holders, storage tanks

for chemicals and other structures where it is necessary to have an accurate estimate
of the effect of wear and corrosion without having to dismantle the plant.

iii) Measurement of the thickness of ship hulls for corrosion control.
iv) Control of machining operations, such as final grinding of hollow propellers and

chemical machining.

43



v
(dB)

(mm)

0

K>

20-

30

40-

SO

50

5

i~t. * • u u t> ]) i i TI is; ni »»

J

J -r

_U =

1 ,

J
|
1
(
1

[ |

m.— —
1

1

• • a

-4— h i

i

T-
I

R;

• > ,

••>
i

sJ

1 '

O

^ \
s

>

í'i
f
1 1

s

/

\1

s

<

V \
\

\

\

*\

\ f\\l N

\
T X •>•

\ 1

<?

1 <?

s
•v

X

x

k

v

»

\
N

v [V

í\s 1ST"!
X

* N l > \
- X N ! N
\ l\

\ sv X
X f\X \

'y
sN

s,
xJ
]Sv 1 >

\
x

\

_5

s

>

s
s's

s
\N

5

N

s

s

s
s.

s
x
k

x

\
s
s
S

s

\

x

t i io n 30 >o n e ni n> m a n a

10

20

30

•40

50

60

Im

Figure 1.30. DGS diagram for an angle beam probe

v) Ultrasonic thickness gauging of materials during manufacture
vi) Measurement of wall thickness of hollow aluminium extrusions.
vii) Measurement of the thickness of lead sheath extruded over a core of wire and

insulating material.
viii) Inspection of heat exchanger tubing in nuclear reactors,
ix) Measurement of the wall thickness of small bore tubing including the canning tubes

for reactor fuel elements.

1.1.6.7.2. Flaw detection

Typical flaws encountered in industrial materials arc cracks, porosity, laminations,
inclusions, lack of root penetration, lack of fusion cavities, laps,seams corrosion etc. Some
examples of the detection of these defects area as follows:

i) Examination of welded joints in pressure vessels, containers for industrial
liquids and gases, steel bridges, sleel or aluminium columns, frames and roofs.
ii) Inspection of plates for the welded shells of nuclear reactors.
iii) Inspection of steel, aluminium and other castings.
iv) Inspection of rolled billets, bars and sections.
v) Inspection of small bore tubes including the canning tubes for nuclear fuel
elements.
vi) Ultrasonic testing of alloy steel forgings for large turbine rotors.
vii) Testing of turbine rotors and blades for aircraft engines.
viii) Early stage inspection in the production of steel and aluminium blocks and
slabs, plates, bar sections, tubes , sheet and wire.
ix) Detection of unbonded surfaces in ceramics, refractories, rubber, plastics and
laminates.
x) Detection of honeycomb bond in tbc aircraft industry
xi) Inspection of jet engine rotors.
xii) Detection of caustic cmbriltlemcnt failure in riveted boiler drums in the
power generation industry.
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xiii) Detection of cracks in the fish plate holes in railway lines and in locomotive and
bogey axles.
xiv) Detection of hydrogen cracks in roller bearings resulting from improper heat
treatment.
xv) In service auton* ttic monitoring of fatigue crack growth.
xvi) Detection of stress corrosion cracking.
xvii) Detection of fatigue cracks in parts working under fluctuating stress.
xviii)Inspection of fine quality wire.
xix) Testing of wooden components such as utility poles
xx) Application of ultrasonics to monitor material characteristics in the space
environment.
xxi) Determination of lack of bonding in clad fuel elements.
xxii) Detection of flaws in grinding wheels.
xxiii) Varieties of glass which are not sufficiently transparent to allow optical
inspection can be tested ultrasonically.
xxiv) Ouality control in the manufacture of rubber tyres by locating voids etc.
xxv) Detection of small hydrogen flakes in gas earburised roller bearing
forgings.
xxvi) Inspection of engine crankshafts.

1.1 .ft.7.3. Miscellaneous applications

As well as the applications already mentioned there are numerous others. Notable among
these are those based on the measurement of acoustic velocity and the attenuation of
acoustic energy in materials. Some of these applications are as follows:

i) Assessment of the density and tensile strength of ceramic products such as high
tension porcelain insulators.
ii) Determination of the difference between various types of alloys.
iii) Detection of grain growth due to excessive heating.
iv) Estimation of the values of the elastic moduli of metals over a wide range of
temperature and stress.
v) Tensile strength of high grade cast iron can be estimated by measuring its
coefficient of acoustical damping.
vi) Crushing strength of concrete can be measured from the transit time of an
ultrasonic pulse.
vii) Quarrying can be made more efficient by the measurement of pulse velocity or
attenuation in rock strata.
viii)To find the nature of formations in geophysical surveys without having to
undertake boring operations.
ix) Detection of bore hole eccentricity in the exploration for mineral ores and oil.
x) Study of press fits.
xi) Metallurgical structure analysis and control of case depth and hardness,
precipitation of alloy constituents and grain refinement.
xii) Determination of intensity and direction of residual stresses in structural metal

components.
xiii)Detection of honeycomb debonds and the regions in which the adhesive fails to
develop its nominal strength in the aerospace industry.
xiv) Measurement of liquid level of industrial liquids in containers.

1. 1.6.8 Comparison of ultrasonic testing with radiographic and other NDT methods

Advantages

The principal advantages of ultrasonic inspection as compared to other methods for
nondestructive inspection of metal parts are:

i) Superior penetrating power, which allows the detection of flaws deep in the part.
Ultrasonic inspection is done routinely to depths of about 20ft in the axial inspection of
parts such as long steel shafts and rotor forgings.
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ii) High sensitivity, permitting the detection of extremely small flaws.

iii) (ircater accuracy than other nondestructive methods in determining the position of
internal flaws, estimating their size and characterising their orientation, shape nature.

iv) Only one surface needs to be accessible.

v) Operation is electronic, which provides almost instantaneous indications of flaws. This
makes the method suitable for immediate interpretation, automation, rapid scanning, on-
line production monitoring and process control. With most systems, a permanent record
of inspection results can be made for future reference.

vi) Volumetric scanning ability, enabling inspection of a volume of metal extending from
the front surface to the back surface of a part.

vii)Is not hazardous to operators or to nearby personnel, and has no effect on
equipment and materials in the vicinity.

viii) Portability.

Disadvantages

i) Manual operation requires careful attention by experienced technicians.

ii) Extensive technical knowledge is required for the development of inspection
procedures.

iii) Parts that are rough, irregular in shape, very small or thin, or not homogeneous are
difficult to inspect.

iv) Discontinuities that are present in a shallow layer immediately beneath the surface may
not be detectable.

v) Couplants are needed to provide effective transfer of ultrasonic wave energy between
transducers and parts being inspected.

vi) Reference standards are needed, both for calibrating the equipment and for
characterising flaws.

Government agencies and standards making organisations have issued inspection
procedures, acceptance standards and related documentation. These documents are mainly
concerned with the detection of flaws in specific manufactured products, but they also can
serve as the basis for characterising flaws in many other applications. For successful
application of ultrasonic inspection, the inspection system must be suitable for the type of
inspection being done, and the operator must be sufficiently trained and experienced. If
cither of these prerequisites is not met, there is a high potential for gross error in
inspection results. For instance, with inappropriate equipment or with a poorly trained
operator, discontinuities having little or no bearing on product performance may be deemed
serious, or damaging discontinuities may go undetected or be deemed unimportant. The
fact that a part contains one or more flaws does not necessarily imply that the part is non-
conforming to specification or unfit for use. It is important that standards be established
so that decisions to accept or reject parts are based on the probable effect that a given flaw
will have on service life or product safety. Once sucb standards are established, ultrasonic
inspection can be used to characterise flaws in terms of a real effect rather than to
characterise them on some arbitrary basis that may impose useless or redundant quality
requirements.
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1.2. MATERIALS AND DEFECTS

1.2.1. Structure of Metals and Alloys

The properties of metals can be explained in terms of the manner in which the atoms of
a metal are bonded together. In this bond, called the 'metallic bond", each atom of the
metal is closely surrounded by many similar atoms, each with only a few electrons in its
outer electron shell. In this situation the electron clouds overlap and the loosely held outer
electrons are so completely shared as to be no longer associated with individual atoms.
Leaving the metal atoms in place as ions, they form an electron gas, a pervasive glue that
moves freely among the ions and binds them together, Figure 1.31. Because the electrons
are free to move in an electric field, metals conduct electricity. Because free electrons
absorb and then radiate back most of the light energy that falls on them, tuetals are opaque
and lustrous. Because free electrons can transfer thermal energy, metals conduct heat
effectively.

The metallic bond is nonspecific, which explains why different metals can be alloyed or
joined one to another. It is also nondirectional, pulling equally hard in all directions. It
therefore binds the metal atoms tightly, so that their cores (nuclei and inner-shell
electrons) fit closely among one another. The close packing favoured by the metallic bond
is best realised in certain regular crystalline structures. These structures,
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Figure: 1.31 Schematic illustration of a metallic bond

although resistant to tension, offer less resistance to shearing forces, and thus they explain
the ductility of metals. They are by definition dense, and thus they explain the comparative
heaviness of metals. The mechanical properties of metals, then, derive from their
crystalline structure. That is the atoms in the solid state of a metal are arranged in definite
three dimensional geometric patterns to form 'crystals' or 'grains' of the metal. The
network formed by joining the centres of the atoms in a crystal is called the 'space lattice'
or 'crystal lattice' of lbe metal. The smallest volume in a space lattice which properly
represents the position of the atoms with respect to each other is known as the 'unit cell'.
There arc fourteen types of unit cells but the structures of most of the common and
commercially important metals in the solid state are constructed from the following three
types of unit cells:

U) Body-cenircd enhir

The body-centred cubic cell is made up of nine atoms. Eight are located on the corners of
the cube with the ninth positioned centrally between them (Figure 1.32a). The body-centred
cubic ú a strong structure, and in general, the metals that are hard and strong arc in this
form m normal temperatures. These metals include for example chromium, molybdenum,
tantalum, tungsten, sodium and vanadium. Steel under 723°C also has this structure.
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b) Face-centred cubic

Face-centred cubic cells consist of fourteen atoms with eight at the corners and the other
six centred in the cube faces (Figure 1.32b). This structure is characteristic of ductile
metals, which include aluminium, copper, gold, lead, nickel, platinum and silver. Iron,
which is body-centred cubic at room temperature, is also of the face-centred structure in
the temperature range from about 910° C to 1,400° C.

c) Hexagonal Close-packed

Seventeen atoms combine to make the hexagonal close-packed unit cell. Seven atoms are
located in each hexagonal face with one at each corner and the seventh in the centre. The
three remaining atoms take up a triangular position in the centre of the cell equidistant
from the two faces (Figure 1.32c). The metals with this structure are quite susceptible to
work-hardening. Some of the more commonly used metals that crystallise with this
structure are cadmium, cobalt, magnesium, titanium, and zinc.

Tin is an exception to the other commonly used metals in that the atomic configuration is
body-centred tetragonal, which is similar to the body-centred cubic but bas wider atomic
spacing and an elongated axis between two of the opposite fac»,s (Figure 1 32b).

Figure 1.32 : Crystal types.

1.2.1.1. Grains (crystals) and grain boundary

When a metal is cooled from the liquid state to the solid state, because cooling cannot be
exactly the same for every atom, certain atoms will be attracted to each other to form a
unit cell ahead of others. This unit cell becomes the nucleus for crystal formation. As the
cooling continues other atoms will take up their positions alongside this nucleus and the
crystal, or as it is usually referred to for metals, the grain, wiil grow in size. This orderly
growth of the grain continues in all directions until it runs into interference from the r
grains that are forming simultaneously about other nuclei. Figure 1.33 illustrates the
process of the formation of grains and grain boundaries.

Although with some metals with special treatment it is possible to grow single crystals
several inches in diameter, in most metals at the usual cooling rates, great ni-mbers of
crystals are nucleated and grow at one time with different orientations.
If (wo grains that have (he same orientation meet, they will join to form a larger grain, but
if they are forming about different axes, the last atoms to solidify between the growing
grains will be attracted to each and must assume compromise positions in an attempt to
satisfy a double desire to join with each. These misplaced atoms are in layers about the
grains and are known as grain boundaries. They arc interruptions in the orderly
arrangement of the space lattices and offer resistance to deformation of the metal. A fine-
grained metal with large numbers of interruptions, therefore, will be harder anc* stronger
than a coarse-grained metal of the same composition and condition.
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Figure 1.33 : Growth of crystals and grains during solidification.

1,2,1.2. stature of alloys

Most commercially used metallic materials are not pure metals but alloys which consist of
more than one element. Some of them may be non-metallic elements. Fundamentally,
three modes of arrangement of atoms or phases exist in alloys. These three modes (phases)
are; pure metal, solid solution and intermetallic compound. For simplicity of illustration,
an alloy with two elements A and B, shall be considered in the following discussion.

a) Pure Metal

There exist no B-atoms in A-crystal grains and no A-atoms in B-grains i.e. mixture of pure
A-and B-crystal grains. A and B metals are mutually insoluble. This complete lack of
intersolubility is theoretically almost impossible. The solubility of one component in an
other may be exceedingly small but hardly zero.

b) Solid Solution

There exist B-atoms (solute) in A-crystal grains (solvent). Solid solutions are of two types:
substitutional solid solutions and interstitial solid solutions.

i. Substitutional i. id solution

There exist B-atoms at the lattice points of A-crystals. For example, the lattice of nickel
(A-crystal) can accommodate copper atoms (B-atoms) without loosing its f .c.c. structure
(Structure of A-crystal).
In the Cu-Ni system the two elements can be substituted in all proportions and are said to
be completely intcrsoluble. But commonly substitution of B-for A-atoms in limited, i.e.,
A and B arc incompletely intcrsoluble.

ii. Interstitial solid solution

In the interstitial solid solution B-atoms arc accommodated in the interstices of the lattice
of A-crystal. Light atoms with small radii such as H, N, C and B lend to take up interstitial
position in alloys. The solubility of solute atoms in solvent crystals in this type of solid
solution is limited. Addition of B-atoms in solid solution may cause lattice expansion or
contraction and metals arc hardened (i.e. strengthened) by lattice distortion. The degree
of hardening depends on the size and amount of B-aloms and the crystal structure of the
A-and B-mclaU.
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c) Intcrmetallic Compound

Elements A and B form an imcrmctallic compound A B. In contrast to a solid solution,
the ratio of the number of A-atoms to B-atoms is fixed (m : n), and the crystal structure
is quite different from both A-and B-mctal crystals and usually very complicated. Almost
all the intcrmetallic compounds arc very hard and brittle due to their complicated crystal
structure.

1.2.1. Allotropic Transformation

Many metals exist in more than one crystal structure. The transformation when a metal
changes from one crystal arrangement to another is called an "allotropic transformation"
or 'phase transformation'. In the iron-carbon alloy system such a transformation takes
place between about 1300°Fto 1600°F. The exact temperature is determined by the amount
of carbon and other alloying elements in the metal. Iron transforms from a face-centred
cubic (FCC) structure-called the gamma phase, or austcnitc, at high temperatures to a
body-rcntred cubic (BCC) structure-alpha phase, or fcrrilc, at a lower temperature. In a
bar of pure iron, (his transformation is marked by a distinct increase in length as the metal
cools below tbc critical temperature, because the body centred lattice is less compact than
the face centred lattice.The high-temperature austenitc, or FCC structure, allows enough
space for carbon to squeeze in between the iron atoms. Iron atoms maintain their place
on (he lattice and carbon atoms become "interstitials" . In the low-temperature ferritc, or
BCC structure, however, there is no room for carbon atoms. What happens to these carbon
atoms, determines many of the properties of iron and steel.

Finally, at about 1,350° F, the lower end of the transformation temperature range for 1020
steel, the last remaining austenitc tries to transform in spite of the rich carbon
concentrations. At this point, two things occur: The carbon bonds with available iron
atoms to form Fe,C, an intermetallic compound called cementite or iron carbide, and
precipitates out as a discrete structure; and then the remaining austcnitc transforms to
fcrrilc. The structure that results from this final transformation is a laminate consisting
of alternating layers of fcrritc and iron carbide. Of course, the portions of metal that
transformed previously remain as large islands of pure ferrite. The laminated structure
formed at tbc last moment is called pearlitc. The combined structure of ferritc and pcarlitc
is soft, ductile, and generally represents steel in its lowest strength condition. In contrast,
when ferrous alloys arc cooled rapidly, e.g. by quenching, expelled carbon atoms do not
have time to move away from the iron as it transforms to ferrite. The steel becomes so
rigid that, before the ca' bon atoms have a chance to move, they become trapped in the
lattice as the iron atoms try to transform to the body-centred cubic structure. The result
is a body-centred tetragonal structure in which the carbon atom is an interstitial member.

Steel that has undergone this type of transformation is called martensitc. Naturally,
martensite is in a state of uncquilibrium, but owes much of its high strength and hardness
(but lower ductility) to its distorted, stressed lattice structure. Figure 1.34 shows a typical
phase diagram for steel.

1.2.2. Physical and Mechanical Properties of Metallic Materials

Mechanical properties arc defined as the properties of a material that reveal its clastic and
inelastic (Plastic) behaviour when force is applied, thereby indicating its suitability for
mechanical applications; for example, modulus of elasticity, tensile strength, elongation,
hardness, and fatigue limit. Other mechanical properties, not mentioned specifically above,
are yield strength, yie ' point, impact strength, and reduction of area, to mention a few of
Ihc more common terms. In general, any property relating to the strength characteristics
of metals is considered to be a mechanical property. Physical properties relate to the
physics of a metal, such as density, electrical properties, thermal properties, magnetic
properties and the like.

A brief mention has been made of some of the properties of metallic materials in the
previous section. These and other properties will be described here in slightly more detail.
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Figure 1,35: Stress-strain curve showing clastic and plastic portions of a typical curve.
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1.2.2.1. Elasticity

When stress or force is applied to a metal, it changes shape. For example a metal under
a compressive stress will shorten and metal in tension will lengthen. This change in shape
is called strain. The ability of metal to strain under load and then return to its original size
and shape when unloaded is called elasticity. The elastic limit (proportional limit) is the
greatest load a material can withstand and still spring back into its original shape when the
load is removed. Within the elastic range stress is proportional to strain and this is known
as Hooke's law. The relationship between applied stress or load and the consequent strain
or change in length is shown in Figure 1.35. The end of the straight line portion is known
as the elastic limit. A point on the curve slightly higher than the elastic limit is known as
the yield point or yield strength. The allowable or safe load for a metal in service should
be well below the clastic limit. If higher loads are applied, however, the range of elasticity
or elastic deformation is exceeded and the metal is now permanently deformed. Now it will
not return to its original dimensions even when the load is removed. For this reason, the
area of the stress-strain curve beyond the clastic limit is called the plastic range. It is this
property that makes metals so useful. When enough force is applied by rolling, pressing
or hammer blows, metals can be formed when hot or cold into useful shapes. If the
application of load is increased in the plastic region a stage conies when the material
fractures.

A very important feature of the stress-strain curve must be pointed out: the straight-line,
or clastic, part of the stresf-strain curve of a given metal has a constant slope. That is. it
cannot be changed by changing the microstructurc or heat treatment. This slope, called the
modulus of elasticity, measures the stiffness of the metal in the elastic range; changing the
hardness or strength docs not change the stiffness of the metal. There is only one
condition that changes the stiffness of any given metal. That is temperature. The stiffness
of any metal varies inversely with its temperature: that is, as temperature increases,
stiffness decreases, and vice versa.

The above comments on the clastic portions of the stress-strain curves apply to nearly all
metals. However, there arc a few metals that do not conform to Hooke's law. The reason
in some cases e.g. gray cast iron, is the presence of graphite flakes embedded in the matrix
of the metal. The flakes act as internal notches or stress concentrations and therefore give
the metals unique and diffcrcrt properties. Typical other examples of such metals are

„N sintered metals and cold drawn steel bars.

^ 1.2.2.2. Strength

The strength of a metal is its ability to resist changing its shape or size when external
* forces arc applied. There are three basic types of stresses: tensile, comprcssivc, and shear.

When we consider strength, the type of stress to which the material will be subjected must
be known. Steel has equal comprcssivc and tensile strength, but cast iron has low tensile
strength and high compressive strength. Shear strength is less than tensile strength in
virtually all metals.

The tensile strength of a material in pounds per square inch(PSI), can be determined by
dividing the maximum load (in pounds) by the original cross-sectional area (in square
inches) before testing. Thus,

Tensile strength (PSI) = Maximum load (lb)

Original cross-sectional area (sq.in.)

To put it another way, the strength of materials is expressed in terms of pounds per square
inch. This is called unit stress. The unit stress equals the load divided by the total area.

Melals arc "pulled" on a machine culled u tensile tester. A specimen of known dimensions
is placed in the machine and loaded until it breaks. Instruments are sometimes used to
make a continuous record of the load and the amount of strain. This information is put on
a graph culled u stress-strain diagram.
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A stress-strain diagram can be made for any melal by preparing a specimen and by pulling
il with a tensile testing machine. The cross-sectional area to be pulled is usually a standard
diameter of which Ihe area can be easily calculated in round numbers. The specimen is
placed in the tensile testing machine and slowly pulled. If a strain gauge and an XY
recorder are used, the diagram is automatically made.
If no recorder is available, the tensile testing machine may be stopped at intervals and the
load, or stress, written down and (he strain or distance between centre punched marks
measured and copied down on the same line. With some equipment, readings may be taken
without stopping the machine. Later, these stress-strain increments can be plotted on a
graph to product Ihe stress-strain diagram for that particular metal.

1.2.2.3. Hardness

The hardness of a melal is its ability to resist being permanently deformed. There are
three ways that hardness is measured; resistance to penetration, clastic hardness, and
resistance to abrasion. Hardness varies considerably from material to material. This
variation can be illustrated by making an indentation in a soft metal such as aluminium and
then in a hard metal such as alloy tool steel. The indentation could be made with an
ordinary centre punch and a hammer, giving a light blow of equal force on each of the two
specimens. In (his case just by visual observation you can tell which specimen is harder.
Of course, this is not a rclial'c method of hardness testing, but it does show one of the
principles of hardness testers; measuring penetration of the specimen by an indenter or
penelrator. such as a steel ball or diamond point. Rockwell and Brincll hardness testers are
the most commonly used types of hardness testers for industrial and metallurgical
purposes. Heat treaters, inspectors, and many others in industry often use these machines.
The Rockwell hardness test is made by applying two loads to a specimen and measuring the
difference in depth of penetration in the specimen between the minor load and the major
load. The minor load is used on the standard Rockwell tester to eliminate errors that could
be caused by specimen surface irregularities. The major load is applied after the minor
load has seated the indenter firmly in the work. The Rockwell hardness reading is based
on the additional depth to which the penetrator is forced by the major load. The depth of
penetration is indicated on the dial when the major load is removed. The amount of
penetration decreases as the hardness of the specimen increases.

CieneraMy the harJcr the material is, the greater its tensile strength will be, that is. its
ability to resist deformation and rupture when a load is applied.

The Brincll hardness test is made by forcing a steel ball, usually 10 millimclcrs(mm) in
diameter, into the test specimen by using a known load weight and measuring the diameter
of the resulting impression. A small microscope is used to measure the diameter of the
impressions. Various loads arc used for testing different materials; 500 kilograms (kg) for
soft materials such as copper and aluminium and 3000 kg for steels and cast irons.

1.2.2.4.

A material that will not deform plastically under load is said to be brittle. Excessive cold-
working causes brittlcness and loss of ductility. Cast iron does not deform plastically under
a breaking load and is therefore brittle.

A very sharp "notch" that concentrates the load in a small area can also reduce plasticity.
Notches are common causes of premature failure in parts. Weld undercut, sharp shoulders
on machined shafts, and sharp angles on forgings and castings are examples of unwanted
notches (stress raisers).

The properly that allows u metal n> deform permanently when loaded in tension is called
ductility. Any metal that can be drawn into a wire is ductile. Steel, aluminium, gold, silver,
iind nickel are examples of ductile metals.The tensile test is used to measure ductility.
Tensile specimens .ire measured for area and length between gauge marks before and after
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they are pulled. The percent of elongation (increase in length) and the percent of
reduction in area (decrease of area at the narrowest point) are measures of ductility. A
high percent elongation (about 70 percent) and reduction in area indicates a high ductility.
A metal showing less than 20 percent elongation would have low ductility.

1.2.2.6. Malleability

The ability of a metal to deform permanently when loaded in compression is called
malleability. Metals that can be hammered or rolled into sheets are malleable. Most
ductile metals arc also malleable, but some very malleable metats such as lead are not very
ductile and cannot be drawn into wire easily. Metals with low ductility, such as lead, can
be extruded or pushed out of a die to form wire and other shapes. Some very malleable
metals are lead, tin, gold, silver, iron and copper.

1.2.2.7. Notch toughness

Notch toughness (impact strength) is the ability of a metal to resist rupture from impact
loading when there is a notch or stress raiser present. A metal may show high ductility or
strength when tensile tested or be hard or soft when hardness tested, but often the
behaviour of metals under shock loads is not seemingly related to those properties. Of
course, as a rule, a brittle metal such as gray cast iron will fail under low shock loads; that
is, its shock resistance is low, and soft wrought iron or mild steel has a high shock
resistance. But soft, coarse-grained metals will have lower shock resistance than fine-
grained metals. A notch or groove in a part will lower the shock resistance of a metal, so
a specific notch shape and dimension is machined on the test specimen in order to give
uniform results.

In general, the tensile strength of a metal changes in proportion to hardness. However, this
relationship does not always hold true at high hardness levels or with brittle materials
because these materials arc more sensitive to stress concentrations, or notches, and may
fracture prematurely when stressed in tension.

The harder and stronger the metal, the more sensitive it is to stress concentrations.
Therefore, high-hardness, high-strength metals must be treated carefully; virtually
everything becomes critical because such metals cannot easily tolerate stress
concentrations. They cannot flow, or deform plastically at the highly stressed regions of
the stress concentrations as readily as more ductile metals of somewhat lower hardness.
However ,high -hardness,high - strength metals are extremely useful when carefully used,
because of their high static and fatigue strength as well as their high wear resistance.

1.2.2.8. Conductivity

Conductivity is a measure of the ability of a material to conduct electric current. It is (he
reciprocal of resistivity. Conductivity is commonly expressed as mhos per meter since the
unit of resistivity is the ohm. The conductivity of metallic elemt.v.s varies inversely with
absolute temperature over the normal range of temperatures but at temperatures
approaching absolute zero the imperfections and impurities in the lattice structure of a
material make the relationship more complicated. Metals and materials exhibit a wide
range of conductivities . Between the most conductive substances ( silver and copper ) and
the most resistive ( polystyrene for example ) the difference amounts to 23 orders of
magnitude.

The conductivity of materials can be explained as being due to the flow of loosely bound
electrons which act as carriers and are free to wander through the solid. These electrons
arc mostly the valency electrons in the outer electronic shells of atoms. The difference
between conductors and non-conductors can be explained in terms of the relative
availability of carrier electrons. In the case of copper, a metal with a single valency
electron, the electron is spread out in a cloud like orbil around the nucleus. In a crystal of
copper in which the atoms arc tightly packed together the electrons spread themselves
throughout the entire lattice. They find this energetically favourable because according to
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Ihc uncertainly principle their dclocalisation lowers their kinetic energy. It is this effect
that causes the atoms in the crystal to stick together. Such dclocaliscd electrons are ready
candidates for acceleration in an electric field. In contrast to copper the atoms of the
semiconductor germanium are cemented together more favourably by forming covalent
bonds. In the resulting diamond like structure the electrons are not free to wander through
the crystal or act as electrical carriers. Accordingly at absolute zero germanium would be
an insulator.. If however sufficient energy ( in the form of heat or light ) is supplied to
break some of the chemical bonds and so release electrons germanium becomes a
conductor.

1.3. BASIC METALLURGICAL PROCESSES AND DEFECTS

Although it is not generally considered to be a part of nondestructive testing, a reasonable
working knowledge of methods of fabrication is necessary for the NDT person to
appreciate the types and likely locations of faults when a particular form of fabrication is
used. It is, perhaps, as important for the designer to understand the possibilities and
limitations of NDT and for both parlies to be involved in the early design stages of a
project to ensure that the final result can be inspected satisfactorily.

1.3.1. Welding Processes

Welding can be defined as the metallurgical method of joining, applied to the general
problem of construction and fabrication. It consists of joining two pieces of metal by
establishing a metallurgical atom-to-atom bond, as distinguished from a joint held together
by friction or mechanical interlocking. This metallurgical atom-to-atom bond is achieved
by the application of heat and sometimes pressure.

Welding processes may be classified according to the source of energy employed for heating
the metals and the state of metal at the place being welded. A rational classification
of the numerous welding processes can be made on several basis. If the process is
classified on the basis of heat source, which is the usual practice, the main headings would
be the 'electric arc' 'electrical resistance' and 'organic fuel'. The metallurgist classifies
welding processes on another basis. In making a joint two parts of the same chemical
composition may be welded together using no added metal to accomplish the joint. This
might be termed as 'autogenous' welding.

A metal which is of the same composition as the parts being joined may be added, in which
event, the process would come under the general heading 'homogenous' welding. Finally,
an alloy quite different form that of which the parts are made may b" used or alternatively
the parts themselves may differ significantly in composition. Then this process is called
'heterogeneous' welding. This approach to classification is most useful in studying the
properties of welded joints but is not so advantageous as the preceding one in studying the
processes themselves. Since it is of interest to study the processes rather than the
properties of the joints the classification based on the heat source employed for welding
will be adhered to. Figure 1.36 outlines the various welding processes. Some of the most
commonly used of these [ occsscs are described here in some detail.

I..VI.]. Oxy-fuel gas welding

Gas welding is a chemical process of welding in which the required heal is produced by the
combustion of a mixture of two gases. The two gases are mixed in proper proportions in
a welding blow pipe or torch which is designed so that the operator has complete control
of the welding flame.

Common mixtures of gases arc oxygen and acetylene, oxygen and hydrogen, and other fuel
gases like, butane, propane etc. and air and acetylene.

The oxygen acetylene mixture is used to a much greater extent than the others and has a
prominent place in the welding industry. It is designated by the term oxy-acctylene
welding.
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HEAT SOURCE

(Non Pressure Process) Chemical
(Fusion Process)

Thermit Welding
Oxy-fuel gas welding
Grazing or braze welding

Electrical
(Fusion Process)

Electric Arc
(Fusion Process)

Permanent Electrode Arc

Inert gas shielded (TIG)
Atonic Hydrogen

Censurable Eli Arc

I Ele

Electrical Resistance
(Pressure Process)

Spot welding
Seam Molding
Projection welding
Upset butt

Coated Electrode Arc
Inert gas shielded (MIG)
Sub-merged melt welding
Stud welding

Figure 1.36 : Dif ferent processes of welding

Oxy-acetylene welding is a form of fusion welding wherein the heal required is
supplied by the oxyacetylene flame. Usually in the fusion process of welding a filler metal
is added in the form of a welding rod to form the welded joint, although joints in some
instances are formed in oxy-acetylene welding merely by fusing together the parts to be
joined without the addition of the welding rod. Flux is employed in the welding of some
metals as a means of floating out impurities or as an aid in obtaining a satisfactory bond.

The oxyacetylene welding process is used in practically all the metal working industries.
It is widely employed in such fabricating industries as sheet metal, tubing, aircraft,
industrial piping and automotive, in laying pipelines, in shipyards, and for maintenance and
repair purposes.

1.3.1.2. Electric arc welding

The electrical source of energy is used for heating the parts to be joined. This heat is
produced by an electric arc between the metal pieces and an electrode of consumable or
nonconsutnable nature. The heat liberated at the arc terminals and in the arc stream is
used to melt the metals to be welded at the point of contact, so that they will flow together
and form a solid integral mass. Thus, different parts may be joined, or material may be
added to the surface of a metal.

The arc welding processes fall naturally into two groups. Those in which the electrode
melts and becomes a part of the weld and those in which the electrode is permanent.
Hundreds of different alloys are suitable for the manufacture of consumable electrodes,
but only tungsten and graphite meet the requirements for non-consumable or permanent
electrodes, and that is why consumable arc processes are by far the more important
industrially.

An example of the permanent electrode arc welding process is inert gas shielded tungsten
arc (TIG) welding. In TIG welding a tungsten electrode is used because of its lower burn
off rate. The arc is struck between the tungsten electrode and the work. The atmosphere
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is cither argon or helium. A filler rod may or may not be required, but usually it is needed
while welding heavier sections. The inert gas, argon or helium, prevents oxidation of ti
molten metal by excluding oxygen from it.

The gas is fed through a nozzle surrounding the electrode in the head of a suitably designed
electrode holder. The flowing inert gas completely envelops the lower end of the electrode
and the work to exclude or physically displace the atmosphere from the molten metal. The
total shielding of the system from air contamination prevents the formation of oxides,
nitrides, and other compounds which tend to reduce the strength of the welded join .

Ami og the consumable electrode processes are 'coated electrode welding' 'inert gas
shiek d metal arc (MIG) welding; 'submerged metal arc welding' and 'stud welding'. Since
molten steel has an affinity for oxygen and nitrogen, when it is exposed to the air, it enters
into chemical combination with the oxygen and nitrogen of the air to form oxides and
nitrides in the steel. These impurities weaken and embrittle the steel and lessen its
resistance to corrosion. To avoid these impurities in the weld the joint is shielded by a
suitable shielding material. This may be a gas, a flux or some shielding material coated on
the electrode. The electrode used in this process se x s as a filler rod and is consumed
by melting into the weld along with the flux which U.. been provided as a coating. The
coating also helps to form and raise the slag to the top of the weld.

The basic principle of MIG welding is the same as that of coated electrode welding except
that shielding in this case is provided by an inert gas, mostly helium or argon. The
electrode is melted like the base metal by the intense heat of the arc produced between the
filler metal (electrode) and base metal (work). Inert gas is supplied from an independent
source, and is guided around the weld join' and the lower end of the electrode.

In the submerged arc welding process the welding area is shielded by a blanket of granular
fusible material on the work. The granular material is usually called the melt or the flux.
The filler metal is the current carrying conductor. It is usually a bare or coated wire. The
flux is spread over the area to be welded, is melted with the melting of the electrode ana
the work piece directly under it. The molten filler metal displaces this fluid flux and forms
the weld. The fused flux floats to the top of the deposited metal and solidifies in the form
of a brittle slag, which contracts upon cooling and is readily removable frî m the weld
surface.

Stud we'ding is an arc welding process which in many respects resembles manual metal arc
welding. The weld is effected by first drawing an electric arc between a stud (electrode)
and the base material (work) to which it is to be welded and then bringing the two pieces
in intimate contact when the proper temperature has been reached. The establishment of
the arc, the determination of the welding time and the final plunging of the stud on to the
work to complete the weld can be controlled automatically. Ordinarily in stud welding no
shield of the weld zone is provided as in the case of inert gas shielded arc welding.
However, the granular flux attached to the end of the welding stud does set up a reducing
or protective atmosphere under nearly all welding conditions. Added protection is obtained
from the porcelain or ceramic ferrule which surrounds th^ stud and the weld area and
restricts the access of air to the weld zone. As a result of the combined shielding action,
stud welding may be classified as a shielded arc-welding process.

1.3.1.3. Electrical rciiitincc welding

Resistance welding is a process wherein two or more parts are welded together >y the
combined use of heat and pressure, and that is why this is classified as a pressure process
of welding. The heat is generated by a relatively short-time flow of low voltage high
density electric current across the intended joint location, and the pressure being supplied
by contacting electrodes. These same electrodes also carry the current to tbc work pieces.
Both electric current and pressure are closely regulated and controlled all the time.

Some of the sub-classifications of electrical resistance welding include 'spot welding', 'scam
welding', and 'butt welding'. Spot welding' is a resistance process of welding in which
coalescence is produced by lbe beat obtained from resistance to the flow of an electric
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current through the workpicccs pressed together by pointed electrodes. The electrodes are
brought to and removed from the workpieces at predetermined times and rates, and a
clamping force is applied through the electrodes by some suitable means. The most widely
used electrode material is pure copper, as it gives optimum results .

However in general, relatively high conductivity electrodes should be used to weld low
conductivity materials and low conductivity electrodes should be used on high conductivity
materials. Moreover it should have enough compressive strength t" withstand the applied
welding pressures. In seam welding, electrodes in the form of rolls are used to transmit
pressure and to send current through the overlapping sheet being moved between them.
Interrupted current control is usually necessary since it provides better control of the heat,
allows each successive increment in the seam to cool under pressure, and minimises
distortion, flashes and burns. Butt welding is used to join lengths of rods and wires. The
ends are pressed together and an electric current passed through the work so that the ends
arc heated to a plastic state due to higher electrical resistance existing at the point of
contact. The pressure is sufficient to form a weld. Some of the sub-classifications of
electrical resistance welding include 'spot welding', 'scam welding', and 'butt welding'.
Spot welding1 is a resistance process of welding in which coalescence is produced by tbc
heat oblaincd from resistance to the flow of an electric current through the workpieces
pressed together by pointed electrodes. The electrodes are brought to and removed from
(he workpieces at predetermined times and rates, and a clamping force is applied through
the electrodes by some suitable means. The most widely used electrode material is pure
copper, as it gives optimum results.

However in genera), relatively high conductivity electrodes should be used to weld low
conductivity materials and low conductivity electrodes should be used on high conductivity
materials. Moreover it should have enough compressive strength to withstand the applied
welding pressures. In scam welding, electrodes in the form of rolls are used to transmit
pressure and to send current through the overlapping sheet being moved between them.
Interrupted current control is usually necessary since it provides better control of the heal,
allows each successive increment in the scam to cool under pressure, and minimises
distortion, flashes and burns. Butt welding is used to join lengths of rods and wires. The
ends arc pressed together and an electric current passed through the work so that the ends
arc heated to a plastic state due to higher electrical resistance existing at the point of
contact. The pressure is sufficient to form a weld.

1.3.2. Weld Defects

During the process of welding, defects of various types may occur. Some defects, such
as those dealing with the quality and hardness of the weld metal, are subjects for the
chemist and research worker, while others may be due to lack of skill and knowledge of
the welder. These of course can be overcome by correct training of the welding
operator. This latter field of defects is of concern here and will be discussed. The most
common defects occurring in welds arc given in the following.

1.3.2.1. Porosity

Molten weld metal has a considerable capacity for dissolving gases which come into contact
with it, such as hydrogen, oxygen and nitrogen. As the metal cools its ability to retain the
gases diminishes. For instance, in steel the oxygen reacts with the carbon to form carbon
monoxide, which is given off as a gas. With the change from the liquid to the solid state,

there is reduced solubility with falling temperature. This causes an additional volume of
gas to be evolved at a time when the metal is becoming mushy and therefore incapable of
permitting the gas to escape freely. Entrapment of the gas causes gas pockets and porosity
in the final weld. The porosity can be of three types namely 'fine porosity', 'blow holes'
and 'piping'. Fine porosity consists of small bubbles of gas usually of diameter less than
l.(>mm. Blow holes are usually gas pores larger in dimension while 'piping' is an elongated
or tubular cavity. Piping is usually almost perpendicular to the weld surface. It can result
form the use of wet powdered flux or from inadequate regulation of the welding current.
Another typical form of pipes has the appearance of u branch of a tree.
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Porosity may be scattered uniformly throughout the weld, isolated in small groups or
concentrated at the root of the weld. Various causes of porosity may include excessive
moisture content of the electrode covering, incorrect electrode current, defective gas
shielding, contamination of joint surface or filler wire, rapid cooling of the weld metal
or the composition of the parent metal or electrode core wire.

1.3.2.2. Non-Metallic inclusions

These may be the result of weld-metal contamination by sub substances on ^ s surface of
the joint or by the atmosphere. But the usual source is the slag formed by the electrode
covering or flux used in the welding process. Some slag may be trapped in the deposited
metal during its solidification, particularly if the metal fails to remain molten for a
sufficient period to permit the slag to rise to its surface. In multi-pass welding, insufficient
cleaning between weld passes can leave a portion of the slag coating in place to be covered
by subsequent passes. A particular characteristic of slag inclusions is the 'slag line',
intermittent or continuous. Such slag lines are often accompanied by a pronounced lack
of fusion to the base metal. In general, inclusions may be due to any one of several reasons
which include failure to clean the surface of the joint, failure to remove slag from a
previous deposit, incorrect edge preparation, incorrect manipulation of the electrode and
insufficient arc shielding.

1.3.2.3. Tungsten inclusions

Tungsten inclusions arc policies of metallic tungsten embedded in the weld racial which
originate from the tungsten electrode used in tungsten arc welding. Causes are excessive
welding current allowing the melting and deposition of tungsten in the weld and incorrect
polarity of electrode using a d.c. source. Tungsten inclusions can also be caused irom
dipping the electrode into the molten weld metal or by touching the filler rod to the
electrode during welding. Tungsten inclusions frequently occur at the start of welds when
the electrode may be cold. Small globular and widely scattered tungsten inclusions are
sometimes permissible, but sharp edged inclusions are dangerous.

1.3.2.4. Lack of fusion

This is due to the lack of union in a wcia between the weld metal and parent metal or
between parent metal and parent metal or between weld metal and weld metal.
Consequently the lack of fusion can be of three types namely lack of side fusion, lack of
root fusion and lack of inter-run fusion. The defect results mainly from the presence of
slag, oxides, scale, or other nonmetallic substances, too low a welding current or incorrect
edge preparation. Incomplete fusion can also arise from too high a welding current when
the high melt rate r .courages the welder to use excessive welding speed, The defect
reduces considerably the strength of a joint subjected to static loading, and under cyclic
or shock loading it is quite serious.

1.3.2.5. Incomplete root penetration

In bull welding, a root opening is usually left at the bottom of the groove (in one-side
welding) or at the centre of the weld (in two-side welding). If the opening between (hi
two plates is narrow, it is difficult to achieve complete penetration and fusion at the
root of the weld. Therefore there can be a lack of fusion in the root of the weld or a gap
left by the failure of the weld metal to fill the root of a butt weld. It is caused by the
electrode held al an incorrect angle, an electrode too large in diameter, a rale ď travel too
fast, an insufficient welding current, or an improper joint preparation (e.g. joint
misalignment).

1.3.2,6.

Cracks can be defined as a discontinuity produced cither by tearing of the metal while in
» plastic condition (hot crack) or by fracture when cold (cold crack). Cracks can occur in
cither the weld metal or parent mclal. In the former they are classified as longitudinal,
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transverse, crater, and hairline cracks. In the latter it is cracking in the parent plate
with the origin in (he heat-affected zone of the weld, The strength of a welded joint under
any conditions of loading will be seriously reduced by the presence of a crack. Weld metal
crack:, are caused by high localised stresses in the joint arising from the shrinkage of weld
metal, by resistance of movement of the parts or by vibration of the structure during
welding. Therefore it is important that each weld run is strong enough to withstand the
shrinkage and to allow as much freedom of movement as possible. Longitudinal weld
cracks usually occur in the root run and, if left, will eventually propagate through
subsequent runs. Incorrect finishing of a weld run can form a crater and possibly lead to
a crater crack.

Parent metal cracking is associated with the welding of medium carbon and alloy steels. A
considerable amount of research has gone into the techniques for welding these steels and
it is most important that instructions regarding type and condition of electrode, the degree
and cxtenl of preheat and the restrictions on si/e of single pass welds are strictly observed
to avoid this form of cracking.

1.3.2.7. Undercut

During the final or cover pass the exposed upper edges of the weld preparation tend to
melt and to run down into the deposited metal in the weld groove. The result is a groove
which may be cither intermittent or continuous, with more or less sharp edges along the
weld reinforcement.

1.3.2.8. Concavity al the root of the weld

A concave surface at the root of the weld can occur specially in pipe welding (without a
cover pass on the root side). In overhead welding this condition is a consequence of gravity
which causes the molten metal to sag away from the inaccessible upper surface of the
weld. It can also occur in downhand welding with a backing strip at the root of the weld
groove if slag is trapped between the molten metal and the backing strip.

1.3.2.4. Excessive penetration

In welds molten metal sometimes runs through the root of the weld groove producing an
excessive reinforcement at (he back side of the weld. In general this is not continuous but
has an irregular shape with characteristic hanging drops of excess metal.

1.3.2.10. Overlap

Overlap is an imperfection at tbc toe or root of a weld caused by an overflow of weld mclal
on to the surface of the parent metal, without fusing with the later. It is caused when the
welding rod has been used at an incorrect angle, the electrode has travelled too slowly, or
the current was too low.

1.3.3. Castiag Processes

A commonly used method of forming metal objects of complex shape is by pouring molten
metal into a mould in which it sets (o tbc required shape. The mould is then broken away
to expose the casting, or the design of the mould is such that it can be separated without
damage and re-used. The moulds are usually formed from patterns which can be used
many times over, if necessary, and their design is critical in that 'feed* and 'vent' holes must
he carefully positioned in the mould to permit (he metal lo flow freely into all parts.
Problems lhal can occur are interaction on cooling. It is also unlikely thai (he crystal
structure of a casting will be optimum in all parts so that its strength may be less than with
other methods of fabrication. Various casting processes include 'sand die casting' ,
'permanent mould casting','centrifugal casting', and 'shell mould casting'.

Since the casting process is complex and a large number of variables need lo be
controlled to gel a good quality product and since il is nol possible lo give all the details
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herc. only the principles and salient features of the above mentioned processes of casting
arc briefly presented.

I..1.3.1. Sand die casting

In this case a sand mould is used for casting the desired shape of the required alloy. A
sand mould may be defined as a preformed sand container into which molten metal is
poured and allowed to solidify. In general sand moulds arc destroyed as the casting is
removed from them. Sand moulds make it possible to cast complex shapes that might not
be possible otherwise.

Different types of sand moulds can be made to make different castings. Green sand moulds
arc made from moist sand and arc used for practically all fen ous and non-ferrous castings.

They have the disadvantage of not being very strong as well as requiring moisture during
manufacture which may cause certain defects in the casting, Green sand moulds may be
provided with a dry sand on the surface to give 'skin-dry moulds'. Purely 'dry-sand moulds'
can also be made by adding to the sand a 'binder' instead of moisture.Its main advantages
include a greater resistance to metal erosion, increased strength and a lessening of the
tendency in the casting to acquire moisture related defect.,. In some cases silica sand
bonded with portland cement may be used to make the moulds. Methods of preparing sand
moulds include 'bench moulding', 'machine moulding', floor moulding' and 'pit moulding'.
Bench moulding' is used for small castings. This is usually a slow and laborious process

since hand ramming with a loose pattern, is usually used. Small and medium moulds may
be made even with the aid of a variety of 'mach: .es' which is usually faster and more
uniform than bench moulding. Medium to large moulds are made directly on the foundry
floor. Very large moulds made in a pit constructed for the purpose arc called 'pit moulds'.

The sands most commonly used in 'sand die casting' contain silica sand which is usually
from SO to 95% of the total material in any moulding sand, zirconate and olivine etc. The
most important properties and characteristics of such sands arc
'permeability', 'cohesiveness' and 'refractoriness'. Permeability is a condition of porosity and
is related to the passage of gaseous material through the sand as well as to the density of
sand grains. C'ohcsivencss can be defined as the holding together of sand grains or strength
of moulding sand and depends upon the si/c and shape of the sand grains. The property of
cohesiveness may be improved by adding to the sand some 'binders' such as clay, resins and
gums and drying oil. The third important characteristic of the moulding sand is
'refractoriness' which is its ability to withstand a high temperature without fusing. Pure
silica sand can withstand a temperature as high as 3148°F. The property of 'refractoriness'
can be affected by impurities like metallic oxides. Mould cavities may be produced by
packing the moulding material around what are called 'patterns'. The 'patterns' may be
made from wood, metal or other suitable materials. There are a variety of these patterns
used in the manufacture of castings. Another important part of the casting process is the
'core box' which is a structure made of wood, metal or other suitable material, containing
a cavity with the shape of a desired core. Making a sand mould involves the proper packing
of moulding sand around a pattern. After the pattern is removed from the sand and the
gating arrangement completed, the mould cavity is filled with molten metal to form the
casting.

1.3.3.2. Pcraiaent Mould catting

A casting made by pouring molten metal into a mould made of some metallic alloy or other
material of permanence is known as a permanent mould casting. Gray cast iron and
Mcehanilc with large graphite flakes arc the most commonly used materials in the
construction of permanent moulds. This common use is partly due to the case with which
they may he machined. Certain sleels, particularly special alloy steel that arc hcal-trcatud,
often have especially good resistance to erosion. They have excellent refractory properties.
Some aluminium alloys on which the surface has been anodisud, arc also used a moulding

ti. Anodising produces Al,2()j which is very refractory and resistant to abrasion,
alloys arc very easy to machine and possess a good chilling capacity. The mould is

not destroyed on removing the casting and therefore can be reused many times.
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The advantages of 'permanent mould casting' are that the casting process requires less skill
, needs lc:.3 floor space, better tolerances can be maintained, surface finish is improved,
casting is not susceptible to the typical sand casting defects and production costs can be
reduced by increasing the lot sizes. The disadvantages include the higher cost of mould
production in the case of small production lots, the limited number of metals that are
suitable to make moulds, the creation of undesirable stress problems due to the chilling
effect of metallic moulds and the difficulty of casting ejection due to the rigid nature of
the mould.

1.3.3.3. Centrifugal casting

Any process in which molten metal is poured and allowed to solidify while the mould is
revolving, is a centrifugal casting process. Castings produced under this centrifugal force
are called centrifugal castings. There arc three recognised centrifugal processes namely
'true centrifugal castingVsemiccntrifugal casting' or 'profiled-centrifugal casting' and
'centrifuged or pressure casting'. 'True centrifugal casting' is that in which castings are
made in a hollow, cylindrical mould rotated about an axis common to both casting and
mould. Cast-iron pipe is commonly made by this method. In this process the axis of spin
may be horizontal, inclined, or vertical. In the true centrifugal casting process the inside
circumference is always circular. When the mould is rotated on a horizontal axis, a true
cylindrical inside surface is produced. True centrifugal casting is used only on
symmetrically shaped objects. 'Semicentrifugal or profiled centrifugal casting' is similar
to the true centrifugal method except that a central core is used to form the inner surface
or surfaces. The casting is not dependent upon centrifugal force for its shape. A good
example of semicentrifugal work is a cast wheel-like casting. The axis of spin in the
semicentrifugal process is always vertical. Although the yield is better than with static
casting, it is not as high as in true centrifugal casting. With this process also only
symmetrically shaped objects can be cast. Centrifuged or pressure casting is applied for
nonsymmctrical castings. The mould cavity is not rotated about its own axis but about the
axis of a central down sprue common to the axis of spin, which feeds metal into the mould
cavity under centrifugal force. This process of centrifuging can be done only about a
vertical axis. Centrifugal force provides a high pressure to force the metal alloy into the
mould cavity.

Centrifugal casting processes can be used to produce parts made of both the ferrous and
non ferrous alloy groups. Cast-iron pipe, gun barrels, automotive cylinder walls, jet engine
rings, piston rings and brake drums are common parts centrifugally cast. Advantages
include the elimination of foreign inclusions and the production of sounder castings. The
chief disadvantages arc the shape and size limitations.

1.3.3.4. Investment casting

This process involves making a one-piece mould from which the pattern is removed by a
procedure which melts the pattern. The moulds used in this process are single purpose
moulds. The elimination of all parting planes provides improved dimensional tolerances.
Since the pattern is removed by melting or burning out, casting precision is increased
through eliminating drift, rapping, and shifts. Various other names arc given to this
process, ll is also called ' precision-investment casting ',' precision casting ' or the ' lost-
wax process '. Various types and grades of wax arc the common materials for pattern
making for investment casting. Certain plastics that burn without residue are also used as
pattern materials, Some low melting point metallic alloys can also be used as pattern
materials. In this process of casting the patterns arc formed afresh each lime by casting
or forging the pattern material in dies made of metal, plastic, rubber or wood. There are
a number of materials applicable as investment material. These are actually the moulding
materials, but due lo the process used they arc called investment material, Fine grained
silica hand with a suitable binder is often used. Plaster of pans and other gypsum products
serve well its a hinder for investment moulds used in the casting of non ferrous alloys.
Other binders may include sodium silicate and various organic or inorganic chemical
substances which satisfy specific applications, The investment materials arc usually mixed
into it fairly fluid slurry which is poured into place and vibrated lo promote uniform
packing and removal of air bubbles,



Patterns arc first made of wax or other pattern materials by melting it and then injecting
it into a metallic or non metallic die. Then the patterns arc welded or joined to gates and
runners, which are also of the same material as the pattern. By this welding or joining of
(he pattern to gales and runners a treelike pattern is prepared. This tree is now dipped into
a refractory sand, placed in a metal flask and sealed to the pallet. Then the investment or
moulding malcial, in viscous slurry form, is poured around the pre-coated tree. When the
investment has set, the mould is heated by putting it in an oven at 200°F. By this heating
the mould is dried and baked and the pattern is melted and the molten pattern material is
taken out of the mould. Now as a final touch to the mould before casting the mould is
placed in a furnace and is heated lo a temperature of 1300 - 1900°F. This removes all the
wax residue if any sticking to the investment mould. The mould is then heated to the
casting temperature.

In general investment castings have high precision and extremely smooth surfaces and are
easily produced. The process also makes possible the elimination of most machining
operations and provides for un increased yield. Investment casting is adaptable lo more
complex and smaller designs in both limited as well as production lots. All metallic alloys
can be cast with this process of tasting. On the other hand the process is often more costly
since materials as well as moulds are single purpose. Casting large objects is impracticable,
the operators need to he more skilled and more technically trained and the production cycle
is a relatively slow one.

1.3.3.5. Shell moulding process

This process involves making a mould that has two or more thin, shell-like parts consisting
of thermosclting resin-bonded sand. These shells are single purpose in application and
are hard and easily handled and stored. Shells arc made so that the matching parts fit
together easily, held with clamps or adhesives and poured in either a vertical or horizontal
position. These moulds may be supported in racks or in a mass of bulky permeable
material like sand, steel shot or gravel.

Metallic patterns are used for the production of shells, as they arc subjected to heating
temperatures approaching 1000°F. The pattern must have some provision,in the form of
ejector pins, for the removal of shells from the surface of the pattern. Clean dry silica sand
is the hulk material used in the making of shell moulds. Grain size and distribution can
vary with use. Thermosclling synthetic resins are used as binders for sand. The resins
include the phenolformal-dchydes, urea formaldehydes, and others.

The sand and resin mix or coated sand is caused to fall against or is blown against, a heated
metal pattern or core box. The temperature of the pattern ranges from 350 to 6()0°F .
Contact of the thermosetting resin with the hot pattern causes an initial set and thus an
adhering layer of bonded sand is formed within 5 lo 20 seconds. The pattern with this
adhering layer of bonded sand is placed in a furnace and is cured by healing to the proper
temperature for from one lo three minutes. The curing time depends on the shell thickness
and the resin type. The assembly is then removed from the furnace and the shell is
stripped from the pattern by ejector devices. This stripping is sometimes a problem and
can he overcome by using a silicon parting agent.

The main advantages of this process are that the shell cast parts have generally a smooth
surface and thereby reduce machining costs. These techniques are readily adaptable lo
mass production by using automatic equipment. The disadvantages can be the initial cosl
of metal patterns, the higher cost of resin binders and a general si/e limilaticn.

IV4 CtttiBR Defects

(itsling defects may be defined us those characteristics which create u deficiency or
imperfection exceeding quality limits imposed by design and service requirements. There
•ire in RcniTiil three broud categories of these defects. First are the major or most severe

s which result in scraping or rejection of the casting. The second category is of
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intermediate defects which permit salvaging of the casting through necessary repair. The
third category defects arc minor ones which can be easily repaired. The elimination and
control of casting defects is a problem that the foundry engineer may approach in several
ways. The common procedure is to rely on salvaging techniques that appear to provide
immediate savings. Remedial procedures in the moulding, coremaking, melting or pouring
areas of the foundry are frequently neglected but highly desirable to be controlled to
avoid defects. Some of the defects which usually occur in castings are given here.

1.3.4.1. Porosity

(jas holes are spherical holes of varying si/e, with bright walls, usually fairly evenly
distributed and formed by gas in the metal. The larger holes tend to be found in the
heavier section (i.c last to solidify). If the metal is correct prior to casting, the pinhole type
of porosity is probably due to absorption of hydrogen from steam in the mould. The gas
in the molten metal is removed by a gas scavenging technique and by keeping casting ladles
and moulds dry.

1.3,4.2, Blowholes

Blowholes are mainly found in three forms. Elongated cavities with smooth walls, found
on or just below the surface of the topmost part of a casting. These are caused by
entrapped air and repetition can be avoided by venting the mould and increasing its
permeability. Rounded shape cavities with smooth bright walls are caused by mould or
core gases, coupled with insufficient permeability, or venting. They can be avoided by using
less oil binder in the mould and ensuring that cores are dry and properly baked and that
the sand is properly mixed. Small cavities immediately below the skin of the casting surface
are formed by the reaction of the molten metal with moisture in the moulding sand. This
can be avoided by reducing the volatile content in mould cores and mould dressing, by
ensuring that metal is deoxidised, by using more permeable sands, by ensuring that moulds
and cores are properly vented and by reducing pouring temperature.

1.3.4.3. Piping

When this term : . used in the foundry it refers to the defects encountered in risers or
within the casting proper.

1.3.4.4. Incluiiont

These arc material discontinuities formed by the inclusion of oxides, dross, and slag in
a casting. They are due to careless skimming and pouring, to the use of a dirty ladle and
to turbulence due to improper gating methods when casting alloys, such as aluminium
bron/c, that are subject to surface oxide-skin formation. Faulty closing of moulds can
cause 'crush' and loose pieces of sand becoming incorporated in the casting. The
occurrence of inclusions can be avoided by proper use of equipment and foundry
practice.

1.3.4.5. Sno»«ine»i

A defect that occurs during the early stages of solidificalion of a casting and has the
appearance, as the name would imply, of a sponge; it may be local or general in extent.
The major cause is failure to obtain directional solidificalion of the casting toward the
desired heat centres, such as risers and ingatcs; insufficiently high pouring temperature,
and placing of ingalcs adjacent to heavy sections.

1.3.4.6. Shri«k»«e

A caiil'mn defect lhal occurs during the middle and later singes of solidification of the cast
metal. It has u branching formation, is readily distinguishable from that of sponginess, and
it. a form of void. The defect can be avoided by paying particular attention to the direction
of Milidificalion and ensuring adequate risers, or other feeding aids, on ihe heavier sections
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of a casling. Modification of casting design, i.e. lo make cast sections more uniform for
the flow and solidification of the metal is helpful in avoiding shrinkage. Moulds and cores
arc sometimes made loo strong and greatly resist the contraction of the cast metal and,
in this way. will cause a breakdown in the homogeneity of the metal.

1.3.4 7. Hot tears

These are discontinuities that result from stresses developed close lo the solidification
temperature when (he metal is still weak. These again arc attributed to resistance of Ihc
mould and core, which hinder contraction of the casting, causing thermal stress. Hot tears
resemble ragged cracks. They can be avoided by making cores and moulds more
collapsible, avoiding abrupt changes in section and preventing the formation of intense hot
spots by designing with more uniform sections.

I.3.4.X. Crack

Well defined and normally straight, they arc formed after Ihc metal has become
completely solid. Ouilc large stresses are required to cause fracture, and the walls of such
cracks are discoloured according to the temperature of the casting when Ihc cracks
formed. Bad casling design coupled with restriction of contraction by the mould, core, or
box bars contribute to cracking, and avoidance of these, together with the casing of mould
or cores as soon as pjssible after solidification, will help to prevent build-up of stresses.

1.1.4.9. Cold shuts

These arc discontinuities (a form of lack of fusion) caused by ihc failure of a stream of
molten metal to unite with another stream of metal, or with a solid metal section such as
a chaplet. They are linear in appearance, with perhaps a curling effect at the ends. A cold
shut is caused by the fluidity of the metal being loo low (i.e. surfaces loo cold) or perhaps
unsatisfactory methods of feeding in the molten metal.

Cold shuts can often be avoided by raising the pouring temperature or pouring rate or both
and reviewing the position, si/c, and number of ingatcs and the arrangements for venting
the mould.

1.V4.lt), U of used chaplct

A chaplet is often used to support a section of a mould or a core within a mould and when
the molten metal is poured in,the chaplets should fuse into the casting. When unfused the
chaplct will cause a discontinuity in the casling. Design of chaplct and type of chaplct
should be reviewed in overcoming this defect.

1.3.4.11. Mitplaccd core

An irregularity of wall thickness, e.g. one wall thicker than the other, can be detected by
a double wall technique radiograph. It is caused by core out- of-alignmcnt. careless
loring-up and closing of mould, or rough handling after the mould is closed.

1.3.4.12. Segregation

Segregation is a condition resulting from Ihc local concentration of any of Ihc constituents
of an alloy. The segregation can be 'general' extending over a considerable part of a
casting, 'local' when only the shrinkage voids or hot tears arc wholly or partially filled with
a constituent of low melting point or 'banded' which is mainly associated with centrifugal
castings bul can also occasionally occur in static castings.

l.l.S. Porftiag Procesie*

ľorging ' s the working of metal inlo a useful shape by hammering or pressing and is the
oldeM of ihc mulal forming processes. Most forging operations are carried out hoi,
although *>omv meult> are cold-forged. Ihc hot working of mcliils in Ihc forging process
regulu in iin improvement in the mechanical properties. This method of shaping is
therefore used in the manufacture of parts requiring good mechanical properties.
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Improvement in the mechanical properties results from a general consolidation of the metal
and closing of gas and contraction cavities by means of mechanical pressure, a refinement
of the crystal struclur.. a destruction of the continuity of intcrgranular concentrations of
impurities and inclusions.

Forging is done or eilher a hammer or a press. A horizontal press (forging machine)
is used in certain instances for forging small parts; otherwise forging machines arc vertical,
the lower die of which is fixed while the upper die is movable, being carried on a vertical
ram. In the case of hammers the die is raised mechanically and the blow is struck by the
die falling freely. With presses, force is used to raise and lower the die and the metal is
worked by slow, steady pressure. Forging is not only employed to produi" ^arts of a shape
• hat cannot be rolled but also for parts of simple uniform shape, round or rectangular,
when these are large or when the quantity required is too small to warrant a roll set-up.
Tool steels are often forged with a view to improving their properties.

Forging may be considered under two categories. First where the working surface of the
dies is flat or of uniform curved contour and shaping is done by manipulation using tools
of simple shape. This is called 'open-die' forging. The second is where impression dies are
used and the metal is shaped by being forced into the die impressions. This is called
closed-die forging. In the first category are forgings of simple, round or rectangular
cross-section and forgings of more complicated shape which arc so large that 'sinking' of
closed dies would be impractical or loo costly. Small forgings of complicated final shape
ma) be rough forged on simple dies and then machined to final form if the number
required is too small to justify the cost of an impression die. In this category also are
hollow forged parts. For these, the centre metal of the rough piece of proper size is cither

machined out cold (trepanned), or is punched out hot using suitable dies on a press. The
part is then forged on a mandrel passing through the centre hole and supported at both
ends so that the mandrel acts as the bottom die. In closed die forging on a hammer or
vertical press, the lower die has an impression corresponding (o one half of the part to he-
made while th': upper die has an impression corresponding to the other half. For relatively
simple shapes the dies may have only one impression but more commonly they incorporate
a scries of impressions in which the part is successively shaped to the final form. Closed
die forging is commonly known as 'drop forging'. Around the impressions the dies arc
shaped to provide space for the excess stock, as it is not practical to have exactly the
amount of metal required to fill the impressions. The excess metal that is forced into this
space is referred lo as 'flashing'or'flash'. After forging this is trimmed off in suitable
dies. The closed die forging business is so competitive that the losses in trim scrap provide
one of the most important areas for economy.

The hot forging process whereby bolls, for example, are headed is referred to as 'hot upset
forging' or 'hot heading'. In this process, a bar of uniform cross section is gripped between
grooved dies and pressure is applied on the end in the direction of the axis of the bar by
means of a heading tool. The metal flows under the applied pressure and fills the cavity
between (he dies.

1.3.6. Rolling processes

The flattening of metal between rollers is used for the production of strip, sheet, plate, bur
and sections. Since the metal is formed by a squeezing action, rolling can be considered
as a continuous forging process with the rolls acting as hammers and the metal being drawn
down. Rolling may be performed above the temperature of recrystallisaiion (hot rolling)
or below the temperature of re-crystallisation (cold rolling). Hot rolling is always used for
the initial rolling of the cast ingot. Not only is it easier to break down the ingot to si/e
quickly when it is hot and plastic, but the hot-rolling process closes any casting
discontinuities and forge welds their surfaces together. This prevents any faults, which
could lend to lamination, being curried forward into subsequeni rolling operations. In hot
rolling (he course grains arc first elongated und distorted and then formed into cqui-iixed
crystals due lo rccryslallitiution. The crystals elongated und distorted by cold rolling do not
/ľťryMíilli.sť and the metal therefore remains work-hufdened. Rolling mills lire described
according to the arrangement of the rolls. The simplest is the two-high reversing mill. In
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lhis ihc metal is passed through from one side, the rolls are then lowered and their
direction of rotation is reversed, and the metal is passed back through them. This cycle is
repeated until the metal is of the required thickness. In the three-high mill thr rolls rotate
continuously in one direction. The roller beds rise and fall to pass the metal between the
lower two rolls first and then back again between the upper (wo rolls. The cycle is
repeated until the metal is the required thickness. In the four-high niill and the cluster mill
ihc additional rolls'back-up' the working rolls and allow them to apply water pressure
on the metal being rolled without deflection. Four-High and cluster mills operate in the
same manner as the two-high reversing mill, and are widely used for cold rolling bright
finished strip. Some typical rolling-miil processes arc slabbing, cogging and re-rolling.
Slabbing is the process of breaking down the ingof into slabs ready for re-rolling into strip,
sheet and plate. The process is carried out at 1300oC and casting discontinuities in the ingot
are welded by the process thus making (he slab ' omogencous. Cogging is similar to
slabbing except lhal the ingot is rolled into 'blooms' ;eady for re-rolling into bars and
sections. Two-high and four-high reversing mills arc usually used for rolling both slabs and
blooms. The re-rolling of slabs into strip is usually performed in a continuous strip mill.
The slab is reheated to 13OO°C and passed through a water spray and scale-breaking rolls
to remove Ihc scaie left on the surface of Ihc slab from previous processing. It is then
roughed down, and finally passed to the finishing 'train' of rolls. The strip is finally
coiled ready for further processing. The re-rolling of sections and bars is usually performed
in two-high reversing mills fitted with grooved rolls. Some modern plants handling large
quantities of standard section beams and joints urc often laid out to provide a continuous
train.

Whilst materials lhal are forged into wire and lub-: require the propeny of malleability,
materials thai arc drawn into wire and lube require the property of ductility, combined with
a relatively high tensile strength and a low work-hardening capacity as the process is
performed cold. The reduction in si/c of the drawn section is provided by Ihc material
being pulled through a die. Rods and bars arc drawn using draw-benches.F;ne wire,
especially the copper wire used for electrical conductors, is drawn on multiple-die
machines. A capstan block pulls the wire through each die and passes it on to the next stage
in the machine. As the wire becomes finer its length increases and Ihc speed of Ihc last
capstan has to be very mjch higher than Ihc firsl.

Tube drawing is similar to rod drawing using a draw bench. However, the hill. I is pierced
to start the hole and ihe tube is drawn over a mandrel. Where longer lengths of tube arc
required, the stock and the drawn lube have to be coiled. This prohibits the use of a fixed
mandrel, and a floating mandrel or plug is used.

Another process which is similar 'o rolling is extrusion. In principle, extrusion is similar to
squeezing toothpaste from a toothpaste tube. The raw material is a heated cast billet of the
required metal.

Usually this is cither a copper alloy, an aluminium alloy or lead. The pressure necessary
to force the metal through Ihe die is provided by the hydraulic ram. Sine; Ihc billet is
reduced to the si/e of the finished section in one pass through ihc die, extrusion is a highly
productive process. However, the plum is extremely costly and so is il.i operation and
maintenance. Like most hoi processes the finish and dimensional accuracy of Ihc section
is lower than that associated with cold drawing. Therefore, where greater accuracy is
required, Ihc extruded section is given a light draw to strengthen ihe section, improve its
finish, and improve its dimensional accuracy.

I.V7. Purging and rolling defects

Discontinuities in forcings mny originále in the sluh or billci and be modified by ihc
rolling and forging of the material, or may result from Ihc forging process itself. Some of
the defects Iluil citn occur in forcings arc similar lo (hose in aislings since most forgings
oriKimilť from some form of cast ingot, 'liven below arc some of Ihe more specific
defects.
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1.3.7.1. Laminations

Large porosity, pipe and nonmctallic inclusions in slabs or billets are flattened and spread
out during the rolling and forging processes. These flattened discontinuities arc known
as laminations.

1.3.7.2. Scams

Surface irregularities, such as cracks, on the slab or billet arc stretched out and lengthened
during rolling and arc then called scams. Scams may also be caused by folding of the metal
due to improper rolling. Scams arc surface discontinuities and on finished bars will appear
as either continuous or broken straight lines. On round bar stock they will appear as
straight or slightly spiral lines, cither continuous or broken.

1.3.7.3. Forging laps

Forging laps arc the discontinuities caused by the folding of metal in a thin plate on the
surface of the forging. They arc irregular in contour.

1.3.7.4. Centre bursts

Ruptures that occur in the central region of a forging are called centre bursts.. They can
arise because of an incorrect forging procedure (e.g. too low a temperature or too drastic
a reduction) or from the presence of segregation or brittle phase in the metal being forged.

1.3.7.5. Clinks (Thermal Cracks)

Clinks are cracks dur to stresses arising from excessively high temperature gradients
within the material. Cracks formed during loo rapid cooling originate at the surface and
extend into the body of the forging; those formed during too rapid heating occur
internally and can be opened up to become diamond-shaped cavities, during subsequent
forging.

1.3.7,6.Hairline cracks (Flakes)

Flakes are very fine internal cracks of circular shape that develop and extend with time and
are associated with the presence of hydrogen in steel. There is greater susceptibility in
larger forgings than in smaller and in certain grades of alloy steel than in carbon steel;
they can be avoided by correct treatment.

1.3.7.7. Hot tears

Surface defects due to metal being ruptured and pulled apart during forging. They may
be associated with the presence of local segregation, seams, or brittle phases.

1.3.7.8. Stringers

Nonmctallic inclusions in slabs or billets, that are thinned and lengthened in the direction
of rolling by the rolling process, arc called stringers.

1.3.7.'). Overheating

Normally identified by the facets seen on the fractured surfaces of a test-piece, but in
extreme cases can manifest itself as a severely broken-up surface.

1.3.7.11). Pipe

If there has been insufficient discard from the original ingot, remnant primary pipe will
normally show up axially. Secondary pipe that has never been exposed to the atmosphere
will have welded-up if there has been sufficient forging.
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1.4. MATERIALS IN SERVICE

1.4.1. Behaviour of materials in service

Materials have to operate and perform in widely varied environments and situations. The
requirements of safety and reliability demand that the materials and components should
perform well in their environments and situations without premature failure. There are
a number of factors and processes which can cause the failure of materials. As premature
failure of critical components can be disastrous ic many situations ipart from being a
cause for lost production and bad reputation, it is essential to understand and control
these causes of failure.

1.4.2 Conditions leading to defects and failure

Due to advances in technology and in the understanding of materials and their design, and
due to sophisticated inspection and testing methods, such as the n on-destructive testing
methods, metal failures occur only in an extremely low percentage of the millions of tons
of metals fabricated every year. Those that do occur fall mainly into three categories.
Operational failures can be caused by overload, wear, corrosion and stress corrosion ,
brittle fracture and metal fatigue. In the second category fall the failures due to improper
design. In this it is necessary to consider whether sharp corners or high stress areas exist
in the design, has sufficient safety stress factor been considered and whether the material
selected is suitable for a particular application. The third type of failure is caused by
thermal treatments such as forging, hardening, tempering and welding, and by surface
cracks caused by the heat of grinding. These aspects and especially those related to
operational or in-service conditions will be described here in more detail.

1.4.2.1. Corrosion

With the exception of some noble metals, all metals are subject to the deterioration caused
by ordinary corrosion. Iron, for example, (ends to revert back to its natural state of iron
oxide. Other metals revert to sulfides and oxides or carbonates. Buildings, ships, machines
and automobiles arc all subject to attack by the environment. The corrosion that results
often renders them useless and they have to be scrapped. Billions of dollars a year are
lost as a result of corrosion. Corrosion can also cause dangerous conditions to prevail, such
as on bridges, where the supporting structures have been eaten away, or in aircraft in which
an insidious corrosion called intergranular corrosion can weaken the structural members
of the aircraft and cause a sudden failure.

Corrosion in metals is the result of their desire to unite with oxygen in the atmosphere or
in other environments to return to a more stable compound, usually called ore. Iron ore,
for example, is in some cases simply iron rust. Corrosion may be classified by the two
different processes by which it can take place;

direct oxidation corrosion, which usually happens at high temperatures, and galvanic
corrosion, which takes place at normal temperatures in the presence of moisture or an
electrolyte. Direct oxidation corrosion is often seen in the scaling that takes place when a
piece of metal is left in a furnace for a length of time. The black scale is actually a form
of iron oxide, called magnetite (Fc3O4). Galvanic corrosion is essentially an
electrochemical process that causes a deterioration of metals by a very slow but persistent
action. In this process, part or all of the metal becomes transformed from the metallic state
to the ionic state and often forms a chemical compound in the electrolyte. On the surface
of some metals such as copper or aluminium, the corrosion product sometimes exists as a
Ihin film that resists further corrosion. In other metals such as iron, the film of oxide that
forms is so porous that it does not resist further corrosive action, and corrosion continues
until the whole piece has been converted to the oxide.

It is familiarly known that atoms having positive or negative charges arc called ions and
these arc formed cither by accepting or donating electrons in the outermost orbit. Metallic
atoms form positive ions while non-metals form negative ones. Ions having opposite charges
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can of (en combine to form compounds. An electrolyte is any solution that conducts elecmc
current and contains negative or positive ions. Corrosion requires the presence of an
electrolyte to allow metal ions to go into solution. The electrolyte may be fresh or salt
water and acid or alkaline solutions of any concentration. Even a fingerprint on metal can
form an electrolyte and produce corrosion. When corrosion of a metal occurs, positively
charged atoms arc released or detached from the solid surface and enter into solution as
mclallic ions while the corresponding negative charges in the form of electrons are left
behind in the metal. The detached positive ions bear one or more positive charges. In the
corrosion of iron, each ion atom releases two electrons and then becomes a ferrous iron
carrying (wo positive charges. Two electrons must then pass through a conductor to the
cathode area. The electrons reach the surface of the cathode material and neutralise
positively charged hydrogen ions that have become attached to the cathode surface. Two
of these ions will now become neutral atoms and are released generally in the form of
hydrogen gas. This release of the positively charged hydrogen ions leaves an accumulation
and a concentration of OH negative ions that increases the alkalinity at the cathode.

When this process is taking place, it can be observed that hydrogen bubbles are forming
at the cathode only. When cathodes and anodes arc formed on a single piece of metal, their
particular locations are determined by, for example, the lack of homogeneity in the metal,
surface imperfections, stresses, inclusions in the metal, or any thing that can form a crevice
such as a washer. Corrosion can also take the form of erosion in which the protective film,
usually an oxide film, is removed by a rapidly moving atmosphere or medium.
Depolarisation can also take place, for example, on the propellers of ships because of the
movement through the water, which is the electrolyte. This causes an increased corrosion
rate of the anodic steel ship's hull. Impellers of pumps are often corroded by this form of
erosion corrosion in which metal ions are rapidly removed at the periphery of the impeller
but are concentrated near the centre where the velocity is lower. Another form of corrosion
is intcrgranular corrosion. This takes place internally. Often the grain boundaries form
anodes and the grains themselves form cathodes, causing a complete deterioration of the
metal in which it simply crumbles when it fails. This often occurs in stainless steels in which
chromium carbides precipitate at the grain boundaries. This lowers the chromium content
adjacent to the grain boundaries, thus creating a galvanic cell. Differences in environment
can cause a high concentration of oxygen ions. This is called cell concentration corrosion.
Pitting corrosion is localised and results in small holes on the surface of a metal caused
by a concentration cell at that point. When high stresses arc applied to metals in a
corrosive environment, cracking can also be accelerated in the form of stress corrosion
fatigue. It is a very localised phenomenon and results in a cracking type of failure.
Cathodic protection is often used to protect steel ships hulls and buried steel pipelines. This
is done by using zinc and magnesium sacrificial anodes that are bolted to the ship's hull or
buried in the ground at intervals and electrically connected to the metal to be protected.
In the case of the ship, the bronze propeller acts as a cathode, the steel hull as an anode,
and the scawater as an electrolyte. Severe corrosion can occur on the hull as a result of
galvanic action. The sacrificial anodes are very near the anodic end of the galvanic scries
and there is therefore a large potential difference between both the steel ship's hull and
the bronze propeller. Both the hull and propeller become cathodic and consequently do not
deteriorate. The zinc or magnesium anodes are replaced from time to time. Selection of
materials is of foremost importance.

Even though a material may be normally resistant to corrosion, it may fail in a particular
environment or if coupled with a more cathodic metal .Coatings arc extensively used to
prevent corrosion. There arc different types of such coatings, for example: anodic coatings,
cathodic coatings.organic and inorganic coatings, inbibitive coatings etc.

1.4.2.2. Fatigue

When metal parts arc subjected to repeated loading and unloading over prolonged periods
they may fail at stresses far below their yield strength with no sign of plastic deformation.
This is called a fatigue failure. When designing machine parts that arc subject to vibration
or cyclic loads, fatigue strength may be more important than ultimate tensile or yield
strength. Fatigue is a un.vcrsal phenomenon observed in most solids. Cyclic loading
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leads to a continuous accumulation of damage which, as in the case of static fracture.
eventually results in rupture. The Fatigue Limit, or Endurance Limit, is the maximum load
that can be applied an infinite number of times without causing failure. Bui 10 million
loading cycles are usually considered enough to establish fatigue limits. The number of
cycles leading to fracture at a given stress is often referred to as the fatigue strength or
endurance. This phenomenon of failure of a material when subjected to a number of
varying stress cycles is known as fatigue since it was once thought that fracture occurred
due to the metal weakening or becoming tired.

Failures caused by fatigue arc found in many of the materials of industry. Some plastics and
most metals arc subject to fatigue in varying degrees as these are widely used in
dynamically loaded structures and machines. It has been estimated that at least 75% of all
machine and structure failures were caused by some form of fatigue. Fatigue is caused by
a crack that is initiated by notch, bend, or scratch that continues to grow gradually as a
result of stress reversals on the part. The crack growth continues until the cross-sectional
area of the part is reduced sufficiently to weaken the part (o the point of failure. Even
welding spatter on a sensitive surface such as a steel spring can initiate fatigue failure.
Fatigue is greatly influenced by the kind of material, grain structure and the kind of
loading. Some metals arc more sensitive to sharp changes in section (notch sensitive) than
others.

There are various types of fatigue failure. In the case of one -way bending load, a small
elliptical shaped fatigue crack usually starts at a surface flaw such as a scratch or tool
mark.

The crack tends to flatten out as it grows. It is caused by the stress at the base of the
crack being lower because of the decrease in distance from the edge of the crack to the
neutral axis. If a distinct stress raiser such as a notch is present, the stress at the base of
the crack would be high, causing the crack to progress rapidly near the surface, and the
crack tends to flatten out sooner. In a two-way bending load cracks start almost
simultaneously at opposite surfaces when the surfaces arc equally stressed. The cracks
proceed toward the centre at similar rates and result in a fracture that is rather
symmetrical.

In the early stages of fatigue testing, specimens will generally evolve an appreciable amount
of heat. Later fissures develop at the surface eventually leading to failure. The surface
of (he specimen is a preferential scat of damage initiation. Corrosive effects may also
assist in degradation of the structure at the surface. Corrosion is essentially a process of
oxidation and under static conditions a protective oxide film is formed which tends to
retard further corrosion attack. In the presence of cyclic stress the situation is quite
different, since the partly protective oxide film is ruptured in every cycle allowing further
attack. It is a rather simplified explanation that the microstructurc at the surface of the
metal is attacked by the corrosive environment causing an easier and more rapid initiation
of cracks. One of the important aspects of corrosion fatigue is (hat a metal having a fatigue
limit in air no longer possesses one in the corrosive environment and therefore fracture can
occur at relatively very low stress levels.

In commercial alloys the technical fatigue limit generally lies bet\v jen 0,3 and I).5 of (he
ultimate tensile stress. The fatigue strength of metals can often be enhanced by
Irealmcnls which render the surface more resistant to deformation. Fracture then (ends
to start at the interface between the hard surface layer and the softer core. Slrcss raisers,
such as sharp notches, corners, key ways, rivet holes and scratches, can lead to an
appreciable lowering of the fatigue strength of metal components. Good surface finish and
corrosion protection are desirable to enhance fatigue resistance. Fatigue is basically a
low temperature problem and at temperatures relatively high with respect to the melting
poinl, fracture and hence specimen life are governed by creep.

Fractured surfaces of faligucd mclals generally show a smooth and lustrous region due
to the polishing effects arising from attrition at fissures. The remaining parts of the
fracture surface, over which failure occurred through weakening of the specimen by the
reduction of its load hearing cross-section by surface cracks and fissures, may look duller
and coarser, as it is essentially caused by static fraclurc.
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1.4.23. Wear

Wear may be defined as undesired removal of material from contacting surfaces by
mechanical action. Excessive wear can be caused by continuous overload, but wear is
ordinarily a slow process that is related to the friction between two surfaces. Rapid wear
can often be attributed to lack of lubrication or the improper selection of material for the
wear surface. Some wear is to be expected, however, and could be called normal wear.
Wear is one of the most frequent causes of failure. We find normal wear in machine tooling
such as carbide and high-speed tools that wear and have to be replaced or resharpened.
Parts of automobiles ultimately wear until an overhaul is required. Machines are regularly
inspected for worn parts, which when found are replaced; this is called preventive
maintenance. Often normal wear cannot be prevented; it is simply accepted, but it can be
kept to a minimum by the proper use of lubricanls. Rapid wear can occur if the load
distribution is concentrated in a small area because of the part design or shape. This can
be altered by redesign to offer more wear surface. Speeds that are too high can increase
friction considerably and cause rapid wear.

Metallic wear is a surface phenomenon which is caused by the displacement and
detachment of surface particles. All surfaces subjected to cither rolling or sliding contact
show some wear. In some severe cases the wear surface can become cold welded to the
other surface. In fact, some metals are pressure welded together in machines, taking
advantage of their tendency to be cold welded. This happens when tiny projections of metal
make a direct contact on the other surface and produce friction and heat, causing them to
he welded to the opposite surface if the material is soft. Metal is torn off if the material
is brittle. Insufficient lubrication is usually the cause of this problem. High pressure
lubricanls arc often used while pressing two parts together in order to prevent this sort of
welding. Two steel parts such as a steel shaft and a steel bore in a gear or sprocket, if
pressed together dry, will virtually always seize or weld and cause the two parts to be
ruined for further use. In general, soft metals, when forced together, have a greater
tendency to cold weld than harder metals. Two extremely hard metals, even when dry, will
have very little tendency to weld together. For this reason, hardened steel bushings and
hardened pins, are often used in earth moving machinery to avoid wear. Some soft
metals when used together for bearing surfaces (for example aluminium to aluminium) have
a very gre?.i tendency to weld or seize. Among these metals there arc aluminium, copper,
and austcnitic stainless steel.

Cast iron is used on the sliding surfaces in machine tools e.g. on the ways of lathes or
milling machine tables. It has less tendency than soft metals to seize because the metal
contains graphite flakes that provide some lubrication, although additional lubrication is
still necessary. As a general rule, however, it is not good practice to use the same metal
for two bearing surfaces that arc in contact. However, if a soft steel pin is used in a soft
steel link or arm. it should have a sufficiently loose fit to avoid seizing. In this application
it is better practice to use a bronze bushing or other bearing material in the hole than a
steel pin because the steel pin is harder than the bronze and when a heavy load is applied,
the small pr<lj -tions of bronze are flattened instead of lorn out. Also the bronze will
wear more thai, ihc steel and usually only the bushing will need replacing when a repair
is needed.

Different types of wear include abrasive wear, erosive wear, corrosive wear and surface
fatigue. In abrasive wear ;>mall particles are torn off the surface of Ihc metal, creating
friction. Friction involving abrasive wear is sometimes used or even required in a
mechanism such as on the brakes of an automobile. The materials are designed to minimize
wear with the greatest amount of friction in this case. Where friction is not desired, a
lubricanl is normally used to provide a barrier between the Iwo surfaces. This can be done
by heavy lubricating films or lighter boundary lubrication in which there is a residual film.
F.rosive wear is often found in areas that are subjected to a flow of particles or gases that
impinge on ihr metal al high velocities. Sand blasting, which is sometimes used lo clean
purls, ulili/cs his principle. Corrosive wear takes place as a result of an acid, caustic, or
other corrosive medium in contact with metal parts. When lubricanls become contaminated
with corrosive materials, pilling can occur in such areas as machine bearings. Surface
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fatigue is often found on roll or ball bearing or sleeve bearings where excessive side thrust
hiis been applied to the bearing. It is seen as a fine crack or as small pieces Tailing out of
the surface.

Various methods arc used to limit the amount of wear in the part. One of the most
commonly used methods is simply to harden the part. Also, the part can be surface
hardened by diffusion of a material, such as carbon or chrome, into tbc surface of the part.
Parts can also be metallized, hard faced, or heat treated. Other methods of limiting wear
are electroplating (especially the use of hard industrial chromium) and anodizing of
aluminium. Some nickel plate is used, as well as rhodium, which is very hard and has a high
heat resistance. The oxide coating that is formed by anodizing on certain metals such as
magnesium, zinc, aluminium and their alloys, is very hard and wear resistant. These oxides
are porous enough to form a base for paint or stain to give it further resistance to
corrosion. Some of the types of diffusion surfacing are carburizing, carbo-nitriding,
cyaniding, nitriding. chromi/ing. and siliconizing. Chromizing consists of the introduction
of chromium into the surface layers of the base metal. This is sometimes done by the use
of chromium powder and lead baths in which the part is immersed at a relatively high
temperature. This, of course, produces a stainless steel on the surface of low carbon
steel or an iron base metal, but it may also be applied to nonferrous materials such as
tungsten, molybdenum, cobalt, or nickel to improve corrosion and wear resistance. The
fusion of silicon, which is called ihrigizing. consists of impregnating an iron base
material with silicon. This also greatly increases wear resistance. Hard facing is put on
a metal by the use of several types of welding operations, and it is simply a hard type
of metal alloy such as alloying cobalt and tungsten or tungsten carbide that produces
an extremely hard surface that is very wear resistant. Metal spraying is used for the
purpose of making hard wear resistant surfaces and for repairing worn surfaces.

1.4.2.4. Overload

Overload failures arc usually attributed to faulty design, extra loads applied, or an
unforeseen machine movement. Shock loads or loads applied above the design limit arc
quite often the CdU.sc of the breakdown of machinery. Although mechanical engineers
always plan for .1 high safety factor in designs (for instance, the 10 to 1 safety factor above
the yield strength that is sometimes used in fasteners), the operators of machinery often
lend to use machines above their design limit. Of course, this kind of overslress is due to
operator error. Inadequate design can sometimes play a part in overload failures. Improper
material selection in the design of the part or improper heat treatment can cause some
failures when overload is a factor. Often a machinist or welder will select a metal bar or
piece for a job based upon its ultimate tensile strength rather than upon its yield point.
In effect this is a design error and can ultimately result in breakdown.

Basically there are only two modes or ways in which metals can fracture under single or
monotonie loads. These two modes are shear and cleavage and they differ primarily in the
way the basic metal crystal structure behaves under load. Almost all commercial solid
metals are polycrystalline. Each individual crystal or grain is a structure composed of a
very large number of atoms of the constituent elements. These atoms are arranged in cells
within each crystal in a regular, repetitive, three-dimensional pattern. Adjacent cells share
the corner atoms and their positions are balanced by electrical forces of attraction and
repulsion. Applied forces ran cause distortion of the cells. Shear deformation represents
a sliding action on planes of atoms in crystals. In a polycryslallinc metal, slight
deformation causes no permanent change in shape. It is called elastic deformation. That
is the metal returns to its original si/e and shape, like a spring, -ifter being unloaded. If
a greater loud is imposed, permanent or ;.!aslic deformation occurs because of irreversible
slip between certain planes of atoms that make up the crystal structure. If the applied load
or force is continued, the shear deformation causes liny microvoids to form in the most
highly Nlri'ssud region. These liny void* soon interconnect und form f ructure surfaces. The
cleavage mode of separation of the cell is different. In this case separation occurs suddenly
between one fact' of (he cell und the mating face of the adjacent cell without any
del or million being present.
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Fracture will originate whenever the local stress i.e. load per unit cross-sectional area, first
exceeds the local strength. This location will vary depending upon the strength of the metal
and the applied stress. When a shaft or similar shape is pulled by tensile force it becomes
longer and narrower. For ductile metals the shear strength is the weak link and these
metals fail through the shear mode. These metals fail when shear stress exceeds the shear
strength. In the case of brittle metals, these fail because the tensile stress exceeds the
tensile strength. Brittle metals always have a fracture that is perpendicular to the tensile
stress and little or no deformation because fracture takes place before the metal can
deform plastically as ductile metals do.

When a cylinder is loaded in axial compression, a ductile metal becomes shorter and
thicker. In short it bulges when squec/cd by the comprcssivc force and there is no fracture.
A brittle metal in pure compression will fracture parallel to tbc length of the cylinder.

1.4.2.5. Brittle and ductile fracture

Fracture preceded by a significant amount of plastic deformation is known as ductile
fracture, otherwise it is brittle fracture. Brittle fracture occurs, when plastic flow is
inhibited either by the effective locking of atomic dislocations by precipitates or elements
or by the pre-existence or formation of cracks and imperfections acting as local stress
raisers in the material. All materials can be embrittled if the temperature is lowered
sufficiently. Glass, sealing wax, germanium, silicon and other materials though ductile at
temperatures close to their melting poir; arc brittle at ordinary temperatures. In most
materials the brittle strength, defined as the maximum tensile stress withstood without the
occurrence of brittle fracture,is low compared with the ideal strength the fault-free material
would be expected to exhibit. The source of brittle fracture is therefore to be sought in
the presence of structural defects.

As has already been mentioned brittle metals always have a fracture that is perpendicular
to the tensile stress and have little or no deformation because fracture takes place before
the metal can deform plastically. Thus a tensile fracture of a brittle metal has a fracture
plane thai is essentially straight across. It also usually has a characteristic bright sparkling
appearance when freshly fractured.

The pattern of a break can often reveal how the failure was precipitated. For example, if
the break was caused by a sudden shock load such as an explosion, there arc usually
chevron-shaped formations present that point to the origin of fracture. When a stress
concentration is present, such as a weld on a structure that is subject to a sudden overload,
the fracture is usually brittle across the entire break, showing crystals, slriations, and wave
fronts. Brittle fractures arc often intergranular (along the grain boundaries); this gives the
fracture surface a rock candy appearance at high magnification. When grain boundaries
are weakened by corrosion, hydrogen, heat damage, or impurities, the brittle fracture may
he inlcrgranular. Brittle failures can also be iransgranular (through the grains). This is
called cleavage.

Cleavage fracture is confined to certain crystallographic planes that are found in body-
cenlered cubic or hexagonal close-packed crystal structures. For the most part, metals
having other crystalline unit structures do not fail by cleavage unless it is by stress
corrosion cracking or by corrosion fatigue. Cleavage should normally leave a flat, smooth
surface; however, because metals are polycrystalline with the fracture path randomly
oriented through the grains and because of certain imperfections, certain patterns are
forrr. jd on the surface.

Small quantities of hydrogen have a grcal effect on Ihe duclilily of some mcluls. Hydrogen
can get into steels when they arc healed in an atmosphere or a material containing
hydrogen, such as during pickling or cleaning operations, electroplating, cold working,
welding in the presence of hydrogen-bearing compounds, or the siccl-making process itself.
There is a noticeable embrittling effect in steels containing hydrogen. This can he delected
in tensile tents and seen in Ihe plastic region of the slrcvt-slruin diagram showing a loss in
duclilily. Electroplating of many parts is required because of their service environment lo
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prevent corrosion failure. Steel may be contaminated by electroplating materials that arc
commonly used for cleaning or pickling operations. These materials cause hydrogen
embrilllcmcni by charging the material with hydrogen. Monatomic hydrogen is produced
by most pickling or plating operations at the metal-liquid interface, and it seems that single
hydrogen atoms can readily diffuse into the metal. Preventive measures can be taken to
reduce this accumulation of hydroeen gas on tbe surface of the melal. A frequent source
of hydrogen embrittlcment is found i.itbe welding process. Welding operations in which
hydrogen-bearing compounds such as oil, grease, paint, or water are present, are capable
of infusing hydrogen into the molten metal, thus embrittling ihe weld zone. Special
shielding methods are often used that help to reduce the amount of hydrogen absorption.
One effective method of removing hydrogen is a "baking" treatment in which tbe part, or
in some cases the welding rod, is heated for long periods of time at temperatures of 121
to 204°(_\ This treatment promotes the escape of hydrogen from the metal and restores the
ductility.

Stress raisers such as notches on the surface of a material have a weakening effect and
<*ausc cmbrililemt.nl A classical example is provided by the internal notches due to
graphite flakes in cast irons. The flakes embrittle the irons in tension. Therefore in
structural applications cast irons arc more usefully employed under compressivc loads.
Their brittle strength and toughness can, however, be increased appreciably if the graphite
is allowed to form in spheroidal rather than flaky form. This can be done by alloying the
melt, for example, with magnesium.

1.5. SURFACE FINISHING

Products that have been completed to their proper shape and size frequently require some
type of surface finishing to enable them to satisfactorily fulfill their I unction. In some
cases, it is necessary to improve the physical properties of Ihe surface material for
resistance lo penetration or abrasion, n many manufacturing processes, the product surface
is Icfl with dirt, metal chips, grease or other harmful material on it. Assemblies that arc
made of different materials or from the same materials processed in different manners,
may require some special surface treatment lo provide uniformity of appearance.

Surface finishing may sometimes become an intermediate step in processing. For instance,
cleaning and polishing are usually essential before any km j of plating process. Some of the
denning procedures arc also used for improving surface smoothness on mating parts and
for removing burrs and sharp corners, which might be harmful in later use. Another
important need for surface finishing is for corrosion protection in a variety of
environments, The type of protection provided will depend largely upon the anticipated
exposure, with due consideration lo the material being protected and the economic factors
involved.

Satisfying Ihe above objectives necessitates Ihe use of many surface finishing methods that
involve chemical change of the surface, mechanical work affeciing surface properties,
cleaning by a variety of methods and lbe application of protective coatings, organic and
metallic.

1.5.1. C'atcbirdcaiag of ilcclt

Casehardcning results in a hard , shell like surface. Some product applications require
surface properties of hardness and strength to resist penetration under high pressure and
lo provide maximum wear properties. Where through hardness and the maximum strength
associated with it are not necessary, it may be more economical In gain Ihe needed surface
properties by a cakchardening process, t'asehardening involves a change of surface
properties lo produce a hard, wear resistant shell with a tough fracture resistant core. This
U usually aťcomplúhcd by a change of surface material chemistry. With some materials,
a umilar condition can be produced by a phate change of the material already present.
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Casehardcning may be more satisfactory than through hardening in those cases where a
low cost, low carbon steel with a hard shell can be used instead of a higher cost . high
carbon or alloy steel which would be needed for through hardening. The process is much
less likely to cause warping or cracking and the product, because of its soft, ductile core,
is less subject to brittle failure than a through hardened product. Case hardening is often
suitable for heavy sections that would require very special high alloy steels for through
hardening lo be effective.

Case depth measurement is sometimes checked by destructive methods, cutting the object
, etching the cut surface and checking the cut depth with a measuring microscope. A faster
a more usable method when knowledge is needed directly for service parts is lo use eddy
current lesls.

1.5.2. Carburi/ing

Caschardcning of steel may be accomplished by a number of methods. The choice between
them is dependent on the material to be treated, the application and the desired properties.
One of the more common methods is carburi/ing which consists of an increase or addition
of carbon to the surface of the part. Carburi/ing is usually performed on a low alloy or
plain low carbon steel . If an alloy steel is used , it usually contains small quantities of
nickel or some other elements that act as grain growth rctardcr during the heating cycle.
Low carbon steels arc commonly used lo minimize the effect of subsequent heat treatment
on the core material. Il is possible to carburi/c any steel containing less than the 0.7% to
1.2% carbon that is produced in the surface material.

Carbon is caused to diffuse into the steel by healing the material above its critical
temperature and holding il in the presence of excess carbon. The temperatures used arc
usually between 850°C and 930°C with the choice most dependent on the desired rale of
penetration, the desired surface carbon content and the permitted grain growth in the
material. Penetration is dependent upon both the temperature and time, with variations of
case depth from 0.25 lo 1.0 millimeter (0.010 to 0.040 inch) possible in tbc firs! 2 hours by
varying the temperature between the two extremes. The rate of penetration slows down as
the depth increases, as shown in Figure 1.37 , so that for large depths, relatively long
periods of time arc necessary.

^ s The excess carbon for diffusion is supplied from a carbon rich environment in solid, liquid
•<' , or gas form. Parts to be carburi/cd may be packed in carbon or other carbonaceous

material in boxes that arc sealed lo exclude čiř and then heated in a furnace for the
required length of time in a process sometimes called pack carburi/ing. The liquid method
makes use of molten sodium cyanide in /hich the pans arc suspended lo take on carbon.
The cyanide method is usually limited to .hallow case depths of about 0.25mm (O.OIOin)
maximum. The third method often the most simple for production operations requiring a
thick case depth supplies gaseous hydrocarbons from an unburnl gas or oil fuel source to
the furnace retort in which the product is heated. The product is usually suspended on
wires or rolled about so that all surfaces are exposed uniformly.

C'iirburi/ing steels containing grain growth inhibitors may be quenched directly from Ihe
carburi/ing furnace lo harden the outside shell, bul plain carbon steels must be cooled and
reheated through Ihe critical range to reduce grain site. Even the alloy steels will have
heller properties if treated in (his manner. Ouenching from above ihc critical temperature
will produce a hard martensilic structure in the high carbon surface material but will have
lilllc or no effcel on Ihe low carbon core. As in the case of most through hardened steels,
tempering is usually required to toughen Ihe outside shell. The complete cycle for
cusvhurdening by carburi/ing is illustrated in Figure 1.38.

1 ••> i V ľ U « c
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Another case hardening process that does not require a change of composition in ihe
lurfucc material in fUmc burdening. This method can be used only on steels lhal contain
sufficient i.i r turn lo be hardcnahlc by standard heal treating procedures. The case is
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produced by selectively heating part or all of the surface with special high capacity gas
burners or oxy acetylene torches at a rale sufficiently high that only a small depth from tbe
surface goes above the critical temperature. Following immediately behind the torch is a
water quenching head thai floods the surface to reduce the temperature fast enough to
produce a martensitic structure. As in the case of carburi/ing, the surface may be then
reheated to temper it for toughness improvement. The depth of hardness is controlled by
the temperature to which the metal is raised , by the rale of heating, and by the lime lhal
pusses before quenching.

Few if any shaping and si/ing processes produce products (hat arc suitable without some
type of cleaning unless special precautions are taken. Hot working, heat treating, and
welding cause oxidation and scale formation in the presence of oxygen. For the same reason
, t i l ing"! are usually coaled with oxide scale.. If they arc made in sand moulds they may
have sand grains fused or adhering lo the surface. Residue from coolants, lubricants and
other processing materials is common on many manufactured pans. In addition to greasy
films from processing, protective coalings of greases, oils, or waxes arc frequently used
intentionally lo prevent rusi or corrosion on purls that arc stored for some period of time
before being put to use. Even if parts arc clean at the completion of manufacturing, they
xcldtim remain that way lor long. After only short storage periods , corrosion and dust from
j|[niih|ihcri(.' exposure necessitate cleaning particularly if further processing is
required When using NOT methods such as pcnctranl testing and ultrasonic testing good

i may be necessary to get accurate results and postclcaning is often needed to
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leave the surface in a suitable condition. In some applications such as on stainless steels
and nickel based alloys, ultrasonic couplants and pcnclrant materials must be made of only
certain materií I so that they do not cause stress corrosion failure.Cleaning sometimes has
finish improvement associated with it. Some shape producing methods produce
unsatisfactory surface characteristics such as sharp corners, burrs and tool marks which
may affect the function, handling case, and appearance of (he product. Some cleaning
processes at least partially blend together surface irregularities to produce uniform light
reflection. Improvement of surface qualities may be accomplished by removal of high spots
by cutting or by plastic flow as cleaning is performed.

TABLE 1.2 CLEANING METHODS

CLEANING

CHEMICAL MECHANICAL ELECTROCHEMICAL

VAPOUR BATH BLAST REVERSE PLATE

SPRAY TUMBLE

BRUSH VIBRATE

DIP BRUSH

BLAST BELT GRIND

POLISH

BUFF

BURNISH

l.S.2.1 Choice of cleaning method

As indicated by Table 1.2 . many different cleaning methods arc available The one most
suitable for any particular situation is dependent upon a number of factors. Cost is .of
course, always a strong consideration, but the reason for cleaning is bound to affect the
choice. Convenience in handling, improvement in appearance, elimination of foreign
material thai may affect function, or establishment of a chemically clean surface as an
intermediate step in processing might all call for different methods. Consideration must
he given to the starting conditions and to the degree of improvement desired or required.
Methods suitable for some materials arc not at all satisfactory for use on other kinds of
material.

Some cleaning methods provide multiple benefits. As pointed out previously, cleaning and
finish improvement are often combined. Probably of even greater importance is the
combination of corrosion protection with finish improvement, although corrosion protection
is more often a second step lhal involves coaling an already cleaned surface with some
i/ther material.

I..'. 2.2 Liquid jnd *ipUl

The most widely used cleaning methods moke use of n denning medium in liquid or vupour
form. These me I h oils depend on a solvent or chemical action between the surface
contaminant to he removed , the importance nnd degree of cleanliness , and the quantity
lobe treated. Among the more common cleaning jobs required is the removal of grease and
oil deposited during manufacturing or intentionally coaled on the work to provide
protection. One of the most efficient ways to remove this material is by use of solvents that
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dissolve the grease and oil but have no effect on the base metal. Petroleum derivatives
such as Stoddart solvent and kerosene an. common for this purpose, but as they introduce
some danger of fire, chlorinated solvents, such as (richloroclhylcne, that are free of (his
fault are sometimes substi'uted. One of the must economical cleaning materials is water.
However, it is seldom used alone even if the contaminant is fully water soluble because the
impurity of the water itself may contaminate the work surface. Depending on its use , water
is treated with various acids and alkalis to suit the job being performed. Water containing
sulfuric acid in a concentration from about 10% to 25% and at a temperature approximately
65" is commonly used in a process called pickling for removal of surface oxides or scale on
iron and steel. The work is immersed in the solution contained in large tanks for a
predetermined period of lime after which it is rinsed to stop the chemical action. Improper
control, of the timing . temperature , or concentration in the pickling baths is likely to
result in pitting of the surface because of uneven chemical reaction. Most pickling baths
are treated with chemical inhibitors that decrease the chemical effect of the acid on the
base metal but have little effect on the rate at which the oxides are attacked. Many of the
common cleaning liquids arc made up of approximately 95% water containing alkaline
cleaners such as caustic soda, sodium carbonate, silicates, phosphates, and berates. The
proportions are varied for different purposes and arc available under different brand names
for particular applications.

Liquid cleaners may be applied in a number of ways. Degrcasing, particularly on small
parts, is frequently done with a vapor-bath. This does an excellent job of removing the
grease but has the disadvantage of not being able to remove chips and other kinds of dirt
(hat might be present. Vapor decreasing is usually done in a special tank that is cooled at
the lop to condense the solvent. Cold work suspended in the vapor causes condensation
of the solvent, which dissolves the grease and drips back into the bottom of the lank. The
difference in volatility between the solvent and the grease permits the vapor to remain
unchanged and to do a uniform cleaning job.

Spraying, brushing and dipping methods arc also used with liquid cleaners. In nearly all
cases, mechanical work to cause surface film breakdown and particle movement is
combined with chemical and solvent action. The mechanical work may be agitation of the
product as in dipping movement of the cleaning agent as in spraying, or use of a third
element as in rubbing or brushing. In some applications, sonic or ultrasonic vibrations ;K"
applied to either the solution or the workpicce to speed the cleaning action. Chemical

'.J* activity is increased with higher temperatures and optimum concentration of the cleaning
*' agent, both of which must in some cases he controlled closely for efficient action.

Washing and rinsing away the cleaning liquid is usually necessary to prevent films and
> spots. Fast drying of water solutions on iron and steel products is sometimes needed to

prevent the formation of rust. If the product mass is large enough, heat picked up from
the cleaning bath may he sufficient to cause fast drying; otherwise, air blasts or external
heat sources may be required.

1.5.2.3 filiitilft

The term blasting is used to refer to all of (hose cleaning methods in which the cleaning
medium is accelerated to high velocity and impinged against the surface to be cleaned. The
high-velocity may be provided by air or water directed through a nozzle or by mechanical
means with a revolving slinger. The cleaning agent may be either dry or wet solid-media
such as sand, abrasive, steel grit, or shol, or may be liquid or vapor solvents combined with
abrasive material. The solid media are used for the removal of bridle surface
contamination such as the heal treat scale found on forging* and castings. Sleel grit has
replaced nand and oilier refractory type abrasives to some extent because of the reduced
heallh hazard (KÍIÍCUM*) and u reduced tendency lor pulverization. Sund, however, can he
used wiihmit dunger to the operator when purls are small enough lo be handled by hand
inside a properly designed chamber fitted with it dust collector. In addition lo cleaning,
ttilid particles can improve finish und surface properties of the materini on which they are
used. Hlasí ing H'nds lo increase the surface area and thus sel up compressivc stresses thai
may cause a warping of thin sections but in oiher cases, ii may he very beneficial by



reducing the likelihood of fatigue failure. When used for this latter purpose, the process
is more commonly known as "sholpecning".

Liquid or vapori/cd solvents may by themselves be blasted against a surface for high speed
cleaning of oil and grease film with both chemical and mechanical action. Water containing
rust-inhibiting chemical may carry, in suspension, fine abrasive particles that provide a
grinding cutting type action for finish improvement along with cleaning. The blasting
method using (his medium is commonly known as "liquid honing".

1.5.2.4 Abrasive barrel finishing

A Low Cost Cleaning and Finishing Method. When large numbers of small parts that do
not need to have sharp detail or accurate dimensions require cleaning, the rotating barrel
method may be very economical. Names used are: Barrel-finishing; rolling, tumbling and
rattling. They are all similar but various media may be combined with the work as indicated
in Figure I..V). High polish may be produced by tumbling with pieces of leather to wipe the
surfaces smooth as in a strop honing operation. In some cases a number of hours may be
required to produce the desired results but since the finishing machines do not have to be
tended by operators, the unit cost may be extremely low. Machines with a vibratory motion
and loaded with abrasive media are also used for similar type cleaning and finishing work.

Tumbling Rolling
Polishing

Barrel finishing

Figure 1.3*>

Burnishing

1.5.2.5 Wire brushing

A number of cleaning operations can be quickly and easily performed by use of a high
speed rotating wire brush. In addition to cleaning, the contact and rubbing of the wire ends
across (he work surface produces surface improvement by a brushing-typc action. Sharp
L'dge.i and burrs can be removed. Scratches, rough spots, and similar mechanical
imperfections can be improved primarily by plastic flow which also tends to work harden
the surface material. Most wire brushing is done under manual control, but where the
surfaces can be made accessible and the quantity to be treated is sufficiently large for
economic feasibility, machines for automatic brushing can be set up.

Common applications of wire brushing are the cleaning of spatter and slag from weldmcnts;
and the removal of rust, corrosion, and puinl from any object whose base material is strong
enough to withstand the brushing. Wire brushing produces a distinctive pattern on the
surface and in addition to cleaning it sometimes is used to produce a decorative sui'aix.

A precaution regarding surface defect detection should be kepi in mind. Any method of
surface cleaning involving abrasion or rubbing may .smear the surface material in such a
way as to disguise or cover over surface defects and prevent their detection by usual
method*, direful selection of a method may be necessary, or in some cases, such drastic
methods as etching may be needed. Machining, including fine grinding, also has similar
cíl ecu to a lesser degree hut should he remembered when small defects could be serious
regarding service life of the purl under consideration. Pcnctranl tests arc most severely
affected and can bv rendered practically useless if defect openings have been smeared.



1..S.2.6 Polishing

The term polishing may be interpreted to mean any nonprecision procedure providing a
glossy surface but is most commonly used lo refer to a surface-finishing process using a
flexible abrasive wheel. The wheels may be constructed of felt or rubber with an abrasive
band, of multiple coated abrasive discs, of leaves of coated abrasive, of felt or fabric to
which loose abrasive is added as needed, or of abrasives in a rubber matrix. These wheels
differ from grinding wheels only by being flexible, which enables them to apply uniform
pressure to the work surface and permits them to conform to tbc surface shape. Polishing
is usually done manually except where tbe quantity is large. The process may have several
objectives. Interest may be only in finish improvement for appearance. The surface finish
may be important as an underlay for plating, <vhich has only limited ability to improve
surface quality over that of the surface on which it is placed. Polishing may also be
important as a means of improving fatigue resistance for products subject to this kind of
failure.

l..S.2.7Buffing

About the only difference between buffing and polishing is that, for buffing, a fine abrasive
carried in wax or a similar substance is charged on the surface of a flexible wheel. The
objectives are similar. With finer abrasive, buffing produces higher quality finish ; nd luster
but removes only minor amounts of metal. With both polishing and buffing particularly of
the softer metals, plastic flow permits filling of pores, scratches md other surface flaws to
improve both appearance and resistance lo corrosion.

1.5.2.8 Electropolishing

If a workpicce is suspended in an electrolyte and connected lo ,ac anode in an electrical
circuit, it will supply metal lo the electrolyte in a reverse plating process. Material will be
removed faster from the high spots ol the surface than from the depressions and will
thereby increase the average smoothness. The cost of the process is prohibitive for very
rough surfaces because larger amounts of metal musl be removed to improve surface finish
than would be necessary for the same degree of improvement by mechanical polishing.
Elect -opolishing is economical only for improving a surface lhat is already good, or for
polishing complex and irregular shapes, the su.faces of which are not accessible to
mechanical polishing and buffing equipment.

1.5.3. Coatings

Many products, in particular those exposed to view and those subject lo change by the
environment with which they arc in contact, need some type of coaling for improved
appearance or for proteclion from chemical attack. All newly crcalcd surfaces are subject
to corrosion, although the rate of occurrence varies greatly with the material, the
environment, and Ibc conditions. For all practical purposes, some materials are highly
corrosion resistant because the products of corrosion resist further corrosion. For example.
a newly machined surface on an aluminium alloy will immediately be attacked !iy oxygen
in the air. The initial aluminum oxide coaling protects the remaining metal and practically
stops corrosion unless an environmental change cccurs. Corrosion rales are closely
dependent on environment. Rales increase with rise of temperature and greater
concentration of the attacking chemical. The need for corrosion protection for maintenance
of appearance is obvious. Unless protected, an object made of bright steel will begin lo
show rust in a few hours of exposure lo ordinary atmosphere. In addition lo change of
appearance , loss of uclual material, change of dimensions, tind decrease of strength,
corrosion may be the cuusc of eventual loss of service or failure of a product. Material lhal
muM turry loads in structural applications, cspc.ially when the loads arc cyclic in nature
, may fail with fatigue if corrosion is allowed lo lake place. Corrosion occurs more readily
in highly stressed material where it allaeks grain boundaries in such u way as lo form
points of M re M> concentrations thiii may be nuclei for fatigue failure.
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The correction for corrosion problems include choice of materials that resist attack from
the environment to which they arc exposed, selection or control of the environment to
minimize corrosion effects and the use of selective corrosion by placing materials with
greater susceptibility to corrosion near to those to be protected. The latter is illustrated by
the use of magnesium rods in hot water tanks. The magnesium is the target for corrosion
, as long as it is present, corrosion of the steel walls of the tank is ú significant. Another
correction for corrosion, when the others are impractical, is the coating of the surfaces
needing protection with a material that resists the environmental elements that are harmful.
Thickness of coating may be important for many reasons. If the objective is improvement
of appearance , uniformity of coating may be required, or lacking that , some minimum
value may have to be surpassed to provide the appearance of uniformity. Life of a coating
is usually also closely associated with uniformity and depth of coating layer. Many coatings
arc inherently porous to some degree and resistance to corrosion is likely to require
thickness sufficient to resist penetration of liquids and gases. For those reasons
manufacturing specifications frequently list minimum thickness for coalings and an NDT
measurement is usually the only way to know when that specification is being met.
Although other methods are possible, gaging with eddy current methods is common.

In addition to stabilizing appearance by resisting corrosion, coatings are often very valuable
for providing colour control, changing appearance and providing variety which may be
important in enhancing sales appeal. Some coatings such as fillers, paint and others with
substantial body, improve surface smoothness by filling pores and cavities. Some coating
materials can provide uniform appearance for products made as assemblies of different
materials. Coating of various types may be used to change or improve surface properties.
Case hardening of steel has been discussed earlier and although it is a surface property-
changing method, in most of its forms, casehardening docs not consist of the addition of
a coating. Hardness and wear resistance can. however, be provided on a surface by plating
with hard metals. Chromium plating of gages subject to abrasion is frequently used to
increase their wear life. Coatings of plastic materials and asphaltic mixture are sometimes
placed on surfaces to provide sound deadening. The additional benefit of protection from
corrosion is usually acquired at the same time. Frictional characteristics of a surface can
be varied in cither direction by application of a coating. Rubber and some other plastic
materials may be applied for increase of friction. An example would be the special
compounds applied to the floorboards or bottom of small boats to decrease the chance of
slipping. Other plastic materials, the fluorocarbons being good examples, are applied to
surfaces where slipping is required because they provide a very low oo-efficient of friction.

1.5.3.1 Preparation for coatings

The ability of an organic film to adhere to a metal surface (adhesion) is dependent to a
large degree on the cleanliness of the metal surface. However, some materials hold
together tighter on a surface that has been slightly roughened by some process such as
sand blasting, while others may require chemical treatment of the base metal for formation
of an anode or phosphate film for satisfactory adhesion. Cleaning by one or more of the
methods discussed earlier in this chapter is usually essential before any kind of coating
should be applied. Practically in every case a clean dry surface is necessary for coating
adhesion. Whether or not a combination of cleaning and smoothing operation should be
used depends somewhat on the previous processing as well as on the desired final finish.
Some coatings, such as the heavier plastics, can hide large faults and surface imperfections,
but others, such as finishing lacquers and metallic platings, improve finish quality to only
a very small degree. With tbc latter, scratches, surface faults, and even tool marks can
continue to show on the final surface although the coating tends to blend and soften their
appearance.

1 ..V3.2Paintsrvarnishcs and enamels

Painting is a generic (erm thai has come to mean the application of almost any kind of
organic coaling by any method.
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Paint; As originally defined and as used mostly at present, paint is a mixture of pigment
in a drying oil. Color and opacity are supplied by the pigment. The oil serves as a carrier
for the pigment and in addition creates a tough continuous film as it dries.

Varnish: Varnish is a combination of natural or synthetic resins and drying oil, sometimes
containing volatile solvents as well. The material dries by a chemical reaction in the drying
oil to a clear or slightly amber coloured film. A solution of resin in a volatile solvent
without the drying oil is called spirit, or shellac, varnish.

Enamel: Enamel is a mixture of pigment in varnish. The resins in the varnish cause the
material to dry to a smoother, harder,and glossier surface than produced by ordinary
paints. Some enamels are made with thcrmosetting resins that must be baked for complete
dryness. These baking enamels provide a toughness and durability not usually available
with the ordinary paints and enamels.

1.5.3.3 Lacquers

The term ' lacquer ' is used to refer to finishes consisting of thermoplastic materials
dissolved in fast drying solvents. One common combination is cellulose nitrate dissolved
in butyl acetate. Present day lacquers are strictly air drying and form films very quickly
after being applied, usually by spraying. No chemical change occurs during the hardening
of lacquers consequently, the dry film can be redissolvcd in the thinner. Cellulose acetate
is used in place of cellulose nitrate in some lacquers because it is nonflammable. Vinyls,
chlorinate hydrocarbons, acrylics, and other synthetic thermoplastic resins are also used
in the manufacture of lacquers. Clear lacquers are used to some extent as protective films
on such materials as polished brass, but the majority arc pigmentcd and used as color
coals. The pigmentcd lacquers are sometimes called lacquer enamels. Lacquers are widely
used for coaling manufactured products because of their ease of application and speed of
drying.

1.5.3.4 Organic coating applications

Dipping Dipping is common for applying protective coatings to forgings and castings to
prevent rust during storage and processing and to serve as primers for final finish. Many
other products made in large quantities also are finished by dipping. Dip application is
limited to parts that do not have recesses, pockets, or shapes that will hold the liquid paint
or prevent its flowing to an even coat.

Brushing: Brush painting is slow and used little in manufacturing work except on large,
heavy or odd shaped parts that cannot be moved or manipuialcd in a spray paint area.
Brushing and rolling are commonly used for coating structural surfaces such as walls and
ceilings of buildings. Brushing docs provide efficient, use of coating material, as practically
none is wasted and the mechanical rubbing of a brush or roller provides some cleaning
action that may provide better adhesion.

Spraying: By far the greatest amount of organic coatings are applied industrially by
spraying. This method is used most with lacquers and fast drying enamels. The short drying
lime causes parts to become dust free very quickly so that they can be moved away from
the spray area and advantage can be taken of this fast application method. Spraying is done
in booths designed for this purpose where adequate ventilation carries fumes and spray
particles away from the operator. Spray painting of automobile bodies and other large
objects that arc convcyori/cd is often done automatically with a number of spray heads,
some stationary and some movable, adjusted to spray a uniform layer over the entire
object. In many cases spray application of penctrant materials is the fastest and best way
of obtaining uniform coverage. Spraying aids particularly on parts cont ning recesses and
comers difficult to contact with a brush.

Electnjslalic spraying: For electrostatic spraying the paint particles are sprayed through a
high voltage electrostatic field. Each paint particle takes on an electric charge from the
field and is allracted towards the grounded article to be painted. Thi„ method provides
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better efficiency of paint use than ordinary spraying, but even more important, causes the
coaling to distribute itself more evenly over the entire object. Electrostatic force can also
be used to pull off drips or tears that form by gravity along the bottom edges of newly
painted objects.

As indicated previously, organic coating is often done in free air. Some solvents and
vehicles are so volatile that drying is accomplished almost immediately. Others require
several days for drying, and still others require elevated temperatures for necessary
polymerization to take place. Heat for drying and speeding chemical reaction may be
provided by various types of ovens. Some ovens are batch types in which racks of parts are
placed for specific periods of time. Others are continuous types built over conveyer
systems that regulate the time of exposure by the length of oven and the speed of conveyer
operation.

1,5.3.5Vitreous enamels

Vitreous, or porcelain, enamel is actually a thin layer of glass fused onto the surface of a
metal, usually steel or iron. Shattered glass, ballmillcd to a fine particle size, is called frit.
Frit is mixed with clay, water and metal oxides, which produce the desired color, to form
a thin slurry called slip. This is applied to the prepared metal surface by dipping or
spraying and, after drying, is fired at approximately 8Q0°C to fuse the material to the metal
surface. For high quality coating, more than one layer is applied to guard against pinholc
porosity. Glass applied in this way has high strength and is usually flexible enough to
withstand bending of the steel within the elastic limits of the base metal. The coatings have
excellent resistance to atmospheric corrosion and to most acids. Vitreous enamels can be
made suitable for use over a wide range of temperatures. Some special types have been
used for corrosion protection on exhaust stacks for aircraft engines. Considering their high
quality protection, vitreous enamels are relatively inexpensive and fi.?<i many uses.

The advent of rockets and missiles has introduced , an entirely new field in which high
temperature corrosion protection is essential. Porcelain enamel has been satisfactory in
some of these applications, but ceramic coatings with better refractory characteristics are
more commonly used. Some are applied in the su->ne way as porcelain enamel. Ot! ers are
fused to the metal surfaces with the intense heat of a plasma jet.

Porosity of porcelain or ceramic coatings can be checked with penetrants and coating
thickness determined by use of eddy current methods.

1.5.4 Metallizing

Metal spraying, or metallizing, is a process in which metal wire or powder is fed in (o an
oxyacetylene heating flame and the same after melting, is carried by high velocity air to
be impinged against the work surface. The small droplets adhere to the surface and bond
together to build up a coating. The nature of the bond is dependent largely on the
materials. The droplets are relatively cool when (hey make contact and in fact can be
sprayed on wood, leather, and other flammable materials. Little, if any, liquid flow aids (he
bonding action. If, however, sufficient affinity exists between (he metals, a type of weld
involving atomic bonds may be established. The bond is largely mechanical in most cases
and metal spraying is usually done on surfaces that have been intentionally roughened to
aid the mechanical attachment. Zinc, aluminium, and cadmium, which arc anodic to steel
and therefore provide preferential corrosion protection, arc usually sprayed in thin layers,
averaging about 0.25 millimeter (0.010 inch) in thickness, as protective coatings. Because
sprayed coaling.', tend to be porous, coatings of two or more times this thickness arc used
for cathodic ma'.crials such as tin, lead, and nickel. The cathodic materials protect only by
isolating the base material from its environment.

Another important application for metal spraying is in salvage operations for which a wide
variety of metals and alloys may bt used. Surfaces, usuully after first being roughen d, arc
buili up to oversized dimensions with metal spray. The excess material is then machined
away lo the desired dimension. Expensive pans with worn bearing surfaces or new parts
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lhal have been machined to undcrsi/c can sometimes be salvaged by this relatively cheap
procedure.

1.5.4. IVacuum metallizing

Some metals can be deposited in very thin films, usually for reflective or decorative
purposes, as a vapor deposit. Thft metal is vaporized in a high vacuum chamber containing
the parts to be coaled. The metal vapor condenses on the exposed surfaces in a thin film
that follows ihc surface pattern. The process is cheap for coating small parts, considering
the time clement only, but the cost of special equipment needed is relatively high.
Aluminium is the most used metal for deposit by this method and is used frequently for
decorating or producing a mirror surface on plastics. The thin films usually require
mechanical protection by covering with lacquer or some other coating material.

1.5.4.2 Hot dip plating

Several metals, mainly /inc. tin, and lead, arc applied to steel for corrosion protection by
u hol dip process. Steel in sheet, rod, pipe, or fabricated form, properly cleansed and
(luxcd, is immersed in molten plating metal. As the work is withdrawn, the molten metal
that adheres solidifies to form a protective coat. In some of the large mills, the application
is made continuously to coil stock that is fed through the necessary baths and even finally
inspected before being recoiled or cut into sheets. Zinc is one of Ihc most common
materials applied to steel in this manner. In addition to protection by exclusion, electro-
chemical protection (the source of the term galvanized iron) occurs when exposed steel and
adjacent zinc arc connected by conducting moisture. Zinc is one of the most favoured
coating for corrosion protection of steel because of ils low cost and case of application. In
addition to hot dipping, zinc can also be applied by electroplating, spraying, and
shcrodizing. Shcrodizing is a process by which steel, heated in the presence of zinc dust,
becomes coaled with zinc. Tin plating and terne plating, the latter using a mixture of
approximately four parts lead to one part tin, arc also done by hot dipping.

1.5.4.3 Electroplating

Coaling of many metals can be deposited on other metals, and on non-metals by
electroplating, when suitably prepared. The objectives of plating arc to provide protection
against corrosion, to improve appearance, to establish wear and abrasion resistant surfaces,
to add material for dimensional increase, and to serve as an intermediate step to multiple
coating. Some of the most common mUals deposited in this way arc copper, nickel,
chromium, cadmium, zinc, tin, silver and gold. The majority arc used to provide some kind
of corrosion protection, but appearance also plays a strong part in their use. Figure 1.40
is a schematic diagram of a simple plating set up. When direct-current power of high
enough voltage is applied to two electrodes immersed in a water solution of metallic sail,
current will flow through the circuit causing changes at the electrodes. At the negative
electrode, or cathode (the work), excess electrons supplied from the power source
neutralize positively charged metallic ions in the salt solution to cause dissolved metal to
be deposited in Ihc solid state. At the positive electrode, or anode (plating metal), metal
goes into solution to replace that removed at the other electrode. The rate of deposition
and the properties of the plated material arc dependent on the metals being worked with,
the current density, the solution temperature, and other factors. Thickness of plating is
usually low, in the range of 2.5 microns to O.025 millimeter (0.0001 to 0.001 inch).
Chromium applied for appearance only may be used in a thickness of only about one-tenth
these amounts, but when used to provide wear resistance and to build up dimensions as on
gages, may be applied in thicknesses of as much as 0.23 millimeter (0.010 inch).

When plating thickness is a critical consideration, measurement and control may be
established with NDT. Both eddy current methods and radiation back scatter are useful.

Layers of different metals arc sometimes plated for maximum properties. For example, an
object such ah n steel bumper for an automobile may first be copper plated to provide good
adhesion and coverage of Ihc steel and to facilitate buffing to a smooth surface necessary
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Plating Metll (Anode) Work /Cathode)

Electroplating

Figure 1.40

for high quality final finish. Nickel is then plated over the copper to serve as the principal
corrosion protection. Finally, chromium is plated over the nickel to serve as a hard, wcar-
rcsistant, bright blue-white color coating over the softer tarnishablc nickel.

Some problems exist with electroplating. Deposit on irregular shapes may vary widely in
thickness. Projections and exposed surfaces may plato readily but recesses, corners and
holes can sometimes be coated only by using specially located electrodes or electrodes
shaped to conform to the workpiece shape. Electroplating can be costly because it involves
payment for considerable electric power and the metal plated and lost. Because plating
thicknesses arc usually very small, the coating has little hiding power.

I.S.S Chemical conversions

A relatively simple and often fully satisfactory method for protection from corrosion is by
conversion of some of the surface material to a chemical composition that resists attack
from the environment. These converted metal surfaces consist of relatively thin (seldom
more than 0.025 millimeter, or 0.001 inch thick) inorganic films that arc formed by
chemical reaction with the base material. One important feature of the conversion process
is that the coatings have little effect on the product dimensions. However, when severe
conditions arc to be encountered, the converted surface may give only partial protection,
and coalings of entirely different types may be applied over them.

1.5.5.1 Anodizing

Aluminium, magnesium, and zinc can be treated electrically in a suitable electrolyte to
produce a corrosion-resistant oxide coating. The metal being treated is connected to the
anode in the circuit, which provides the name nnodi/ing for the process. Aluminium is
commonly treated by anodizing that produces an oxide film thicker than, bul similar to that
formed naturally with exposure to air. Anodizing of zinc has very limited use. The coating
produced on magnesium is not as protective as that formed on aluminium but does provide
some protective value and substantially increases protection when used in combination with
paint coatings, Because of their greater thickness and abrasion resistance anodic films offer
much better protection against corrosion and mechanical injury than do the thin natural
films. Aluminium is usually treated in a sulfuric acid electrolyte that slowly dissolves the
outside and at the same time it is converting the base metal to produce a porous coating.
The coaling can be impregnated with various materials to improve corrosion resistance. It
also nerves as a good paint base and can be colored by use of dyes.

The usual commercial anodizing methods used on aluminium cause formation of billions
per square inch of aluminium oxide cells which grow above the original metal surface and
ai the same lime extend below the original surface. Each of these cells has a pore in its
centre thai extends to » solid barrier layer near the bottom of Ihc cell. These numerous
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pores permit impregnation of the surface with various desirable materials but they arc also
a source of problems for penetrant testing of anodi/cd aluminium surfaces. The penetrant
can enter the pores to such an extent that an extremely high background is produced.
Special care in the interpretation of results is therefore be necessary. Checking for cracks
is often called for because aluminium oxide is brittle and subject to cracking particularly
if deformation of the material occurs after anodizing.

1.5.5.2 Chromáte coatings

Zinc usually has a relatively good corrosion resistance. This is true when the exposure is
to normal out door atmosphere where a relatively thick corrosion film forms. Contact with
cither highly aerated water films or immersion in stagnant water containing, little oxygen
causes uneven corrosion and pitting. The corrosion products of zinc are less dense than the
base material so that heavy corrosion not only destroys the product appearance but also
may cause malfunctions by binding moving parts.

Corrosion of zinc can be substantially slowed by the production of chromium salts on its
surface. The corrosion resistance of magnesium alloys can be increased by conversion.
Treatment of both zinc and magnesium improves corrosion resistance but is used also to
improve adhesion of paint.

1.5.5.3 Phosphate coatings

Phosphate coatings, used mostly on steel, results from a chemical reaction of phosphoric
acid with the metal to form a non-metallic coating that is essentially phosphate salts. The
coating is produced by immersing small items or spraying large items with the phosphating
solution. Phosphaled surfaces may be used alone for corrosion resistance, but their most
common application is as a base for paint coatings. Two of the most common application
methods are called parkcrizing and bonderizing.

1.5.5.4 Chemical oxide coatings

A number of proprietary blackening processes, used mainly on steel, produce attractive
black oxide coatings. Most of the processes involve the immersing of steel in a caustic soda
solution healed to about 15O°C(3OO°F) and made strongly oxidizing by the addition of
nitrites or nitrates. Corrosion resistance is rather poor unless improved by application of
oil, lacquer, or wax. As in the case of most of the other chemical conversion procedures,
this procedure also finds use as a base for paint finishes.

1.6 METROLOGY

Id I Unite and (tandardt of measurement

From earliest history nations have had standards for length, volume and mass. These have
differed from country to country and even from time to lime, so lhal a large number of
units for mass, length volume and area were in wide spread use by the 18th century.

In 1773 the French Government adopied the decimal/metric system wherein Ihe basic unit
of length was defined as one ten-millionth of Earth's polar quadrant ( as determined from
latitude surveys), to be called tbc meter. The basic unii of mass was defined as the mass
of one cubic decimeter of water, to be called the kilogram. For working standards a
platinum bur was marked with fine lines one meter apart and u platinum iridium cylinder
was constructed equal in mass (<> a cubic dccimeler of water, When later refinements in
measurement showed that neither of these standards exactly realized ihc units as originally
defined , the discrepant k« were eliminated by redefining the units in terms of the materials
from which they had been conHrucled.

87



The United Stales in 1866 legalized the use of the metric system without making its use
mandatory and in I87S signed a treaty with 18 other countries providing for international
standards of measurement. An international committee on Weights and Measures and a
laboratory were established near Paris , known as the International Bureau of Weights and
Measures (B1PM). In 1843 the United States received prototypes of international standards
of the meter and kilogram. In 1975 the United States adopted the Metric Conversion Act
lo increase the use of the metric system in the United States.

The British Government in 1965 announced a policy of moving towards full metric usage
in industry and trade, hoping that this could be generally accomplished within 10 years. By
1980, many major industries had successfully adopted metric conversion and encouraging
progress was being made in the remaining areas , but total conversion had not been
attained.

English Units have become almost universal in some world wide industries, e.g. the
dimensions of oil driiiing equipment or altitude measurement in aviation or the si/e of a
football field. The wide spread practice in aviation control is to separate aircraft flying in
various directions by 500, 1090,or 2000 feel in altitude. Altimeter pointers making one
revolution for each 1000 feel provide a conveniently readable index. To adopt a metric
conversion it was thought 300 meters or even 500 meters would result in reading
inconvenience and some change in flight safety. The unit for speed in air navigation ( as
in marine navigation ) is the knot, defined as 1 nautical mile ( 1 minute of arc of the earth's
surface ) per hour. These have been temporarily permitted for use with the Internalional
System. Thus it is likely that there will always be exceptions to uniformity, requiring
knowledge of special units for at least some people even if the whole world goes metric in
principle.

1.6.2 International System of Units (SI)

At present the International System of units (abbreviated lo SI from the French
terminology of System International d'Uni(es) is constructed from seven base units for
independent quantities and two supplementary units for plane angle and solid angle as
shown in TABLE 1.3. Units for all other quantities are derived from these nine units.

.,« TABL^ 1.3 SI BASE AND SUPPLEMENTARY UNITS

Quantity Unit Unit
Name symbol

Base Units

Length meter m
Mass kilogram kg
Time second s
Hleclric current Ampere A
Thormodynamic Kelvin K
temperature
Amount of subsluncc mole mol
Luminous intensity candelu cd

Supplementary

I'lunt* tingle i jdian rud
Solid jtnttlc slcradiiin sr

In TAUI.U 1.4 aru lUltd ľ' SI derived units with special names,
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TABLE 1.4 SI DERIVED UNITS WITH SPECIAL NAMES

SI unit

Ouanlity Name Symbol Expression Expression
in terms in terms
of other of SI
units units

Frequency Hertz
Force Newton
Pressure Pascal
stress
Encrgy,work Joule
quantity of heat
Power,radiant flux Watt
Quantity of Coulomb
electricity,
electric charge
Electric potential Volt
P.D.E.M.F.
Capacitance Farad
Electric Ohm
resistance
Conductance Siemens
Magnetic flux Weber
Magnetic flux Tesla
density
Inductance Henry
Celsius degree
temperature celsius
Luminous flux Lumen
Illuminance Lux
Activity (of a Bccqueral
radio nuclide)
Absorbed dose, Gray
specific energy
imparicd.kerma.
absorbed dose index
Dote equivalent sicvert
dose equivalent
index

Hz
N
Pa

J

W
C

V

F
Q

S
Wb
T

H
°C

Im
lm/m2

Bq

oy

Sr

N/m2

N.m

J/s
A.s

W/A

C/V
V/A

A/V
V.s
Wb/m2

Wb/A

J/kg

JAg

s-1
m.kg.s2

m'.kg.s2

m'.kg.s2

m2.kg.s3

s.A

m'.kg.s'A'

m2 .kg'.s'.A2

m2.kg.s3.A2

m2.kg'.s3A2

m2.kg.s2A'
kg.s^A1

m2.kg.s2A'
K

Cd.Sr
m 2cd.sr

s '

m V

m ! s 2

S u m e m o r e SI d e r i v e d u n i t s a r e g i v e n in T A B L E I S .
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TABLE 1.5 DERIVED UNITS OF THE INTERNATIONAL SYSTEM

Quantity Name of Unit symbol Unit expressed
unit where in terms of

differing from base or
basic form supplementary

unils*

area
volume
frequency
density

velocity
angular
velocity
acceleration

angular
acceleration

volumetric
flow rale
force
surface
tension

square meter
cubic meter
hertz Hz
kilogram per cubic
meter
meters per second
radian per second

meter per second
squared

radian per second
squared
cubic meter per
second
newton N
ncwion per meter,
Joule Der sauare

m
m3

s1

kg/m3

m/s
rad/s

m/s2

rad/s2

m3/s

kg.m/s2

N/m,J/m2

pressure

viscosity
dynamic

viscosity
kinematic
work,torque,
energy,
quantity of
heal
power,heal
flux
heal flux
density
volumetric
heal release
rale
heal transfer
coefficient
heal capacity
(tpecific)
capacity rale
thermal
conductivity
quantity of
electricity
electromotive
force
electric field

c Ice l r it
retitiancc

meter
newton per square N/m2,Pa kg/m.s2

meter.pascal
ncwton-second per N.s/m2, Pa.s kg/m.s
square meter, pascal
second
meter squared per m2/s
second
joule,Dcwton-meler J,N.m,W.s kg.m2/s2

watl-second

watt,joule per W,J/s kg.m2/s2

second
watt per square W/m2 kg/s2

meter
watt per cubic W/m' kg/m.s1

meter

watt per square W/m2.K kg/s'.K
meter Kelvin
joule per J/kg.K ra:/s!.K
kilogram Kelvin
wall per Kelvin W/K kg.mV&'K
wall per mclcr W/ra.K.J.m/s.m'.K kg.m/s'
Kelvin
coulomb C A.s

Voli V, W/A kg.m'/A.ii'

Voli per Riclcr V/m kg.m/Au*

Ohm O, V/A kgrn'/A.*'



TABLE 1.5 (cont.)

Guanlily Name of Unit symbol Unit expressed
unit where in terms of

differing from base or
basic form supplementary

units*

electric
conductivity
electric
capacitance
magnetic flux
inductance
magnetic
permeability
magnetic flux
density
magnetic field
strength
magnetomotive
force
luminous flux
luminance

illumination

activily(of
radionuclidcs)
absorbed dose
dose equivalent

ampere per volt A/V.m
meter
farad F,A.s/V

weber Wb.V.s
henry H.V.s/A
henry per meter H/m

tesla.webcr per T,Wb/m!

square meter
ampere per meter

ampere

lumen lm
candela per square
meter
lux,lumen per Ix, lm/mľ

square meter
becquerel Bq

gray Oy, J/kg
sievcrt Sv

A.sVkg.m2

AY/kg.m2

kg.mVA.s2

kg.mVA2.s2

Kg.m/A2.s2

kg/A.s2

A/m

A

cd.sr
cd/nr

cd.sr/m2

s '

m2.s2

m2.s2

supplementary units arc : plane angle, radian(rad), solid angle, sleradian(sr).

The set of 16 prefixes to be used with the SI units for forming multiples and sub multiples
of these units are given in TABLE 1.6.

TABLE 1.6 PREFIXES FOR UNITS IN THE SI

Prefix Symbol Power Example

cxa
petit
lcr»
m»
mega
kilu
heclu
deca

E
P
T
Ci
M
K
h

1(1"
10"
10"
10'
10*
10'
10!

10'

mcgahcrl?
kilometer

dťťi
cenu
millí
mieru
nami
pU'tt

d
c
m
ľ
n
P

10'
10!

w
10*
10'
1 0 "
1 0 "
1 0 "

milligram (mg)
microgram (ug)
nanitieiond (ns)
picof«r*d (pf)



For mass it must be noted lha! the prefixes are to be applied to the gram instead of the SI
unit, the kilogram.

1.6,2.1. Natural units

In some cases quantities arc commonly expressed in terms of fundamental constants of
nature and use of these constants or natural units is acceptable. Typical examples of natural
units with their symbols are as follows:

Elementary charge
Electron mass
Proton mass
Bohr radius
Electron radius
Compton wavelength of
electron
Bohr magneton
nuclear magneton
speed of light
Plank's constant

.Units acceptable for use

e
me
m
a"
r°
ec

Pb
n
c
h

with SI

Certain units which are not part of the SI are used so widely that it is impractical to
abandon them. The units that are accepted for continued use with the International System
are listed in TABLE 1.7.

TABLE 1.7 UNITS ACCEPTED FOR USE WITH THE SI

Name Symbol Value in SI unit

min = 60s
h = 60 min = 3600s
d = 24 b = 86400s
' = («/180)rad

= (1/60)° = (*/10800)rad
' = (1/60)1 = («/64800)rad

ÍL = ldm' = 103m5

U = itfkg
Iba = 10*mJ

It it likewise necessary to recogni/e outside the International System the following units
which arc used in specialized fields.

electron volt ev
unified atomic matt unit u
ailrunumka! unit AU

minute
hour
day
degree
minute
second
liter
metric Ion
hectare

mm
h
d
o

Ľ
t
ba

TABLE I.H give* example! of convention factors from non-SI uniu.



TABLE I.K SOME COMMON UNITS DEFINED IN TERMS OF SI units

Ouanlity

length
mass
force
pressure
pressure
pressure

energy
energy

energy

thcrmodynamic
lcmpcraturc(T)
customary
temperature(t)
customary
tcntperature(t)
radioactivity
energy*
raass#

Name of unit

inch
pound(avoirdupois)
kilogram-force
atmosphere
torr
conventional
-millimeter of mercury
kilowatt-hour
thermochcmical
calorie
international steam
table calorie
degree Rankinc

degree Celsius

degree Fahrenheit

curie
electron volt
unified atomic mass
unit

Symbol

in.
Ib
kgf
aim
torr
mmHg

kWh
cal

cal.T

°R

"C

op

Ci
eV
u

Definition of unit

2.54 x 102m
0.45359237 kg
9.80665 N
101325 Pa
(101325/760) Pa
13.5951x980.665
xlO2 Pa
3.6x10* J
4.184 J

4.1868 J

(5/9)K

t(°C) = T(°K)-273.15

t(°F) = T(°R)-459.67

3.7xl0'°Bq
eV = 1.60219x10 "J
u = 1.66O57xlO"kg

* The conventional millimeter of mercury .symbol mmHg (not mm Hg) is the pressure exerted by
a column exactly 1 mm high of a fluid of density exactly 13.5951 g.cm' in a place where the
gravitational acceleration is exactly 980.665 cm.s2. The mmHg differs from the torr by less than
2x10' lorr.
# These units defined in terms of the best available experimental values of certain physical
constants may be converted to SI units. The factors for conversion of these units a^e subject to
change in the light of new experimental measurements of the constants involved.

1.6.3. Internationally accepted definitions

The internationally accepted definitions for some of the base and derived units are as
follows.

I ft VI.

The kilogram (kg) if equal to the mass of tbc international Prototype kilogram. The
international Prototype is 4 |)lalinum-iridim« cylinder preserved at the International Bureau
of Weights and Measures at Sevres, France.

Prototype No 20 is kept at the U.S. National Bureau of Standards. Equivaicil prototypes
arc kept by other countries. Mass is the only une of the base quantities for which the
standard is an arbitrarily defined object. No basic property of matter involving mass can
he measured with more precision than is possible in comparing kilogram masses by
weighting, about I part in 10*.

I ri.12. Tine Interval

The tci'tmii iii the duration of 9 |«J2 631 770 periods of radiation corresponding to the
J between the two hypcrfinc levels of the ground slate of the cesium-133 atom.



1.6..V3. Length units

The metcr(m) is the SI unit of length. The use of special names for decimal submultiples
of the meter should be avoided, and units formed by attaching appropriate SI prefixes to
the meter should be used instead. Thus the micron (u) which was defined as 106m should
be replaced by the micrometer (um) which has the same value: and the millimicron (mu)
which was defined as 10'' m should be replaced by the nanometer (o). The fermi which was
defined as 10" and was used to measure nuclear distances should be replaced by the
femtometer (f m) which has the same value. The Angstrom (A) is equal to 1010m. Although
it has been accepted for temporary use with the SI it is preferable to replace this unit with
the nanometer, using the relation 1A = O.lnm.

The nautical mile (nmi) equal to 1852 m has been accepted for temporary use with the SI
in navigation.

The fool (ft) is the unit of length in the British system of units and it is also in common
use in (he United Slates. Since 1959 the foot has been defined as exactly 0.3048m. The yard
(yd) is defined as exactly 3 ft or 0.9144m.

Relative measurements of x-ray wavelengths can be made to a higher accuracy than
absolute measurements. That is, the ratio of two x-ray wavelengths can be determined with
a higher accuracy than the ratio of either of them to the meter. The same situation holds
for dimensions of crystal lattices which are derived from x-ray wavelengths by x-ray
diffraction experiments. For this reason, x-ray wavelengths and dimensions of crystal
lattices have been expressed in units that are defined in terms of a standard wavelength or
crystal lattice dimension.

Before 1965 most x-ray wavelengths were expressed in terms of the x-unit which is
approximately 10 "m.The grating constant of calcite was defined to be exactly 3029.04 x-
units. Subsequent absolute measurements of tbc x- ray wavelengths with ruled gratings
indicated that the x-unit exceeds 10" by about 2 parts per thousand. Furthermore, in
practice, workers in the field began using definitions of the x-unit based on various x-ray
wavelengths instcac' of the calcitc grating definition and subsequent precise measurements
indicated tLat these wavelength standards differed from each other and from the calcilc
grating by as much as 20 parts per million.

The x-unit has been superseded by the A* unit introduced by J.A. Bcardcn in 196S. This
is based on the tungsten ka line as a standard. The peak of this line is defined as exactly
0.2090100 A*. X -ray wavelength tables have been published in terms of this unit. At the
time the A' unit was defined it was thought to be equal to 10'°m (the angstrom unit. A )
within 5 parts per million but tbc A* unit is now believed lo be 20.+. per million larger than

10

.ft.3.4. M«ity ytyd i« «itro»oniv

Special units whose values arc obtained experimentally ure used in astronomy. The
astronomical unit and parsec arc accepted for use with the SI. The parscc rather than the
light-year is used in technical literature.

The square meter (m2), the SI unit of area, is ihe urea of a square with sides of length I.
Older area units arc defined by forming squares of various length units in the same
manner. The hectare (ha) is equal to I square hectometer (I hm1) or equivalent (o III' nr.
lit u»c wiih the SI in permitted for expressing land or water areas.

t'rottk ncclitmn which measure the probability of internction helwccn an atomic nucleus,
«lt)fn ur miilcculc and an incident particle have ihc dimensions of area and the appropriate
SI ueit fur cxprctiing Ihc m it therefore the square meter. The barn (b) a unit of cross

equal Io 10'" m' hat been accepted for temporary u*c with the SI Typical nuclear



reactions have cross sections ranging from millibarns to several thousand barns. A related
quantity which is connected with t^e probability that a reaction will emit radiation in a
particular direction is the differential cross section which has the dimensions of barns per
stcrdian.

1.6.3.6. Time units

The second (b) is the SI base unit of time. However other units of time in customary use
. such as the minute (lmin = 60s), hour (lh = 60min) and the day (Id == 24hr) are used
in (be SI.

1.6.3.7. Frequency units

The hertz(Hz), the SI unit of frequency, is equal to 1 cycle per second. A periodic
oscillation has a frequency of n hertz if it goes through n cycles in 1 s. Other units of
frequency are defined by forming reciprocals of time units in the same manner.

1.6.3.8. Speed and velocity units

The meter per second (m/s) , the SI unit of speed or velocity, is the magnitude of the
constant velocity at which a body traverses 1 m in 1 s. Other speed and velocity units are
defined by dividing a unit of length by a unit of time in the same manner.

The knot (kn) is equal to 1 nautical mile per hour (lnmi/h). It has been accepted for
temporary use with the SI.

1.6.3.9. Pressure and stress units

The pascal (Pa) , the SI unit of pressure and stress, is the pressure or stress of 1 newton
per square meter (N/m2). This a rather small unit for most practical purposes. For
example, atmospheric pressure is approximately 105 Pa. Thus most pressures are most
readily expressed in decimal multiples of the Pascal formed by attaching the appropriate
SI prefix.

Pressure has been frequently expressed in terms of the bar and its decimal submultiples,
where 1 bar = 10ddynes/cm2 = 10' Pa. A reference level of 1 microbar (lubar = 10'6 bar =
1 dyne/cm2 = O.t Pa) is commonly used in the calibration of microphones, hydrophones
and loud speakers. The millibar (lmbar = 10' = 10 2 dynes/cm2 = 103 = 0.1 kPa) is
commonly used in metrology. The temporary use of the millibar within the SI has been
allowed in order to permit metrologists to communicate easily within their profession but
the kilopascal should be used in presenting metrological data to the public.

Two other units which have been frequently used for measuring pressure are the standard
atmosphere and the torr. The standard atmosphere (atm) is exactly 101,325 Pa, which is
approximately the average value of atmospheric pressure at sea level. The torr is exactly
1/760 atmosphere, or approximately 133.322 Pa to within 1 part per million. It is equal to
the pressure of a column of mercury of height 1 millimeter ( 1 mmHg) at a temperature
of 0° C when the acceleration due to gravity has the standard value g = 9.80665 m/s.

1.6.3.10. Power units

The watt (W), the SI unit of power, ie the power which gives rise to the production of
energy at the rate of 1 joule per second (1 j/s). Other units of power can be defined by
forming the ratio of a unit of energy to a unit of time in the same manner. The horse-power
(hp) is equal to exactly 550 ft.lb/s or approximately 745.700 W. It has been employed
frequently to express the power generated by engines and machinery.

1.6.3.11. Electrical units

A full coverage of electrical units has to cover the SI or mks system, the three cgs systems(
the electrostatic system of units- esu, the electromagnetic system of units - emu and the
gaussian system as well as dennitions of the SI units ampere(A), volt (V), ohm (Q),
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coulomb (C), farad (F), henry (H), weber (Wb) and tesla (T). The relationship between
the various units is shown in TABLE 1.4. This section discusses some additional SI units
and some units in the cgs electromagnetic system which are frequently encountered in
scientific literature in spite of the fact that their use has been discouraged.

The siemens (S), the SI unit of electrical conductance, is the electrical conductance of a
conductor in which a current of 1 ampere is produced by an electrical potential difference
of 1 volt. The conductance G is defined by the equation 1 = GV, where I is the current in
amperes, V is the potential difference in volts and G the conductance in siemens. The
conductance of an electrical conductor in siemens is the reciprocal of its resistance in ohms.
The siemens was formerly called the mho (u.) to illustrate the fact that the unit is the
reciprocal of its resistance in ohms.

The maxwell (Mx) , the cgs electromagnetic unit of magnetic flux, is the magnetic flux
which linking a circuit of 1 turn produces in it an electromotive force of 1 abV as it is
reduced to zero in 1 s. Then 1 maxwell = 10'8 weber, as can be seen from the following
equation,

1 Mx = 1 abVs = 10s Vs = 10a wb.

1.6.3.12. Photometric units

Photometric units involves a new base quantity, luminous intensity. For the definition of
the candela (cd), the SI unit of luminous intensity and for discussion of photometric units,
including units of illuminance(illumination),luminance and in particular the Si units lux (Ix)
and candela per square meter (cd/m3) refer to a text book such as McGraw - Hill
encyclopedia of physics. This section will only give an explicit definition of the lumen and
discuss units of luminous energy.

(i) Lumen

The lumen (lm). the SI unit of luminous flux, is the luminous flux emitted within a unit
solid angle (1 sterdian ) by a point source having a uniform intensity of 1 candela. It
follows therefore that a light source having an intensity of 1 candela in every direction will
be emitting a total luminous flux of 4 lumens. The lumen is also equal to the luminous flux
received on a unit surface, all points of which are at a unit distance from a point source
having a uniform intensity of 1 candela.

The output of light sources is given in lumens,

(ii) Luminous energy units

The lumen-second (lm.s), the SI unit of luminous energy (also called quantity of light), is
the luminous energy radiated or received over a period of 1 second by a luminous flux of
1 lumen. This unit is also called the talbot.

1.6.3.13. JJeJ

The bel is a logarithmic unit expressing the ratios of power, voltage, current or sound
intensity. The number of bels separating two power readings is the logarithm to the base
10 of their ratio ( for example, two powers differ by 1 bel when their actual ratio is 10:1.),
while the number of bels separating two current readings or the sound pressures of an
acoustical signal is twice the logarithm of the ratio of the currents, ft is convenient in
acoustics to express sound intensity in logarithmic units because <^ the wide range of
pressures to which the ear is sensitive. The strength of a sound is usually specified as the
square root of the mean of the squares of the instantaneous pressures measured over a



period of time. The sound intensity is proportional to the square of the sound pressure. The
measure of the level in bels of a sound is log(I/lR). where I is the intensity of the sound
and IR is a specified reference intensity. A smaller unit called the decibel, equal to 1/10
bel, is more commonly used.

1-6.3.14. Decibel

The decibel is a logarithmic unit used to express the magnitude of a change in the level of
power, voltage, current or sound intensity. A decibel is 1/10 bel. In acoustics a step of 1
bel is too large for most uses. It is therefore the practice to express sound intensity in
decibels. The level of a sound of intensity I in decibels relative to a reference intensity IR
is given by,

10 log,0I/IR

Because sound intensity is proportional to the square of sound pressure P, the level in
decibels is given by,

10 log.aPVP2* = 20 log,„P/PR

The reference pressure is usually taken as 0.0002dynes/cm2 or 0.0002 microbar (The
pressure of the Earth's atmosphere at sea level is approx. 1 bar) A sinusoidal cyclic change
in pressure at a frequency of 1000 Hz is barely audible to the average person when it has
a root mean square sound pressure of 0.0002 microbar. By this definition such a tone has
a sound pressure level of 0 dB. The neper is similar to the decibel but is based upon natural
(Napierian) logarithms. One neper is equal to 8.686 dB.

1.6.4. Some rules when applying SI units

In connection with Si units , some rules of style, abbreviations, writing and drafting
practices are applied.

(i) No dots, commas etc. are used after SI symbols except at the end of sentences. For
example 32 meters is written as 32 m and not as 32 m..
(ii) Plurals are never used in connection with SI unit symbols. For example 32 meters is
written as 32 m and net as 32 ms which would mean 32 miJIi seconds.
(iii) Decimal fractions are always started with 0. For example a half meter is written as 0.S
m and not as .5 m.
(iv) Multiplication or times sign is "." This is used for the purpose of clarity between the
numbers to be multiplied and between unit symbols in derived units where two unit
symbols adjoin, e.g. the unit of torque may be written as N m (Newton-meter) which if
written as mN can be misunderstood as millinewton.
(v) All symbols and prefixes are lower-case letters, except symbols derived from proper
names, such as W for watt and M, G and T for the largest three power of 10 prefixes. All
symbols should be used as they are to avoid any confusion.
(vi)No degree mark (o) is used with kelvin, the unit of temperature. A temperature interval
can also be expressed in degree celsius.
(vii) Double prefixes should not be used e.g. one kilomega watt may not be written as
kMW, but as GW.
(viii) The expression "per'in symbols of derived units is always indicated by a fraction line
as m/s but the word "per" should not be used for this purpose.
(ix) Only the numerator should be multiplied by powers of 10 in compound derived un^ts
and the denominator should always remain the base unit.
(x) Numbers may be grouped in clusters of three in both directions from the decimal mark
and a gap may be given for clarity. A comma should not be used in the gap.

e.g. 153297.3 m may be written as 153 297.3 m and not as 153,297.3 m.

(xi)Units with names of scientists should not be capitalized when written in full.
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(xii) According to SI recommendations litre is a special name given to cubic decimeters and
the word litre should not be used for expressing results of high precision volume
measurements.
(xiii) Some units which though strictly incompatible witb SI units have been allowed
initially, e.g. km/hr, rev/min.
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2. PHYSICAL PRINCIPLES OF RADIOGRAPHY

2.1. FUNDAMENTALS OF X-RAYS AND GAMMA RAYS

2.1.1. X-Rays and Radiography

In 1895 Roentgen discovered X-rays while studying the phenomenon of electrical discharge
through gases. In the course of his investigations on these new and mysterious rays,
Roentgen made shadow pictures of various objects including a box of weights and a shot
gun. These pictures marked the birth of radiography. Within a year of Roentgen's
discovery of X-rays a weld had been radiographically examined. In 1913 Coolidge designed
the new X-ray tube. This enabled the production of X-rays of higher intensity and greater
penetrating power. In 1917 Department of Radiological Research was established at the
Royal Arsenal at Woolwich. The next important development came in 1930 when the U.S.
Navy agreed to get fusion welded boiler drums radiographed. Within a few years this step
led to universal acceptance of radiography for class I fusion welded pressure vessels and
X-rays made a steady progress as a tool for testing of welding and casting. With the
outbreak of the 2nd World War X-ray radiography saw a spectacular success. The value
of radiography was very apparent in the aircraft industry but then it also spread to other
fields like welds in power plants, refineries, ships structures and fighting vehicles. This laid
the basic for continued expansion of the radiographic inspection technique.

2.1.2. Nature of X-rays

X-rays are electromagnetic radiation just like light. The only difference between X-rays
and ordinary light is that X-rays have several thousand times smaller wavelengths. X-rays
usually used for radiography have wavelengths in the range 0.0001 A" to 10 A0 where 1A°
= 10'8 cm.

2.1.3. Fundamentals of Gamma Rays

2.1.3.1. Radioisotopes

An atom consists of a nucleus and electrons revolve around the nucleus. The nucleus
contains protons having positive charge and neutrons with no charge. The number of
protons represents the atomic number Z, and the total number of nucleons i.e. protons plus
neutrons, determines the mass number or atomic weight A. Atoms having the same Z but
different A are known as isotopes of an element. Some isotopes are stable while some are
unstable. Those which are unstable, tend to become stable by emitting radiation and are
known as radioisotopes. The process which is followed by the emission of radiation is
commonly known as disintegration.

Some of the naturally occurring isotopes are Radium, Radon and Uranium. Stable isotopes
may be made radioactive by the bombardment of neutrons and these types of radioisotopes
are known as artificial radioisotopes such as Cobalt, Thulium, and Iridium. In radiography
artificial radioisotopes are more commonly used.

Radioisotopes emit alpha, beta and gamma radiation. In industrial radiography gamma
emitting radioisotopes are used.

2.1.3.2. Gamma ray K

Gamma rays are electromagnetic waves like X-rays but usually have shorter wave length
and are more penetrating than the X-rays produced by the commonly used industrial X-ray
units. Some gamma rays can penetrate a thickness as great as 10cm of lead. Gamma rays
originate from the atomic nucleus unlike X-rays which are generated outside the nucleus.

The wavelength of electromagnetic radiation is expressed in meters, centimetres,
millimetres, micrometers, nanometres and in Angstrom units where 1A° = 10s cm. Figure
2.1 shows the position of X-rays and gamma rays in the spectrum of electromagnetic
radiation.
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Figure 2.1 Electromagnetic radiation spectra

2.1.4. X-ray and gamma ray spectra

The basic fact is that x-rays are produced when electrons decelerate. When the speeding
electrons pass near the nucleus (which has a net positive charge) they experience a force
of attraction and are slowed down. In this process of slowing down or deceleration they
lose a part of their initial kinetic energy which is converted into x-rays. So we can say that
x-rays are emitted as a consequence of the deflection of cathode electrons by the strong
fields surrounding the nucleus of the target atoms. Sometimes the electrons are stopped
instantaneously then all their energy is transformed into the maximum radiati jn energy
with minimum wave length.

But there actually is a whole spectrum of longer wave lengths or low frequencies emitted
by electrons which lose only a part of their energy in a single encounter with a nucleus and
experience many collisions with target atoms before being brought to rest. The X-ray
spectrum is therefore continuous with a definite minimum wavelength A „,„. We have E
= hf, where h = Plank's Constant, and f = frequency.
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FREQUENCY

Figure 2.2 Characteristic x-ray spectrum

The energy of an electron of charge (e) in falling through a potential difference V is eV
and on complete absorption (or being completely stopped) this energy appears as a
quantum of X-rays of energy hf = hc/A. = eV which gives X mm = hc/eV =12.4/V

where,

c is the velocity of light and
V is the voltage applied to the X-ray tube.

Characteristic X-rays are produced in quite a different way. Sometimes the impinging
electrons can make a direct impact upon one of the inner electrons in an atom of the target,
and, if the energy is great enough, can knock it right out of the atom. The atom is then
unstable, and another electron in the same atom will drop into the space vacated. In so
doing it loses energy and a quantum of radiation is emitted. If E is the energy lost then

which gives

E = hf = hc/A

X = hc/E

E is a definite quantity associated with the particular energy change in the atom and so the
wave lengths concerned are specific. Several wave lengths are possible and they constitute
the characteristic spectrum, Figure 2.2. The process is similar to the production of light,
but for light the outer electrons only are involved. For X-rays the tightly bound inner
shells K,L,M are concerned. If a K electron is dislodged and an electron falls from the L
shell to the K shell, the K X-ray line is produced, if an M shell electron falls to the K shell
then the weaker K line is produced. The letter K shows the shell into which the electron
falls.

The characteristic X-ray spectrum for copper will look like the continuous line in Figure
2.3. It has, superimposed on a white spectrum, two peaks characteristic of copper i.e. K
c & K Cu. Their wave lengths are 1.40 Á and 1.54 Á respectively. Copper has an atomic
number of 29. If we now change the target from copper to nickel then the new spectrum
will be as shown in the dotted line. It can be seen that by changing the target from a high
to low atomic no. (Ni has at.no. 28) the characteristic spectrum becomes softer ( higher A.
) whereas there is not any appreciable change in the continuous spectrum. The
characteristic radiation cannot be produced below a certain critical voltage because lower
voltages cannot knock out electrons. If the voltage is raised beyond this critical voltage the
intensity of the characteristic radiation changes but not their wave length.

In contrast to the continuous spectrum of X-rays, the gamma-ray spectrum is discrete. The
actual values of wave lengths depend on the emitting nucleus i.e. the radioactive source.
Radioisotopes emit one or more wave lengths. For example caesium-137 emits only one

I
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x
Figure 2.3 Characteristic X-ray spectra for Cu and Ni

II
Figure 2.4. Line spectrum of gamma ray source

wavelength, cobalt-60 emits two and iridium-192 emits five prominent wavelengths. All
gamma ray sources have a line spectrum (discrete energies) unlike the continuous spectrum
of X-rays, Figure 2.4.

In literature it is more customary to describe a particular gamma ray by its photon energy
rather than by giving its wavelength. The photon energy is expressed in electron volts and
is usually of the order of a million electron volts, MeV. Caesium-137 gamma photons have
an energy of 0.667 MeV and those of cobalt-60 have 1.17 MeV and 1.33 MeV energies.

2.1.5. Properties of X-ray and gamma rays

Being the same in nature, X-ray and gamma rays show similar properties. In brief these
are :-

i. They are invisible

ii. They cannot be felt by human senses
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iii. They cause materials to fluoresce. The fluorescent materials are zinc sulfide, calcium
tungstatc, diamond, barium platinocyanide, naphthalene, anthracene, stilbene, thallium
activated sodium iodide, etc.

iv. They travel at the speed of light i.e. 3 x 1010cm/sec

v. They arc harmful to living cells,

vi. They can cause ionisation. They can detach electrons from the atoms of a gas,
producing positive and negative ions.

vii. They travel in straight line. Being electromagnetic waves, X-rays can also be reflected,
refracted and diffracted.

viii. They obey the inverse square law according to which intensity of X-rays at a point is
inversely proportional to the square of the distance between the source and the point.

Mathematically l a 1/r2 where I is the intensity at a point distant r from the source of
radiation.

ix. They can penetrate even the materials through which light cannot. Penetration depends
upon the energy of the rays, the density and thickness of the material. A monocnergetic
beam of X-rays obeys the well known absorption law,

I = loe<-»"

where,

l0 = the incident intensity of X-rays and
I = the intensity of X-rays transmitted through a thickness x of material having absorption

coefficient |i .

x. They affect photographic emulsions.

xi. While passing through a material they are either absorbed or scattered.

Properties (vii), (viii), (ix), (x), (xi), are mostly used in industrial radiography.

2.1.6. Inverse Square L iw
The intensity of radiation reaching a point is governed by its distance from the source. The
intensity varies inversely with the square of this distance. This principle is illustrated in
Figure 2.5. In this example, it is assumed that the intensity of the rays emitted at the source
remains constant and that the radiation passing through the aperture B covers an area of
4 square centimetres on reaching the recording surface C, at 12 centimetres from the
source. If the recording surface is moved to 24cm from the source at C2, the X-ray beam
will cover 16 square centimetres, an area 4 times as large as that at C, . It follows
therefore, that the radiation per square cm on the surface at C2 is only one-quarter of that
at C,.

This is known as the inverse square law of radiation.

The inverse square law has important implications in practical radiography. The film
should receive a certain amount of radiation dose or exposure to produce a radiograph of
a particular radiographic density. If due to some reason the distance between the source
and the film has to be altered then the exposure should be modified in accordance with the
inverse square law.

Thus Ihe exposure that would he adequate at C, must be increased four times in order to
produce at C2 a radiograph of equal density, [n practice this may be done by increasing
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Figure 2.5 Schematic diagram illustrating the inverse square law

either the exposure time or the radiation intensity since radiographic exposure is the
product of radiation intensity and time.

This inverse square law may be stated algebraically as follows:-

I, (intensity at C, ) ( r2 )
2

Ij (intensity at C2 ) ( r, )2

where T, , and r2 are respectively the distances of C, and C2 from the source.

Since i,xI/E! and I2 x 1/E2 ,
therefore Ej/E, =(r2/r, )2

where,

E, = exposure at r, and
E2 is exposure at r2.

The inverse square law may also be stated in another way which is helpful in the area of
radiation safety and protection. In this form

D, / D 2 = (r2/r, )2 .

Here D, & D2 are radiation dose rates at distances r, aod r2 from the source. D, and D2

have the same units and r, and r2 also are in the same units. This means that the radiation
hazard (dose rate) decreases rapidly as we move away from the radiation source. As an
example, the dose rate due to a radiation source at a distance of 10 meter from the source
would be only one hundredth (1 /100 = 1/102 ) of the dose rate due to the same source
at 1 meter. This is the simplest practical way in which a person working with external
radiation sources can keep his radiation dose down.
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2.2. RADIOACTIVITY

It has already been stated in 2.1.3.1. that some of the isotopes of an clement arc stable
while others may be unstable. The unstable atoms may become stable by emitting
radiation. The process which is followed by the emission of •adiation is commonly known
as disintegration and this phenomenon of disintegration of atoms of (naturally occurring
or artificially produced) elements ir. called radioactivity. Materials exhibiting this
phenomenon are termed radioactive materials, or radioisotopes. Curie (Ci) is the unit of
radioactivity and is equal to the disintegration rate of 3.7xl010d.p.s. Smaller units of
radioactivity arc millicuric and microcuric which are one thousandth and one millionth p-.ri
of a curie respectively. The internationally agreed system of coherent unit for radioactivity
that is now in use for all scientific and technological purposes in many countries is the
bacquerc! (Bq). The bacqucrcl is defined as one disintegration per second. The relationship
between curie and bacqucrcl is 1 curie = 3.7 x 1010 bacquerel.

2.2.1.Radioactive decay

The activity of any radioactive material depends on the concentration of radioactive atoms
in it. This process of radioactive decay is according to an exponential law, known as the
radioactive decay law. Mathematically it may be stated as N = No e " where No is the
number of radioactive atoms present at some reference time t = 0 ; N is the number of
radioactive atoms left after time t has passed and is called the disintegration constant. X
is a characteristic of the radioactive material. Materials with higher values of A decay or
disintegrate rapidly and vice versa. In actual practice, the decay of a radioactive isotope is
usually given in terms of its half life denoted by T,/2 . This is defined as the time required
for one-half of the atoms originally present to decay. It simply means that after a half life
the number of radioactive atoms or activity is reduced by a factor of 2 as compared with
its number or activity at any earlier reference time ta . The half life is a characteristic of
a particular radioisotope and is essentially different for different radioisolopes. It varies
from a fraction of a second to millions of years. In radiography we use isotopes with half
life varying from a couple of days to a few years. Sources with shorter half life die out
quickly. Substituting N = No/2 and t = T,/2 the decay equation may be modified as

N0/2 = No e
iT1 '2 which gives T,/2 = 0.693/X

The decay equation shows that theoretically it requires an infinite time for the complete
decay of a radioactive sample. When plotted graphically the decay equation results in what
is known as a decay curve such as the one shown in Figure 2.6.

2.2.2. Radiation intensity and specific emission

The intensity may be defined as the number of rays per second falling perpendicularly over
a unit area. The radiation output of a given source is measured in terms of roenrgens per
hour at a distance of 1 meter from the source. This is known as the R H M value of the
source. The roentgen itself may be defined as that amount of X or gamma radiation which
when it passes through 1 cm of dry air at N.T.P. (weighing 0.00129 gm) produces ions
equivalent to one e.s.u. of charge of either sign. Roentgen is also equivalent to an energy
absorption of 87.7 ergs/gm of the exposed material. A particular radioactive source has
a specific RHM value per curie. The number of roentgens per hour at 1 cm from a 1 mC
source of a gamma-ray emitter is called the K-factor of the specific gamma ray emission.
The intensity of radiation obeys the inverse square law i.e. when the distance from the
source is doubled, the intensity is reduced four times.

The specific activity of a radioisotope source , usually measured in curies per gram, is of
importance in radiography. A higher specific activity means that a source of a given
strength can be produced in a smaller physical size, which is of great importance from the
point of view of radiographic definition. Also a small dimensioned source has less self
absorption of radiation and so a greater effective output. The specific activity depends on
the nuclear reactor and the time for which the material is irradiated, as well as on the
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Figure 2.6 Decay of radioactive material with
a 24 h half-life

Typical decay curves for Iridium-192 are shown in Figure 2.7 and 2.8 while those
for cobalt-60 and other radioisotopes of interest can be easily drawn knowing their
half lives. (Figure 2.9)

characteristics of the irradiated material such as the atomic weight and the activation cross-
section. Some elements can be activated to a very high specific activity while others are
incapable of reaching high activities with available neutron fluxes.

2.2.3. Other radiations from radioisotopes

In addition to using X-and gamma radiation for radiography modern practice has seen the
increasing use and testing by other types of penetrating radiation, whose attenuation
behaviour is sometimes completely different. This different behaviour is also a means of
detecting special properties. These other radiation types are without exception particles
as opposed to electro-magnetic radiation (X-rays). In principle all radiation types have
only a limited penetration depth in material and can thus be completely absorbed,
absorption details depending on type, charge and kinetic energy of the particle. These
other radiations are alpha paricles, protons, beta particles and neutrons.

Whereas alpha radiation consists of relatively Urge and positively charged particles (helium
nuclei: two protons plus two neutrons), its penetration is relatively low and is thus not
particularly interesting for radiographic purposes. Beta radiation has a slightly larger
penetrative power (obviously dependent on (he particular particle energy). Its particles
consist of electrons (negatively charged particles - which are, of course, also used when
generating X-rays). In order to penetrate useful depths (e.g. in metals) one requires very
high energies of radiation, such that tb • r use is for the most part limited to thin specimens.
Similar conditions apply to proton radiation (positively charged particles).

Neutron radiography has a special place since the neutrons are electrically neutral and are
thus not subject to any attracting or repelling forces. They are only weakened by direct hits
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with atoms, and the smaller the difference in mass between the nucleus hit and the neutron
the larger ihe energy loss (i.e. the attenuation). Thus the materials with small atomic
nuclei, i.e. hydrogen and its chemical compound- e.g. water, organic substances anu similar
as well as other elements having light atomic weights, cause a much greater attenuation of
neutron radiation than elementu having larger atomic nuclei e.g. lead. This seemingly
paradoxical attenuation behaviour Las led to neutrou radiography becoming f airly important
in the present day.

2.3. INTERACTION OF RADIATION WITH MATTER

When a beam of X or gamma radiation falls on an object, some of it is transmitted through,
some absorbed and some scattered in other directions. The knowledge of the phenomena
involved is important for a radiographer and its various aspects are discussed below.

2.3.1. Absorption phenomenon

A beam of X or gamma rays, while passing through some material, suffers loss in intensity.
This phenomenon is called absorption of X or gamma rays in matter. The amount of
radiation lost depends on the quality of radiation, material/density of specimen and the
thickness traversed. It is actually this property of X or gamma radiation which is utilised
in industrial radiography. Defects in the internal structure of a speciuien mean a change
in thickness (e.g. a void) or change in density (e.g. inclusion of foreign material), the
presence of which will cause corresponding changes in the transmitted beam intensity
recorded in a radiograph. Due to its importance we shall consider this phenomenon in
detail.

Consider a specimen slab of thickness 'X' on which monochromatic parallel beam of
radiation is incident, Figure 2.10.

Incident
beam

Transmitted
beam

Figure 2.10. Absorption of radiation.

If the incident beam intensity is Io, and I is the transmitted beam intensity then I = l„ exp
(- \i x) where \i is called the linear absorption coefficient which depends on the incident
radiation energy and the specimen material/density. The attenuation takes place through
three principal effects: photoelectric absorption, Compton absorption and Compton
scattering. A fourth mechanism, pair production, is operative above 1.02McV and is of
relatively lesser importance. Taking into account all these effects the value for n can be
written as(i = (T + <j + k) where n is the total or linear attenuation coefficient, T is the
attenuation coefficient due to photoelectric absorption, o is the scattering coefficient, a
has two components o, - Compton absorption coefficient and crr - Compton scattering
coefficient and k is called the pair production coefficient.

2.3.1.1. Photoelectric absorption

In this process a pboton gives up all its energy in ejecting an inner shell electron from the
atom. The photon disappears in the process. The energy of the photon is used in knocking
the electron out of the shell and giving it some kinetic energy.( Figure 2.11)
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Characteristic
X-rays

Photoelectron

Figure 2.11 Photoelectric absorption

Photoelectric absorption process is most efficient when the interaction takes place with the
most lightly bound electrons of an atom and cannot take place with free electrons as a third
body is needed to share so as to conserve momentum. Therefore it is the K-sheil electrons
which are involved in this process. When the photon energy reaches the binding energy of
a particular shell of electrons, there is an abrupt increase in the absorption. The energy
at which this sharp change occurs for K electrons is called the K absorption edge and
represents the situation where the kinetic energy of the ejected electron is zero. Further
increase of photo?1 energy causes the absorption to decrease with energy. The absorption
edges occur at radiation energies lower than 115 keV. This process is accompanied by the
emission of photo-electrons and characteristic X-rays.

Photoelectric absorption is most likely for photons of low energy(E) and elements of high
atomic number (Z) because the electrons are more tightly bound to these atoms. The
probability of photoelectric absorption roughly varies as 1/E35 and Z5.

It is because of the latter fact that lead (Z = 82) and uranium (Z = 92) are very effective
shields against X and gamma radiation.

2.3.1.2. Compton scattering

Upon increasing the photon energy beyond the K edge the main process of absorption
changes from the photoelectric to Compton effect.

A photon, like a particle, can transfer some of its energy to an electron, causing it to be
knocked off at speed, while the photon itself is scattered away at an angle and with reduced
energy. Figure 2.12.

Scattered
photon

Compton
elect-on

Figure 2.12 Compton scattering

Compton scattering takes place with free electrons and with loosely bound outer shell
electrons of the atom because these electrons behave virtually free to high energy photons.

The probe Vtity of Compton interaction increases linearly with the atomic number of the
scattering material and decreases slowly with increasing photon energy. For the radiation
energies used in radiography, the intermediate energies, the Com pi on effect is the most
important attenuation process. The practical effect of the scattered photon is that a great
part of radiation reaching the film has a different direction from the primary beam. The
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primary radiation forms the radiographic image and the Compton scattered radiation tends
to obscure the image. As the energy of the primary radiation increases a greater
percentage of the Compton scattering is in the forward direction (closer to the primary
beam).

If a photon being scattered does not change its energy, then this process is called coherent
scattering (or Rayleigh scattering).

2.3.1.3. Pair production

When a photon has sufficient energy (^ 1.02MeV) to create two electrons it can materialise
into a positive and a negative electron in the electric field of the nucleus. The uncharged
photon disappears in this process and electrons of equal and opposite charges are created,
Figure 2.13.

Figure 2.13 Pair production

Unlike Compton and photoelectric processes, pair production does not result in ionisation
of the atom struck, but the nucleus does have to lake some of the momentum. Pair
production dominates other modes of interaction for photons of higher energies. The
probability of this process increases rapidly with photon energies.

2.3.2. Absorption coefficient

In the equation for absorption \i is known as the linear absorption coefficient. The linear
absorption coefficient is the fractional reduction in intensity that is produced by unit
thickness of the absorber. As the thickness is normally measured in centimetres and as
|i, must be dimcnsionless, (i will have dimensions of cm1.

The distance 1/n is sometimes known as the mean free path of the photon and for
calculations of the depth of penetration the depth is often expressed in relaxation length
and where x = \/\i , |i, = 1 is called one relaxation length.

The value of |i = KX3/3 which shows that \i depends upon the wavelength of the primary
radiation and therefore soft or lower energy rays will be absorbed to a greater degree. \i
also depends on the atomic number Z of the absorber material and increases with Z.
High atomic number materials will therefore absorb more radiation as compared to the
low atomic number materials. In the equation for \i , k is a constant which depends on (he
physical density of (he absorber material.

As explained earlier absorption of radiation in matter is the net effect of different
processes of interaction of the radiation with the atoms of the absorber material. These
processes of interaction of the radiation with the atoms of the absorber material are the
photoelectric effect, Compton scattering and pair production. Consequently the total
attenuation coefficient is the sum of the attenuation coefficient due to photoelectric
absorptíon( T ), the Compton scattering coefficient ( a ) and the pair production
coefficient ( k ). If the attenuation coefficient is plotted against the energy of the radiation
under consideration, curves such as those shown in Figure 2.15 and 2.16 are obtained.
Figure 2.15 shows the curves for different components of |i for lead while, Figure 2.16
shows the variation of |J for aluminium,lead and iron.
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The absorption equation can be graphically presented as in Figure 2.14. In a linear scale
this curve is shown on Figure 2.14 a. In a semilogarithmic scale the curve is a straight line
and its slope gives the attenuation coefficient.

I X I
x. Absorber Thickness x, Absorber Thickness

Figure 2.14 : Attenuation curve (a) in linear (b)in scmilogarithmic scale
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2.15 Energy dependence of attenuation coefficient and its various components

The equations and curves given relate only to monochromatic radiation. If a radiation
spectrum is composed of more than one spectral line (radioisolopes) or is a continuous
spectrum (Bremsstrahlung) then for each radiation energy a different attenuation
coefficient applies. For heterogeneous radiation an equivalent attenuation coefficient can
be applied, which will change with the thickness of the attenuating material. This can be
illustrated by Figure 2.17 where attenuation curves are given for a radiation beam
composed of two different energies and corresponding attenuation coefficient |i, = 0.7cm
1 and |i2 = 3.5cm'1.

Attenuation curves for those monochromatic radiations are straight lines, whereas the
resultant curve is no longer straight. The equivalent attenuation coefficient can be derived
from the slope of the attenuation curve. As can be seen the attenuation curve of a
heterogeneous radiation approaches a straight line as the thickness of attenuating material
increases. This is true for all kinds of heterogeneous radiation (X-or gamma). This is due
to the fact that radiation components of lower energy (with higher attenuation coefficients)
arc more effectively absorbed and through thicker layers of the absorber practically only
the radiation with higher energy is able to penetrate. The values of linear absorption
coefficient for some materials of interes! are given in Table 2.1.
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Figure 2.16 Variation of attenuation coefficients of u Al, Pb and Fe with radiation energy
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Figure 2.17. Attenuation of a radiation beam composed of two different energies

TABLE 2.1 LINEAR ABSORPTION COEFFICIENT
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Pb

Absorption Coefficients ( c m 1 )

Fe AI H 2 0

0.2
.0.5
1.0
1.5
2.0
2.5
3.0
4.0
5.0

5.0
1.7
0.77
0.57
0.51
0.48
0.47
0.48
0.48

1.06
0.63
0.44
0.40
0.33
0.31
0.30
0.27
0.24

0.33
0.23
0.16
0.14
0.12
0.10
0.090
0.082
0.074

0.14
0.090
0.067
0.057
0.048
0.042
0.038
0.033
0.030

114



Sometimes it is convenient to use ti m (= n / p ) instead of |i , where p is the density of
the shield material. n„ is called mass attenuation coefficient and is expressed in cm2/gm.
In most of the literature, the values quoted are in u.m and when using these values from
the literature in Ihe equation I = lo e "\ n should be calculated by multiplying (i„ with
the respective p of the material.

2.3.2.1. Build-up Factor

The simple absorption equation is based upon the assumption that scattered radiation is
completely removed from the beam. However, in reality, this is not the case especially in
a thick material. For a thin shield, the above equation is valid because the
probability that scattered radiation will reach the observation point (or detector) after a
single collision is small. On the other hand, for thick material some of the scattered
radiation finally emerges together with the unattenuatcd radiation. As a result of this, the
measured intensity of radiation after passing a shield will be significantly higher than that
calculated using the simple absorption equation.

The above phenomena is well known as build up radiation due to multiple scattering. Thus,
in practice, the absorption equation is modified by introducing another quantity known as
build-up factor, which is a function of the shield material, the thickness, x, and the energy
of radiation. The absorption equation now becomes,

I = I0B.e»"

where B is the build-up factor. Thus the build up factor B can be defined as the ratio of
the actual radiation flux to that which would be calculated by the use of the narrow beam
coefficient.

i.e. B = (True flux/calculated flux) = I/Io e"\

With the introduction of the build-up factor into the absorption equation, it wil! be
observed that the actual dose is significantly higher than that calculated using the simple
exponential law. This is of considerable importance in the calculation of radiographic
sensitivity. By definition the direct intensity has been taken to be the component of the
radiation intensity reaching the film by travelling in a direct line from the source to the
film; this radiation therefore forms the image of defects in the specimen. The scattered
radiation component reaches a point on the film from any direction other than direct. It
cannot therefore form an image of a defect at the correct position on the film and as its
effect at any one point on the film must be integrated over a large angle, its effect is to
produce an overall 'fogging' of the film image. Such radiation is therefore non-image
forming and its effect is to reduce the contrast of the image on the film. The proportion
of (non-image forming)/(imagc forming) radiation reaching the film is therefore a useful

lantity to be able to control since if it is reduced in intensity it will lead to a better
thickness sensitivity.

2.3.3. Half-value thickness

The radiation quality can be characterised by the so-called half value layer (HVL). A HVL
is that thickness of a given material which will reduce to one half the intensity of radiation
(of a given energy) passing through it. Substituting I = Io/2 in the absorption equation
we get HVL = 0.693/(1. Radiographic half value layers may be defined as the thickness of
test specimen through which the attenuated radiation will produce the same photographic
density on a film as that produced by the unattenuated beam with half the exposure. In
shielding the HVL will be the thickness of a shielding material required to reduce the
radiation dose by a factor of 2.

Sometimes a term Tenth Value Layer (TVL) is also used and is defined as the thickness
of the shield material to reduce the radiation intensity or dose by a factor of 10. Thus
substituting I = l„/10 in the absorption equation we get TVL = 2.30/V •
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An idea of the scattered radiation from various materials of interest in radiography while
using a primary radiation beam of 400 keV and 1.5mm beryllium filter can be had from
Table 2.2.

TABLE 2.2 SCATTERED RADIATION USING 400 kV AND A 1.5 mm BERYLLIUM FILTER

Scatter body Scattered radiation Attenuation in Air
Equivalent rated
voltage (kVcquiv) Air HVL Air TVL

(m) (m)

Lead 125 1.5 4.8
Parafiin 150 1.6 5.2
Baryt- 175 1.7 5.6
concrete
Aluminium 210 1.8 5.9
Concrete 210 1.8 5.9
Slccl 225 2.0 6.5

2.4. IONISATION

Atoms and molecules are generally electrically neutral. If by any process the electrons are
removed from these neutral bodies then a net positive charge remains on them. Atoms,
molecules and various subatomic particles which carry either a positive or negative
electrical charge are called ions. Free electrons, not attached to any parent atom, are
negative ions and free particles carrying positive charges are positive ions. Any action
which disturbs the electrical balance of the atoms which make up matter is referred to as
ionisation. Radiation, cither particle or electromagnetic, has the ability to ionise. A high
speed particle or a photon of energy which passes through matter will disrupt the atomic
arrangement of the matter. For example, an alpha particle may strike an orbital electron
in an atom and cause the electron to leave its orbit. The electron may attach itself to an
atom. The first atom then has a positive charge and the latter atom a negative charge, and
these arc referred to as positive and negative ions or an ion pair.

By the process of ionisation, the number of orbital electrons may be changed but not the
nucleus. The nucleus remains as an atom of the same element as it was originally. Gamma
and X-rays have no mass and no weight. They travel at the speed of light and do not
produce ionisation directly by collision. In passing through matter, gamma and X-rays lose
their energy to atoms by the three ionisation processes described in 2.3. namely
photoelectric absorption, Compton scattering and pair production.

Figure 2.18 shows an ion-chamber which forms an important part of a radiation detector
utilising the phenomenon of ionisation. When a gas is bombarded by radiation, it ionises
and becomes an electrical conductor. This is the underlying principle of all ionisation
detectors. When the ionisation so produced is subjected to the action of an electrical field,
the free charges can be collected and then related to the amount of incident radiation. If
ionisation occurs within an electrical field, the ions, being charged particles, move towards
the electrode of opposite polarity. An ionisation chamber is essentially a gas-filled region
in an electrical field between electrodes across which a potential difference is applied.

The charged particles arc collected at the plate of opposite polarity and Ihcir flow through
the external circuit constitutes a current which can be measured and related to the intensity
of the incident radiation.
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External current

Figure 2.18 : Ionisation chamber

Figure 2.19 Pulse si/e as a function of applied voltage in gaseous ionisation chamber.

Various radiation detectors are based upon the principle of ionisation. The ionisation
chambers arc usually run on low voltages. There is an initial voltage on it and the radiation
discharges it to an extent which depends on the amount of radiation. This drift in voltage
is measured after sometime. The ionisation per unit volume of air is proportional to the
amount of radiation absorbed in the process.

It is on this basis that the basic definition of a roentgen has been framed. One roentgen
is defined as (hal amount of radiation which produces in unit volume of dry air at 0° C and
760 mm Hg pressure a charge of 1 e.s.u. of either sign. The pocket dosimeters which are
used to measure radiation dose are a kind of ionisation chamber.

The number of ion-pairs produced in the ionisation process by the incident radiation
depends on (he applied voltage. This is shown in Figure 2.19.

The curve in Figure 2.19 shows various regions. In region 'a' some of the ions recombine.
The ionisalion is limited in the plane in which the ions are created. Pulse height is
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proportional to the energy of the quanta causing ionisation. In region 'b' the number of
pulses received per second is constant. Every ion is collected at the electrodes before
recombination takes place, if the voltage is high enough. The voltage which is just
sufficient to collect every electron is known as the saturation voltage and beyond this
voltage up to a certain extent the size of the pulse is independent of the voltage. This is
the ionisation chamber region. As we increase the voltage further, we enter region 'c'. The
speed of the electrons is now increased and they have sufficient energy to produce more
electrons by further collision with gas atoms. Both the pulse height and the no. of pulses
per sec. steadily increase with increasing voltage. For a given working voltage the pulse
height is proportional both to the no. of ions produced by the initial event and to the gas
amplification factor M i.e. the no. of electrons freed by the collision. M varies from unity
in the ionisation region to about 104 at the upper end of the proportional region. The
initial no. of ions produced depends on the type of radiation i.e. on the specific ionisation
of the radiation. A proportional counter is therefore able to discriminate between different
incoming events. Because of the higher ionisation currents involved, a proportional counter
provides much stronger signals which require less external amplification. They are also
faster than the ionisation chamber which means that higher counting rates arc possible.
This region is called the proportional counter region. In region 'ď the number of pulses
per second continues to increase but proportionality between pulse height and amplification
factor in no longer maintained. This is because the electrons previously produced have
enough energy to ionise further atoms. The discharge tends to fill the tube with :nns.
Region 'e' is the Geiger Counter region. Because of the high voUage the discharge is no
more confined to a small region of Ihe gas but spreads to fill the whole volume between
the electrodes. For a given voltage on the chamber, the pulse size is constant i.e. it is
independent of the no. of ions produced by the initial event, though the absolute size of the
pulse continues to increase with voltage, and it is only the total number of pulses that gives
a measure of the radiant intensity. The output pulse is quite large and can be recorded
with little or no amplification. The flat portion of the curve is called the plateau. Beyond
the plateau the no. of pulses per second increases rapidly and the counter goes into a
continuous discharge. Inside the G.M. tube, electrons because of their light mass are
readily collected whereas positive ions move slowly towards the cathode. Thus there are
two ions present in the active volume of the counter. If the velocity of ihcse two ions is
high enough they too can liberate electrons (secondary emission) on striking the cathode
which also can lead the tube to continuous discharge. This tendency to continuous
discharge must be prevented or quenched. Quenching is done in two ways (i) By employing
an external circuit which, immediately after the pulse is recorded, lowers the voltage across
the counter below that required for the positive ions to liberate electrons at the cathode,
until all the ions are removed from the gas. (ii) By introducing a suitable polyatomic gas
into the chamber. This is called self quenching. A common quenching gas is 10/90 percent
alcohol/argon mixture at a total pressure of 10cm Hg. The halogen gases also have the self
quenching property. While the positive ions are in the chamber the anode potential is
reduced either by the cut off action of method (i) or by a sheath of +ve ions in a self
quenching counter and for the duration of this time no further event can be detected. This
is the dead time of the counter. After the dead time a small pulse is detected and then a
large pulse can be detected. The total time interval between Ihe production of full sized
pulses is called the recovery time.

A typical value of dead time = 2 x 104 and of recovery time = 2.5 to 5 x 10 4 sec.

lonisalion chambers are used to measure the dose rates in mrem/hour and rem/hour and
have a wide range from a fraction of mrcm/hour to thousands of rem/hour. Such
ionisation chamber delcctors/ratemeters/survey-metcrs are both mains and battery
operated and portable and non-portable. They are also used as personal dose rate alarms,
personal dose rate threshold alarms and remote area/field monitors.

(j.M. tubes are very sensitive and arc particularly good for detecting small amounts of
radioactivity e.g. a contamination survey. G.M.tubes are also used in dose-rate meters
provided the instruments are properly designed. G.M. tubes come in many shapes and
si/cs. The thin walled tubes permit thf passage of low energy beta particles. Very thin
walled lubes arc also available to delect even alpha particles and beta particles of very low
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penetrating power. Such tubes are usually built with fairly liick walls except for one end
of the lube. In such cases only the thin end of the tube is used as a detector. Such tubes
are called end window type G.M. tubes. As the voltage across a G.M. tube is very much
higher than that in an ionisation chamber, the number of electrons produced due to direct
(Primary) ionisation by the radiation gets amplified owing to the secondary ionisations
produced by the primary electrons and this is the reason why G.M. tubes are more sensitive
than ionisation chambers. The G. M. tube is connected to an electronic pulse counter
which can detect and count the passage of an individual ionising particle by the current
pulse it produces.

2.4.1. Radiation exposure

A radiation exposure or dose implies the total amount of radiation received by a body at
a place. There are a number of factors involved in the estimation of exposure. The
intensity of the radiation emitted by a source and its modification by distance and shielding
materials is important. The second important factor is the time for which this intensity of
radiation is present. Mathematically exposure or dose may be defined as E = It where
E is the exposure, I the radiation intensity and t the time for which the body has been
exposed to the radiation. The exposure is measured in roentgens.

Roentgen has already been defined in a previous section but for convenience this definition
is reproduced here. One roentgen is that amount of radiation which produces in unit
volume of dry air at 0°C and 760mm Hg pressure a charge of 1 e.s.u. of either sign.
Roentgen is applicable to X or gamma rays and for an air medium only. Roentgen
Absorbed Dose (Rad) is defined as the amount of radiation which is equivalent to an
energy absorption of 100 ergs/gm of the exposed material.

Relative Biological Effectiveness (R.B.E.) is the effectiveness of any radiation in causing
biological damage as compared with the same amount of 250 KV X-rays.

Amount of 250 KV X-rays to produce a certain
biological effect

R.B.E.=
Amount of the radiation (whose R.B.E. is
required) to produce the same biological effect

R.B.E. is also termed the quality factor and is denoted by OF.

The biological effect of a particular type of radiation depends, not only on the absorbed
dose but also on the R.B.E. of the radiation. The unit which takes into account both
absorbed dose and R.B.E. is the Roentgen Equivalent Man (Rem) and is defined as Dose
in Rem = Dose in Rad x R.B.E. It is interesting to note that the same absorbed doses of
different radiations amount to different doses in Rem, because of the difference in R.B.E.
One Rad of alpha will be equal to 20Rad of gamma rays and both will be equal to 20 Rem.
(R.B.E. for alpha ray = 20, R.B.E. of gamma rays = 1)

The S.I. unit for dose equivalent is sieverl (Sv) defined as i rem = 10'2 Sv. The lower
denominations of sievert are milli-sicvert and micro-sievert. Roentgen Hour Meter
(R.H.M) is the dose rate in roentgens/hour from one curie source at a distance of one
meter from the effective centre of the source.

2.5. PRINCIPLES OF X AND GAMMA DETECTION

2.5.1. Film

Like visible light, X-rays and gamma-rays evoke photochemical changes in photographic
emulsions, thus producing changes in density of x-ray films. The resulting film density
depends both on the quantity and the quality of radiation reaching the film.
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When radiation strikes a photographic emulsion a so-called latent image is formed. This
occurs in the following way. The photographic emulsion contains small crystals of silver
bromide. Under the action of a radiation photon of energy hy a negative ion Br releases
its electron and passes to a neutral state.

i.e. Gr + h-y - Br + e .

The released electron neutralises the positive silver ion Ag* by the reaction

Ag* + e - Ag.

The whole process can be presented as

Ag* + Br + hy - Ag + Br.

The neutral bromide atoms join together to form particles of Br and leave the Ag Br
crystals, whereas the free silver atoms coagulate. During development the latent image
becomes visible.

Film is the most commonly used means of detecting and recording X and gamma radiation
in radiography, it is quite a sensitive method and beside many others has the advantage of
providing a permanent record of the results. Various types of films and their properties
will be described in detail in Section 4.

2.5.2. Fluorescence

Several substances such as cadmium sulphate, barium plaiinocyanide or calcium sulphate
emit visible and ultraviolet light when irradiated with X-or gamma-rays. If the emission
of light takes place only during the period of irradiation, this is called fluorescence.
Fluorescence is used both in fluoroscopy (fluorescent screens on which a picture of the
examined object can be observed) and in radiography, where fluorescent intensifying
screens are used to increase the photochemical effect of radiation. The fluorometallic
radiographic screens also employ this effect for image intensification. Lh.ng fluorescent
screens cither in fluoroscopy or radiography has some advantages that help reduce the time
of inspection thereby making radiographic inspection more economical. The fluorescent
or salt screens as they are generally called are specially suited to medical radiography
where there is a requirement to get a proper radiograph with a minimum possible exposure
to the patient. However, in fluoroscopy the technique is not quantitative and often cannot
show serious defects. The quality of the image is generally poor. The screens tend to
saturate with small amounts of radiation after which the glow remains constant, and the
image contrast cannot be improved further.

2.5.3. Electronic detectors

Most electronic detectors employ scintillation detectors which arc just another
sophistication and extension of the fluoroscopic principle. A scintillation detector consists
of a crystal and a photomultiplier tube. The crystal may consist of many different
materials, some of which are, activated rhodium or lithium iodides. The crystal is usually
coated with a thin layer of beryllium under which is a thin layer of aluminium. Beryllium
is opaque to light but transparent to X-rays. The aluminium acts as a reflector for the
light. Between the crystal and the photomultiplier tube is a material such as silicon which
has a high transmission for the light scintillated in the crystal. In the photomultiplier tube
a very large multiplication of the current of phoioelectrons from the photo cathode of the
tube can take place.

When a particle or photon strikes the scintillation crystal (Nal or Lil activated with
thallium or germanium respectively) the photon can lose some or all of its energy by
absorption and produce a scintillation of light within the crystal (in florescence this light
is visually seen on the screen). The amount of light produced is a function of the energy
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of the particle falling on the crystal. The light is transmitted to the photo-cathode (a
material which gives out electrons when bombarded by visible light) of the multiplier tube.
The light causes the ejection of electrons from the cathode. These electrons are then
permitted to strike the first diode of the pholomultiplier tube. There is a multiplication
at each diode and the resulting multiplication can reach well in excess of 10'. These
electrons are finally collected at Ihe anode. The current pulse is amplified in a
preamplifier and fed through an analyser or discriminator to a sealer or ratemeter.
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3. RADIOGRAPHIC EQUIPMENT

3.1. X-RAY EQUIPMENT

Briefly, three basic requirements must be met to produce X-rays namely a source of
electrons, i.e. a heated filament, a means of directing and accelerating the electrons i.e. a
high voltage supply, and a target for the electrons to bombard i.e. a heavy metal. These
requirements arc fulfilled in an X-ray tube which consists of a glass envelope in which two
electrodes are fitted: cathode and anode. The cathode serves as a source of electrons. The
electrons are first accelerated by applying a high voltage across the cathode and the anode
and then stopped suddenly by a solid target fitted in the anode. The sudden stoppage of
the fast moving electrons results in the generation of X-rays.

Figure 3.1 shows the diagram of a typical tube, various parts of which are explained below.

TUNGSTEN TARGET

COPPER ANCOE

GLASS ENVELOPE \

F I L A M E N I -
CURRfcNl LE.A0S

- USEFUL .
fii-RAf SEAM'

\

Figure 3.1 A typical X-ray tube

3.1.1. Electron source

When a suitable material is heated, some of the electrons in the material become agitated
and escape from the material as free electrons. These free electrons will surround the
material as an electron cloud. In an X-ray tube the source of electrons is known as the
cathode. The cathode consists of a coil of wire (the filament) which functions as the
electron emitter. When a voltage is applied across the filament, the resultant current flow
heats it to electron emission temperatures. The filament is heated with an AC current of
1 to 5 amperes at 4 to 12 volts. The tube current between the cathode and the anode is
approximately 0.1% of the heating or filament current. The tube current is of the order
of milliamperes and can be directly measured. The filament is surrounded by a focusing
cup usually made of very pure iron and nickel. This acts as an electrostatic lens and
controls the shape of the electron beam.

3.1.2. Electron acceleration

The electrons emitted at the cathode of an X-ray tube are negatively charged. Following
the fundamental laws of electrical behaviour they are repelled by negatively charged objects
and attracted to positively charged ones. By placing a positive charge on the anode of an
X-ray tube, and a negative charge on the cathode, free electrons are sped from the cathode
lo the anode. An arrangement is also made to focus the stream of electrons onto the
anode. The collimated stream of electrons then strikes the target. For the radiation
needed for industrial radiography the accelerating potentials range from about 30KV to
30MV. X-ray tubes are usually rated at up to 420KV while higher voltages are used in
linear accelerate;.: The electrons acquire the energy equivalent to these voltages.
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3.1.3. Target

X-rays arc generated whenever high velocity electrons collide with any form of matter,
whether it be solid, liquid or gas. The target material should have the following desirable
properties: namely, high atomic number, high melting point and high thermal conductivity.
The high atomic number gives the best efficiency of conversion of electron energy into X-
rays. A high melting point allows high tube currents for a given size of focal spot thereby
providing large X-ray output (i.e. intensity). High thermal conductivity reduces the amount
of evaporation of target metal thereby increasing the life of the tube. Tungsten is the only
metal which has all these properties so usually the target is made of tungsten. The target
is fitted in a cup of copper which acts as an anode.

Taking away the heat generated due to the electron impacts is one of the major
considerations in the design of X-ray tubes. The necessary cooling is done by liquid coolant
suck as oil or water. The tube target is usually vacuum-cast in a copper backing to provide
thermal contact to conduct away the heat. The joint between the copper and tungsten must
be good. The anode is usually hollow to allow the circulation of cooling fluids. In many
modern X-ray tubes the anode is hooded. This hood consists of a metallic body over the
anode with an aperture to permit the electron beam to reach the target and a second
aperture for the X-ray beam. The hood also reduces the danger of electron back emission
from the target if this gets overheated and limits the X-ray emission outside the useful
beam by absorption. The part of the anode target on which the electrons impinge is called
the focus of the X-ray tube.

To get sharp shadows, theoretically the focal spot must be as small as possible. But if the
focal spot is actually made small, say 1 x 1 mm, the tube life is reduced due to the
vaporisation of the target. If the area of the focal spot is extended to say 3x1 mm, the
tube can run for about three times as long, but it will not give sharp shadows. To deal with
this situation, the target is usually inclined at about 71° to the electron beam direction.
The result is that the effective size of the focal spot reduces without reducing the actual
size of the focal spot. This reduced focal spot is called the optical focal spot.

"7\
ELECTRON
BEAM

Figure 3.2 Actual Vs effective focal spot size

If the actual size is 3mm x lmm, with an inclination of 71°, as shown in Figure 3.2, the
effective size of the focal spot is,

3 Cos 71" x 1 mm = 0.98 x 1 mm = 1 x 1 mm

Usually, therefore, industrial X-ray tubes have inclined targets.

Tubes with rotating targets have also been developed. Rotating targets make the running
life of the tube longer, but such tubes are not used for industrial radiography because of
relatively low tube currents.

3.1.4. Tube envelope

TV.c tube envelope consists of a glass envelope in which two electrodes arc fitted; cathode
and anode. The filament portion of the cathode functions as a source of free electrons and
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(he anode as the target upon which the electrons strike. The tube envelope is constructed
of glass of the borosilicate type that has a high melting point because of the extreme heat
generated at the anode. The envelope also has sufficient strength to resist the implosivc
force of the high vacuum interior. Inside the envelope there is a vacuum of the order of
10* mm Hg.

A high vacuum environment for the tube element is necessary to prevent oxidation of the
electrode materials, io permit ready passage of the electron beam without ionisation of gas
within the tube and to provide electrical insulation between the electrodes.

3.1.5. Tubeheads

The entire tube is enclosed in a metal casing lined with sufficient lead to restrict the
radiation beam to the outlet port. Tubeheads usually contain the X-ray tube, high voltage
and filament transformers and insulating oil or gas. In adc'.'ion, the metal case is earthed
to eliminate possible electrical hazards due to the high voltage used.

3.1.6.Tube window

The X-ray beam emerges from the tube through a port or window. The solid angle of the
radiation cone is usually 40" - 50° . The window is usually made of a less radiation
absorbent material such as a light metal of low atomic number (e.g. beryllium). Directly
below the window in the useful beam area is the diaphragm, a shielded opening that
permits changing of the useful beam size. Io many machines a copper filter may be
incorporated in or located close to the diaphragm. This copper filter shields out the low
energy portion of the X-rays produced, making the useful beam that falls on the specimen
more nearly uniform in energy.

3.1.7.Duty Cycle

The duty cycle is generally expressed as a percentage of exposure versus total time. For
example a 100% duty cycle means that the tube can be operated continuously;50% means
that it is necessary to provide equal rest time after each exposure and so on. The life of
an average tube operating under conventional loads may be from several hundred to over
one thousand hours. One major factor concerning the tube life is the effectiveness of its
cooling. If it is overloaded, its life is considerably shortened, while its life is lengthened
if the tube is under loaded. Also the tube life can be increased by preheating it (warm up)
and controlling its operation every time it starts working again after an idle period.

3.1.8. Electrical devices and circuits

In addition to the X-ray tube, other electrical equipment consists of:

(a) A high tension transformer to give the required high voltage.
(b) Gear to control the high voltage applied between the cathode and anode i.e. kV control
knob.
(c) Gear to control the filament current i.e. mA control knob.
(d) Automatic trip system to protect the equipment from damaging itself due to
overheating, ovcrvoltage, overcurrcnt, etc.

In portable X-ray units, a self rectifying circuit, Figure 3.3, is frequently used. In this
circuit X-rays are only generated during one half-cycle of the applied voltage. Normally
no electric current can travel from the anode of an X-ray tube towards the cathode; the
negative half-cycles of an alternating current do not pass through the tube and only the
positive half-cycles arc used. For this circuit the tube current must be kept low, since if
the anode becomes too hot it may emit electrons in the reverse direction (strike back),
hence damaging the filament of the cathode.

In a single-valve circuit. Figure 3.4, there is no danger or a strike back and the tube can
thus carry a heavier load.
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Kearsley circuit

Figure 3.3. Self rectifying circuit

H.T. Transformer

R.V.

A A A
tube voltage

'••* "•" ^'suppressed voltage

Half-wave rectification — circuit and wave-forms.

Figure 3.4 Single valve circuit

Figure 3.5. shows a circuit diagram for a Villard circuit. When the current flows in the
direction shown by the broken line arrows, the two condensers arc charged. When the
current is in the opposite direction, it passes through the X-ray tube and is supplemented
by the discharge from the condensers

Another type of circuit for X-ray machines is the Graetz circuit (Figure 3.6) During both
the cycles of the voltage transformer, current passes through the X-ray tube in the same
direction.

In the Grcinacher circuit, Figure 3.7, the condenser C1 is charged during one half-cycle
(solid-line arrows) while C2 is charged during the other half-cycle (broken-line arrows).
The X-ray tube is connected in parallel to the two condensers, which are themselves
connected in series; the result is a voltage which is doubled and which only fluctuates very
slightly.
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tube voltage

\7 transformer voltage

tube current

Villard voltage-doubling circuit and wave-forms

Figure 3.5. Villard voltage doubling circuit and wave forms

Figure 3.6. Graetz circuit

Figure 3.7. Greinacher circuit
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3.1.<). Conlrol consoles

Wherever a high voltage circuit is used, provision has to be made if possible for varying and
measuring the high voltage applied to the X-ray tube and the current passing through the
tube. The third variable that has to be controlled is the exposure. At a given kilovoltage
the integrated output from a given equipment is proportional to the quantity of electricity
passed through the tube, that is, the total number of milliampere seconds (mA.s). In some
mcgavollage machines such as linacs, a radiation-measuring chamber is built into the head
of the machine close to the target which will measure both integrated dose and
instantaneous dose rate and convert these to doses at the plane of the film, but such
instruments are very rare on lower energy X-ray equipment. A direct method of measuring
the total X-ray dose on the specimen or the film is rarely used but could be of
considerable value. It could automatically compensate for slight variations in kilovoltage
and tube current during the exposure time.

In most of the older X-ray machines the knobs for controlling the kilovoltage,
milliampcrage and time arc present and have to be manually operated to select the given
parameters. In the latest designs of x-rays machines, however, these controls are controlled
through a microprocessor.

3.1.10. Quantity and quality of X-rays

Much of the energy of the impinging electrons is dissipated as heat. In very low voltage
tubes 0.1% of the energy of the electron beam is converted into X- rays. At 100KV the
X-ray generation efficiency increases to about 1%. At 2 million volts it approaches 10%
and at 15 million volts it may be over 50%. The efficiency of conversion also depends upon
the target material, being best for the high atomic number materials like tungsten, etc.

In brief the x-ray generation efficiency is given by E =K.V.Z where V is the applied
voltage, Z the atomic number of the target material and K is a constant having a value of
10 7 for tungsten.

The quantity or the intensity of X-rays produced depends on the number of electrons
hitting the target i.e. tube current. The tube current, which is of the order of milliamperes,
can be controlled by controlling the number of electrons emitted by the filament i.e. by
controlling the heating current through the filament. Increasing the milliamperage
increases the number of electrons that are available to strike the target. This is turn
increases the quantity or the intensity of X-rays, Figure 3.8. Change in milliamperage
causes no change in the wavelength of the X-rays produced.

100 KV

4mA
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Figure 3.8 Effect of mA and KV on X-ray output
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The quality or the energy of X-rays produced depends upon Ihe energy of electrons striking
the target. The energy of the striking electrons is controlled by the accelerating potential
which is of the order of kilovolls (KV). An increase in KV results in the generation of
more energetic (more penetrating) X-rays, Figure 3.8.

3.1.11. Modern X-ray equipment

A lot of development has occurred towards the production of versatile X-ray equipment.
A wide range of sets is now commercially available that incorporates

(a) increased X-ray output with smaller size of focal spot
(b) availability of very low and very high energy x-rays with control of the emitted x-ray
energy.
(c) portability/mobility of the units.
(d) directional and panoramic X-ray outputs,
(c) safe and simple operation of the equipment.

Equipment is manufactured by many firms and can be categorised as follows:-

i) Directional X-ray Units

Fully portable and mobile versions from 100 to 400 KV range are available. Kilovoltagc
can be varied continuously or in steps. The emergent beam angle is normally 40° but tubes
with different beam angles arc also available. Effective focal spot size normally varies
from 0.5 x 0.5 to 4 x 4 mm. Tube currents range from 5 to 20 mA depending on the size
of the focal spot. Normally the stability of the kilovoltage and output current is 1 % and
0.5% respectively.

Double focus X-ray tubes arc also available with the provision to use a small focal spot at
low tube currents and a large focal spot at high tube currents. Recently program controlled
X-ray units have appeared commercially. Programming can be done by means of a program
card. Automatic exposure devices can be used with these units and knowledge of specimen
thickness and material is then not needed.

ii) Panoramic X-rav Units

Panoramic X-ray tubes up to 300KV arc normally available with emergent beam angle of
360° x 30°. The focal spot is elliptical in shape and the effective focal spot sizes may be 4
x 1, 4.8 x 1, 5 x 1.5mm, etc. with tube current up to 15mA. These tubes are specially
useful for the radiography of circumferential welds in large diameter pipes. A directional
beam can also be obtained using protective collars generally provided with these tubes.

Panoramic X-ray tubes with rod anodes arc also available. A directional beam with angles
90° , 120° . 180° and 360° (directed perpendicular to the anode) can be obtained by using
diaphragm attachments provided with such tubes. Focal spot size may be 5mm dia. with
6mA tube current.

iii) Radiographic Linear Accelerators

For the radiography of thick samples, X-ray energy in the McV range is required. This has
now become possible with the availability of radiographic accelerators. The energy of the
X-rays can be varied smoothly from lMcV to 2.5MeV and is suitable for the thickness
range of 2 to 20cm of steel. Focal spot size is 2.5 x 2.5mm and 10cm steel can be
radiographed in one minute. Radiography at beam angles of 15° , 30° , 45° and 360° is
possible. Electron beam current can be varied from 0.01 to 0.25 mA (giving maximum dose
of 170 rads/min at 1 meter). Varian manufacture radiographic linear accelerators of 4McV
and 8 McV suitable for radiography of up to 38cm ol steel. The X ray beam is available in
15° and 40° cone angles. Max. focal spot diameter is 2mm. In their improved version
(Linalron 2000) selection of either 5.5,8 or lOMeV is possible from a switch on the control
console. A dose output of 2000 rads per minute at one meter is achieved at 8McV.
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iv) Microf ocus X-Ray System

Geometrie sharpness (definition of radiograph) is badly affected in situations which do not
permit large sfd (source to film distance) and small ofd (object to film distance). This can
be overcome to a great extent by using tubes of very small focal spots. Magnaflux Corp.
have developed a microfocus X-ray system. The small and light ceramic tube permits focal
spots of variable size from 0.5 to 0.05mm. The electron beam is focused on to a tungsten
target by the help of a focusing electrode. The size of the focal spot can be varied by
varying the bias voltage on the focusing electrode. This new 100KV machine can be
operated at a maximum of 1mA. The tube head can easily pass through an opening of 10cm
diameter. The system is being used for the inspection or electron beam welds in the main
engine mount of TFE31 jet engines.

v) Flash X-ray Tubes

An electron beam of very high intensity can be produced by field emission from a small
radius metal cathode by the application of a high voltage pulse of very short duration. The
pulse length must be of the order of a few microseconds and the pulses are generated with
a capacitor, a pulse transformer and a high pressure spark gap, with a very low inductance
circuit. This pulse of X-rays impinging on a target generates a very short but intense pulse
of X-rays. Tube and generators have been built for this purpose to operate at 100-200kV
to produce pulses up to 1R at lm distance. The resulting apparatus is lightweight and
portable and the tubes are said to have a life of 10' pulses.

Much larger flash X-ray' apparatus has also been built for special purposes such as ballistic
studies. Some of it operates in the megavoltage region and uses 'one-shot' X-ray tubes.
Voltage multiplication is accomplished by charging capacitors in parallel and discharging
them in series. Spark gaps are used to switch from parallel to series operation. One or two
of the gaps are triggered by a low voltage signal and the remainder are overloaded by the
transient voltages within the generator. Capacitors, spark gaps and charging network are
housed in an electrically grounded steel tank. The steel tank may be pressurised to
improve insulation and control the breakdown voltage of the fixed spark gaps. Typical data
on these generators are output voltage 250-600kV, peak current 10000A, pulse width 20ns,
weight 300kg.

The electrode system used is the classical one for generation of fine-focus flash X-rays,
consisting of a cone-shaped tungsten anode and a ring-shaped hollow stainless steel field
emitter cathode. The tubes normally operate at a residual gas pressure below 106 torr.

vi) Betatron

The principle of this machine is to accelerate the electrons in a circular path by using an
alternating magnetic field. The electrons arc accelerated in a toroidal vacuum chamber or
doughnut, which is placed between the poles of a powerful electromagnet. An alternating
current is fed into the energising coils of the magnet and as the resultant magnetic flux
passes through its zero value a short burst of electrons is injected into the tube. As the flux
grows the electrons are accelerated and bent into a circular path. The magnetic field both
accelerates the electrons and guides them into a suitable orbit and hence, in order to
maintain a constant orbit, these two factors must be balanced so that the guiding field at
the orbit grows at an appropriate rate. The acceleration continues as long as the magnetic
flux is increasing, that is, until the peak of the wave is reached; at this point the electrons
are moved out of orbit, either to the inner or outer circumference of the doughnut, by
means of a d.c. pulse through a set of deflecting coils. The electrons then strike a suitable
target. The electrons may make many thousands of orbits in tbc doughnut before striking
lbe target, so that the path length is very great and the vacuum conditions required arc in
consequence very stringent. The radiation from betatrons is emitted in a scries of short
pulses. In order to increase the mean intensity, some machines operate at higher than
mains frequency. Most betatrons designed for industrial use are in the energy range 15-31
MeV. Betatrons in general have a very small focal spot size typically about 0.2mm, but (he
X-ray output is low. Machines are built in the higher energy range in order to obtain a
higher output, but this brings the disadvantages of a restricted X-ray field size.
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vii) Microtron

A third alternative to the betatron and the linac for generating high energy electrons is the
microtron. This is a form of circular orbit accelerator in which the electrons are
accelerated by the field in a microwave resonator which is placed in a homogeneous
magnetic field so that the electron orbits form a family of circles with their common
tangent in the resonator. The electron gun is placed close to the entrance hole of the
resonator and produces pulses of electrons. The magnetic field, the microwave frequency,
and the energy gain per orbit, must be correctly related so that the electrons come back to
the resonator in phase to acquire another acceleration. In a klystron-operated 8 MeV
machine an output of 6000 R/min at lm has been achieved, but although some microtrons
were produced in the 1960's very few are in industrial use compared with the number of
linacs.

3.1.12. Comparison of X-ray generators

Table 3.1 shows the specifications for some X-ray machines that are commercially
available.

TABLE 3.1. PARAMETERS OF X-RAY GENERATORS

Unit
Descrip-
tion

HT Cable
Light wt
tank
Microlank
(Philips)
Tank type
(Andrcx)
Micro tank
(Philips)
Tank type
(Baymex)
Seifcrl
(Ht Cable)
Laboratory
(HT Cable)
Ci.E. Resonance
Transformer
Van de-Graff
Linatron 400
Linatron
2000A
Linatron
6000
Betatron

Max.
kV

50
80

100

100

200

250

300

400

1000

3000
4000
3000

15000

18000

Weight
of head
in Kg

6
9

45

47

45

454

91

350

1364

3600
WO
990

3900

2000

Current
rating
in mA

30
2

5

8

5

10

5

10

3

0.35
-
-

-

•

Focal
spot
in mm
at 1m

1.5x1.5
1 x 1

3x 1

1 xl.5

3x 1

5 x 5

4 x 4

4 x 4

7 x 7

2.5x2.5
2
2

3

0.2x0.2

Rad.
output
R/min

10
-

32

20

2.4

20

40

50

50

350
500
2000

6000

100

Max.insp.
thickness

. Fe

_

0.3

0.4

0.5

3.5

6

7.5

10

12

30
30
38

46

50

;AI

0.5
3

3.5

4.0

10.5

17

22

25

50

-
-
-

-

-

3.1.13. Classification and Selection of X-ray Equipment

X-Ray equipment is usually classified by its voltage rating. As the energy or penetrating
power is a function of the voltage, it therefore represents the equipment capacity. From
a practical point of view the classification of X-ray equipment may be made as laboratory
type, mobile type, portable type and enclosure type. Laboratory units are intended for
permanent lead lined or concrete room installation. These arc usually the constant
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potential type. Mobile equipment is designed to be moved within or between buildings.
Portable equipment is designed to be transported to almost any location by any means.
It is usually small and light weight. The tube head contains both the high tension
transformer and the X-ray tube. Oil or gas insulation is used in the tube/transformer head
and if oil is used it can also be pumped round the head to assist in cooling the tube. In most
sets there is provision for additional cooling of the oil by an external water supply. Some
sets have a limited duty cycle in that they cannot be operated continuously without this
auxiliary cooling. Only a low voltage connection is required from the tube transformer tank
to the control box and this cable can therefore be made of considerable length without
difficulty. Enclosure type units consist of a lead-lined cabinet containing the X-ray tube
and possibly a fluorescent screen for fluoroscopic work.

The selection of X-ray equipment will primarily be dictated by the type of applications for
which it is intended. Some of the aspects that need to be kept in view while making this
selection are briefly described here.

The quality of radiation emitted from the machine or the kV rating will determine its
suitability for inspecting a material of a particular thickness. The intensity of radiation >r
tnA rating will determine the length of exposure time needed to inspect the desired
material. The focal spot size will indicate the capability of the machine to detect fine
flaws for good quality radiography. The duty cycle and the type of cooling will determine
the life and the productivity of the machine. The weight and dimensions of the machine
and the shape of the emitted beam of radiation are other important factors to be
considered. These will determine whether or not the machine can conveniently be put in
the desired position for radiography. The beam spread will determine the area of the test
specimen covered in one exposure. The cost of the equipment may be the final
consideration for its selection.

3.2. GAMMA RAY SOURCES AND EQUIPMENT

The great penetrating power of gamma rays from most of the radioactive sources make
them valuable specially when large thicknesses or high density specimens, beyond the range
of generally available X-ray equipment, are involved. Gamma ray sources are not usually
used for light alloys as the sensitivity required for a radiograph limits their use. Most of
the concepts relating to radioisotopes, such as, what they are, how they are produced,
radioactivity, radioactive decay, half life, specific activity of radioisolopes, the type of
radiation emitted, the interaction and consequent absorption of these radiations by matter
and the general properties of these radiations, have already been explained in chapter 2.

In this section the type of radioisotopes used in radiography and how they are used will
be discussed.

3.2.1. Gamma-ray sources

The most commonly used radioisotopes arc listed below along with their characteristics for
ready reference. Approximate thickness ranges of materials thai can be radiographed using
a particular source are also given. Although greater thicknesses may be penetrated,
exposure time would be very long.

3.2.1.1. Naturally occurring radioisotope*

Prior to tbc introduction of artificially-produced radioactive sources, radium was almost
universally used for gamma-radiography. Its great merit was its very long half-life - 1590
years - and its relatively large radiation output. Today it has been completely ousted by
the much less expensive artificial isotopes and for industrial use it is only of historical
interest. However a radium source consists of about 200 to 2S0 mg of an clement in the
form of a salt of the metal and is scaled in a platinum capsule. Prominent energies emitted
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arc 0.6. 1.12 and 1.76 McV which are radiographically comparable to the X-rays from sets
operating in the 1000 - 2000 KV range. The half life is 1590 years and the thickness range
for which the source is used is 5 to 15cm of steel. One curie of the source gives 0.83
roentgens per hour at one meter.

3.2.1.2. Artificially produced radioisotopes

The radioisotopes that are most commonly used in radiography are the ones which are
artificially produced. Some of these arc produced by bombardment with neutrons in a
nuclear reactor. The (n,y) reaction is employed for the production of most gamma sources.
This (n.Y) reaction is primarily a thermal neutron reaction.

The neutron is captured in the nucleus of the bombarded element and the material
produced is a radioactive isotope of the original clement. For example ,

2,C
5fl + n1 - 2,Coe0 + y

Iridium - 192. Thulium -170 and Ytterbium - 169 are also produced in this way. The
specific activity of isotopes produced by neutron bombardment can be calculated from

a - 0.6x<frxa x ( 1 - c-»-«'"T i/2)

3.7 x 1010x A
Where.

a is specific activity in Ci/g
<t> is neutron flux of the reactor in n/cra2

o is activation cross section in barns (lbarn = 1024 cm2)
A is atomic weight of the irradiated clement
t is irradiation time
T,/2 is half life

Caesium - 137 is produced as a result of fission of uranium fuel in a nuclear reactor.
Detailed descriptions of these radioisotope are given below.

3.2.1.2.1. Cobalt - 60

Cobalt is a hard metal of density 8.9 g/cm1 and occurs naturally as a single stable isotope,
cobalt-59. By the (n,y) reaction this is activated to cobalt-60 which decays by emission of
a 0.31 MeV beta-particle, followed by two gamma photons in cascade, of energy 1.17 and
1.33 MeV. The half-life is 5.3 years and the radiation output is 1.3RHM/Ci.Cobalt has a
high slow-neutron capture cross-section and because of its neutron absorption
characteristics it is usually produced in small pellets or thin discs rather than in single
large sources. These pellets or discs arc fabricated into sources, after activation, and are
also sometimes nickel-plated for protection.

Because of their high energy cobalt-60 sources require considerable shielding. A container
suitable for a 30Ci source is likely to weight at least 150kg. A few cobalt-60 sources of
strengths 1000-3000 Ci arc in use as static radiation machines; these arc being used as
alternatives to linacs and betatrons for the radiography of large thicknesses of steel, from
100-2()0mm. They are, of course, very much less expensive than megavoltage X-ray
equipment in initial cost, but their radiation output is much smaller so that longer exposure
times arc needed than with X-ray machines. Also such high strength sources have
considerable self- absorption of radiation.

3.2.1.2.2. Iridium - 192

Iridium is a very hard metal of the platinum family; its density is22.4 g/cm3 and it occurs
naturally as two isotopes, iridium - 191 (38%) and iridium - 193 (62%). Activation of
natural iridium in the atomic pile is by the fn, ) reaction and two radioactive isotopes arc
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produced, iridium - 192 with a half-life of 74.4 days, and iridium - 194 with a half-life of
19h. It is usual to allow the activated source to decay for several days before measuremeia,
so as to virtually eliminate the short-lived iridium-194. Iridium-192 decays chiefly by beta-
emission to platinum-192 but there is also a second decay process, by electron capture to
osmium-192; both these products are stable. The gamma-ray spectrum is complex,
containing at least 24 spectrum lines with prominent lines of 0.13, 0.29, 0.58, 0.60 and 0.61
MeV. The source is radiographically comparable with X-rays from a unit operating at 500
KV. One curie of iridium source gives 0.50 roentgens per hour at a distance of one meter.
The thickness range for which the source can be used is about 100mm steel. The sources
are encapsulated in holders of aluminium alloy and are available in different sizes varying
from 0.5 x 0.5mm to 6 x 6mm. The iridium - 192 sources used in industrial radiography are
generally between 500 mCi and 50Ci in strength, but higher strengths up to 100 Cl are
available and a 60Ci source can be as small as 2 x 2mm in size.

.1.2.1.2.3. Caesium - 137

Caesium - 137 is one of the most abundant fission products of the atomic pile and can be
extracted as the sulphate or chloride by a chemical precipitation method. The radioactive
salt is compressed to a density of S.Sg/cnv1 and the specific activity is limited largely by
(he presence of other isotopes of caesium. Because caesium chloride is a soluble powder
special double-encapsulation methods are used.

Caesium - 137 decays by beta - emission to an isomeric stale of barium - 137(0.52MeV
beta-92%,1 17MeV beta-S%) from which a 0.662McV gamma-ray is emitted. The half-life
is 30 years and the radiation output is 0.37RHM/CÍ. Caesium-137 is used chiefly for the
radiography of steel thicknesses between 4()-100mm. For a given physical si/e of source
it does not have the radiation output intensity of an iridium - 192 source and it is more
expensive but its much longer half-life makes it attractive to the user who requires a
gamma-ray source for occasional rather than continuous us.f.

3.2.1.2.4. Thulium - 170

The need for a radioisotope having a low-energy gamma-ray emission suitable for the
radiography of thin steel specimens and for light alloys led to the introduction in 1953 of
thulium - 170. Its half life is 127 days. Thulium is one of the rare earth elements and. as
the metal is difficult to produce, it is generally used in the form of thulium oxide; as a
powder this has a density of about 4g/cm:'and can be sintered into pellets of density
7g/cm3. Thermal neutron capture converts the naturally occurring isotope thulium-169 into
thulium-170. Decay is by emission of 0.968 and 0.884MeV beta-rays; the excited state of
the nucleus is stabilised by emission of 0.084MeV gamma-ray photons or by internal
conversion; only 3.1% of the disintegrations lead to the emission of gamma-rays. From
internal conversion a O.()52MeV gamma-ray is emitted from 5% of the disintegrations.
Only about 8% of the total number of disintegrations yield useful radiation from the point
of view of radiography. Thulium - 170 gives 0.84MeV gamma rays which are comparable
to X-rays from units operating at 120KV. Its RHM value is 0.0045. 0.2 to 1.2 cm thick
aluminium samples and up to 0.5cm thick steel samples may be radiographed. The source
is available in 2 x 3 mm and 3 x 3mm si/e pellets which are encapsulated in holders of
aluminium alloy.

3.2.1.2.5. Ytterbium - 169

This is a much more recently available source. Ytterbium occurs as a mixture of several
stable isotopes and on neutron activation in an atomic pile Yb-168 activates to Yb-169. The
most abundant stable isotope Yb-174 activates to Yb-175. The latter has a low energy
emission but a half-life of only 4.2 days, whereas the Yb-169 has a half life of 31 days. In
a newly activated source, therefore, one has a mixture of two radioisotopes with different
half-lives and different emission spectra and the relative proportions of the two will vary
rapidly with lime. After a relatively short time most of the Yb-175 will have decayed and
the source will be mostly Yb-lftV.
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TABLE 3.2 CHARACTERISTICS OF RADIOISOTOPES USED FOR INDUSTRIAL
RADIOGRAPHY

Radioisotope

Half life

Chemical form

Density(g/cm3)

Gamma ray
energies (MeV)

CO-60 Ir-192

5.3Y 74d

Metallic Metallic

8.9 22.4

1.17 0.31
1.33 0.47

0.64

Cs-137

30Y

Cs-Ce

3.5

0.66

Th-170

127d

Metallic
or

4

0.87
0.052

Yb-169

30d

Yb03

0.17-0.2

Activation cross 36 370
section in barns

Ultimate
specific
activity(Ci/g) 1100 10000

Practical
specific
activity (Ci/g) 300 450

25

25

1.30

6300

1500

5500

Depends
upon the
enrichment
of Yb-168

2.5-3.5
Ci in
1 x lmm
size

RHM per curie 1.33 0.5

Optimum thick- 50- 10-
ness range (mm) 150 70
of steel

Practical radio-
graphic source

Half value
Iayer(mm lead) 13 2.8

0.37

20-
100

0.0025

2.5-
12

0.125

3 - 12

activity (Ci) 100

Approx.diam(mm) 3

Shield weight
(kg) 100

50

3

20

75

6

50

50

3

1

2.5-3.5

1

8.4 0.88
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Ytterbium-169 has a gamma-ray spectrum consisting of several spectrum lines, the principal
ones being 0.063. 0.198., 0.177 and 0.109MeV.

The radia 11 on output is reported to be 0.125 RHM/Ci at a distance of lm. Recently
sources have been made from 24% enriched natural ytterbium which increases the
proportion of Yb-169 in the activated source and so increases the activity which it is
possible to obtain in a given physical size. With this enrichment it is possible to obtain
about l-3Ci in 0.6 x 0.6mm and 100-500 mCi in 0.3 x 0.3inm pellets. Higher percentage
enrichments have also been reported.

Ytterbium is a very rare metal, is in short supply and the enrichment process is difficult so
sources arc relatively expensive. The supply situation appears to be the major problem
with ytterbium sources al present. Experiments measuring the radiographic sensitivity
attainable and the radiographic contrast show that radiographs taken with a Yb-169 source
arc roughly equivalent to radiographs taken with filtered X-rays between 250 and 350kV,
depending on the specimen thickness.

For ready reference the main characteristics of the above mentioned radioisotopes are
summed up in Table 3.2

3.2.2. Source Encapsulation

The source of radiation used in radiography is extremely small and enclosed in a
scaled protective metal covering. Fig. 3.'i shows a typical source. Most isotopes
used in radiography are right cylinders whose diameter and length arc
approximately equal. This source shape permits the use of any surface as the focal
spot, since all surfaces as viewed from the specimen, are approximately equal in
area.

INNER

RADIOACTIVE PELLET

OUTER CAPSULE

CAPSULE

SPACER

WELD

Figure 3.9 Cut away of a typical radiography source

The diameters of different cylindrical sources vary in the range from 0.5 to 20mm while
their lengths may vary from 0.5 to 8 mm. The sources are also sometimes made in a
spherical form. The diameters of the radioactive part may be between 6 and 20mm.

The sources may be supplied with or without tags. Cs-137 sources up to 3Ci contain the
radioisotope as a bead of caesium glass. The larger sources contain compressed pellets of
caesium chloride. They are available in plain cylindrical capsules or in capsules with a flat
tag.

3.2.3. Gamma projectors

As gamma ray sources emit radiation at all times and in all directions, it is not safe to use
them directly in the capsule form for radiography. They are enclosed in specially designed
containers known as gamma projectors or gamma radiography cameras. The containers are
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generally made of good radiation-absorbent metals such as lead, tungsten or depleted
uranium to reduce the emergent radiation intensity to a permissible level. The design of
the container is such as to give ample protection when the source is not in use and to
provide a beam of radiation when required. Gamma projectors are available in several
designs suitable for various applications. One may choose one or other best suited to
one's requirements.

The main points to be borne in mind in designing an exposing container arc:

i) Provision must be made for loading and exchanging the source capsule easily and quickly.

ii) The container must be robust: if accidental damage prevents the container from being
properly opened or closed the handling problem with a large source would become
extremely serious. The effect of dirt and moisture on the mechanism must be considered
under this heading.

iii) A fail-safe design is very desirable; i.e. if anything goes wrong, or is moved during
exposure, the source returns to the safe position of the source.

iv) There should I'o a positive indication of the exact position of the source.

v) Except when the container is supported on a mechanised permanent mounting, size and
weight are important factors.

vi) The containers should be designed so that the beam of radiation can be adjusted in
direction; there should also be provision for making panoramic exposures.

vii) Scattered radiation, although less of a problem with gamma-rays than with X-rays,
should still be kept to a minimum; it is desirable, therefore, to be able to adjust the beam
width to suit the specimen and film si/e.

A few commonly used gamma projectors or cameras arc briefly discussed below:

3.2.3.1. Removable plug type unit

Figure 3.10 shows one of the simplest projectors suitable for directional exposures. Units
of this type up to 2Ci of Co 60 (lOOCi of Ir 192) capacity arc available. A conical stepped
plug can be removed from the main body when a beam of radiation is required. The plug

. PLUG
MOVEMENT

P EXPOSE

Figure 3.10 Removable plug type gamma projector
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can be held at a position such that it does not obstruct the beam. The steps are made to
avoid streaming. The unit can also be used for panoramic exposures by pushing the source
out of the container with the help of a graduated rod.

3.2.3.2. D-type unil

Figure 3.11 shows a D-type gamma projector suitable for pipe radiography (double wall
single image). Such units are available for up to 7.5 Ci Ir-192 or 1 Ci Cs-137. The unit can
be clamped onto a pipe with the help of a chain and can also be rotated to a desired
position when required. When the beam is required the inner source holding cylinder is
rotated about its axis so that the source comes in front of the aperture in the outer
shielding. The source is in the centre of the shielding when not in use.

OPEFATING HANDLE

SHIEIOING

SOUnCE (SMIELOEO POSIflONI

•— THIN WINOOW

BACK SIIIELOEO SOURCE H010EÍ1

Figure 3.11 Rotating shutter type exposure container

3.2.3.3.Torch models

This type of equipment was originally developed for the testing of pipeline welds but
adaptors arc usually provided so that it can be used for other work as well. For pipe
radiography, the torch is taken from the container and put into a shielding holder attached
to the pipe. The shielding in the torch protects the operator while this is done. This model
is illustrated in Figure. .3.12.

3.2.3.4. Remote control gamma radiography units

These units can be operated from a remote distance which makes them suitable when large
activity sources are to be used. The source can be pushed out of its shielding to a desired
position via guide tubes and brought back when the exposure is complete. Units that can
hold very large lr-192 sources and up to 500 curies Co-60 are available. There are two
types of gamma radiography units which are commonly available.

(a) Clutch Wire Cable Type

It consists of a shielding container with all safety locks and devices etc. and a remote
control system that controls the movement of the source with the help of a clutch wire
cable (Figure 3.13). The source is pushed out of the container to an exposure site by
rotating the handle of the operating device in one direction and pulled back into the
container, at the termination of the exposure time, by rotating the handle in the opposite
direction.
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REMOVABLE HANDLE
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SOURCE
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RETRACTED

Figure 3.12 Torch type exposure container

SHUIIEB CONTROL

CONNECTION FOR

CONTROL CABLE

FIEXI8U SOURCE MOLOEff

WITH BACK SHIELDING

TATIMG SHUTTER
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{CLOSED POSITION)

INECTION GUIOE TUQE

OUTLET TUOf
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CONNECTION FOH

GUIQE TUUg

Figure 3.13 Principle of remote control gamma projector



TABLE 3.3: COMMERCIAL GAMMA PROJECTORS

Unit
Description

1

Tech /Ops
Model 660

I rid i Iron
(Sperry)
Model - 520

Gamma!
Model Tl

Model Tl-F

Gamma Indus.
Model 35

Pipeliner
Model 1

Tech/Ops
Model 684

Model 741

Model 680
(Sperry)

Unitron
Model-110 A B

Modcll51,161

Gammat
Model TK 10

Model TK 30
Model TK 100

Gamma Indus!
Gammatron
Model 20A

Gammairon
Model 50 A
Gammatron
Model 10(1 A

Isoluje

2

Ir-192

Ir-192

Ir-192

Ir-192

Ir-192

Ir-192

Co-60

Co-60

Co-60

Co-60 or
Ir-192

Co-60

Co-60

Co-60
Co-60

Co-60

Co-60

Co-60

Capacity
in Ci

3

100

100

40

100

35

100

10

30

100

10
300

200

10

30
100

20

50

100

Shielding

4

Depleted
Uranium

-do-

Metallic
Uranium

-do-

Depleted
Uranium

-do-

-do-

-do-

-do-

Lcad

-do-

Depleted
Uranium
-do-
-do-

Depleted
Uranium
enclosed in
polyurethanc

-do-

-do-

Weight Rad.leakage
in Kg

5

20

18.18

12

15

11.36

14.5

102.3

136

184

272.72

1363.6:

95

120
140

136.36

152.27

204.54

6

Well below
max.allowed
by IAEA &USNRC

50mR/hr at 6"
from surface

200mR/hr at
surface

-do-

50mR/hr at 6"
from surface

-do-

Well below
max.allowed by
IAEA & USNRC
-do-

do-

Less than 200
mR/hr at surface

( -do-

Less than 200
mR/hr at surface
-do-
-do-

-do-

-do-

-do-
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b) PncumalJĽ Type

ll consists of a shielding container and a pneumatic remote control system. The source is
pushed out of the container to the exposure site by a compression stroke and sucked back
inlo the container by a suction stroke.

Gamma projectors available commercially along with some of their important
characteristics arc summarised in Table 3.3.

3.2.4. Selection of a gamma ray source

To assess the usefulness of various sources for a particular job various characteristics must
be considered. Brief guidelines are given bclow:-

3.2.4.1. Half life

The source should have a half life long enough to complete the job. If, however, due to
other considerations a short lived source is selected, it should have high initial activity. For
example, the Radon source has a half life of 3,825 days and will decay rapidly but a source
of about 15()mC initial activity will be radiographically useful for up to a fortnight.

3.2.4.2. Energy of gamma rays

The energy of gamma rays from the source must be sufficient to penetrate the thickness
of the specimen to be radiographed. Useful thickness ranges of metals for various gamma
ray sources arc available in the literature. It is usual practice to restrict the thickness to
specified ranges to minimise the loss of radiographic quality.

As the energy of radiation emitted is the characteristic of the source and cannot be altered,
the only way to have radiation of different energy is to utilise a different source.

3.2.4.3. Size of the source

The size of the source should be small to minimise the penumbra which spoils the quality
of the radiograph. In a pipe weld radiographic technique, for example, in which the source
is placed inside the pipe and the film outside, a 30cm bore 1.2cm thick pipe may be
examined using 2mm x 2mm source at the centre where as for a 5cm bore 0.5cm thick pipe
a lmm x lmm source would be required to keep the penumbra within allowed limits.

3.2.4.4. High specific activity

To keep exposure times short it is necessary to have an adequate quantity of radiation (i.e.
high activity). For optimum definition the source must have a high activity and be
concentrated into a minimum volume. Its specific activity is expressed as activity per unit
mass (Ci/g or Bq/g).

3.2.4.5. Availability

The source should be easily available and preferably of low cost. Finally, it is useful to
note that Cobalt-60, ThuIium-170 and lridium-192 can be reactivated but Caesium-137
cannot.

3.2.5. Advantage* and disadvantages in the me of isotopes

Advantages

(a) The cosi of equipment and source is much less than that of an X-ray machine with a
comparable energy range.

(b) The isotope equipment is more easily transported than X-ray equipment.
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(c) The isotope source material itself is small enough to pass through small diameter
openings.

(d) No external power supply is necessary therefore, tests can be performed in remote
areas.

(c) The equipment is extremely rugged and simple to operate and maintain.

(f) Radiation from some radioisotopes has a very high penetrating power. This makes it
possible to obtain satisfactory radiographs of very thick metal workpieces.

Disadvantages

(a) The first and most important from a safety viewpoint is that the radiation cannot be
turned off.

(b) The radiographs generally have considerably less contrast than those exposed by X-
radiation.

(c) Penetrating ability is solely dependent upon the particular isotope used and cannot be
changed or varied without changing the isotope.

(d) Cost of replacing isotopes with short half-lives is high.

3.2.6. Exposure techniques with gamma rays

Many of the aspects of radiographic techniques with gamma-rays are exactly the same as
with X-rays and these are discussed in detail in later chapters. Some special problems of
technique arise with gamma-rays because one cannot control the gamma-ray energy in the
way that the kilovoltage of an X-ray Cube can be adjusted to match the specimen thickness.
The only method of varying the gamma-ray energy is by choice of radioisotope.

The three most frequently used radioisotopes, Ir-192, Cs-137, and Co-60, all emit relatively
high energy gamma-radiation. So that gamma-radiographs usually have a lower contrast
than X-radiographs of the same specimens: this difference in contrast becomes less marked
as the specimen thickness increases. Because of this a good gamma-ray technique attempts
to compensate for the loss in radiation contrast by ensuring that as high a film contrast as
possible is obtained.

Gamma-rays are used for much of site radiography, where an X-ray set requiring electricity
and water supplies would be awkward or time consuming to manipulate. For steel
specimens of thickness less than 50mm, and especially for those less than 25mm thick, the
attainable sensitivity with any gamma-ray source is poorer than that on a good X-
radiograph, and this loss of sensitivity must be balanced against the convenience of using
gamma-rays. For pipe-weld inspection, for example, both X-rays and gamma-rays are
employed and the choice is often governed by considerations of accessibility and working
pressures: for high pressure pipework x-rays would be preferred if their use is possible, but
for transmission pipelines, particularly over difficult terrain, gamma-ray inspection is
accepted by many authorities. Figure 3.14 shows some examples of the use of radioisotopes
for pipe inspection.

Gamma-rays are extensively used for both ferrous and copper-base casting inspection. The
better sensitivity attainable with X-rays is rarely necessary for this type of work, and a
medium-strength coball-60 source represents a much smaller outlay than a mega voltage X-
ray unit for work of thickness beyond the capability of a small X-ray set. Exposure times
are of course much longer than with X-rays and the volume of work which can be handled
may be smaller, but this can sometimes be compensated by careful planning; if numbers of
similar thickness castings have to be radiographed these can be oriented around a single
gamma-ray source and left for an overnight exposure.
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By using several tiers of castings a hundred or more radiographs may be exposed
simultaneously in one overnight exposure; if these are set up in a locked room there need
be no radiation hazard and no supervision. Consequently most of the day shift is spent on
film processing, interpretation of the films and setting up the next series of castings. It is
also possible to have a rotating turntable carrying a ring of specimens. The required
exposure time is adjusted to be one rotation of the table. The specimens and the films can
be changed at a fixed point from behind a shielding block. In a similar manner the whole
circumference of a cylindrical vessel can be radiographed in one exposure with a source
placed on the centre line.

Figure 3.14 Techniques in gamma radiography of pipe welds

3.3. CHECKING AND MAINTAINING X AND GAMMA RAY DEVICES

The radiographic devices currently available are generally developed to the stage of
allowing malfunction - free operation over long time periods. Despite this, however,
damage or changes can occur making it seem sensible to subject x- and gamma ray
equipment to regular maintenance and checking.

X-ray machines arc for the most part liable to the following defects; burn out or loss of
vacuum in tube, focal point changes, reduction of radiation efficiency, cable or connector
faults, faults on controls, in HT generation and also cooling systems. Whereas most
defects cause immediate system shut down, changes of for example focal length can only
be established indirectly. The worst malfunction is generally regarded as tube failure
caused by false operation, insufficient cooling or "aging". In the case of overloading or
cooling failure, the anode is usually the first to be destroyed (plate on anode peels off,
anode penetration), more rarely the heated coil can burn out. Since a replacement tube
is extremely expensive (replacement costs approx. 30% of total systen. costs) it is worth
while paying exact attention to the correct tube operating procedures. Overloading the
lube is generally prevented by overvollagc, ovcrcurrcnt and ovcrtemperaturt. limiting
circuits, but the cooling conditions are not always completely measurable (e.g. bubble
formation in anode area).
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The manner in which a plant is operated has a great effect on its fatigue life. A major area
is the start-up phase. In particular, after long operating breaks, the speed of build-up of
voltage and current to operating levels (see operating manual) should not be exceeded.
New tubes have to be "run in" The reason is that a drop in vacuum occurs over time
which is only gradually compensated for after the tube is in operation. If, following an
operating break, the tube is pushed up too quickly to its operating level it can lead to an
internal tube overloading which shows fluctuations in the mA readings.

The most important checks are therefore checking the oil fill level (tube housing, high
tension transformer) or the cooling water (not usually necessary in the case of one-tank
devices), bleeding the cooling pipes or checking the gas pressure on pipes so insulated. An
operating log book should also be kept. Defects and malfunctions are often due to
relatively harmless causes. Should the power supply fail at the control panel, then one
should check not only the power plug and cable but also the equipment fuses (installed in
the control panel and often hard to find - see operating manual).

If power is present but the machine refuses to switch on this could be a fault in the cable
to the tube, or one of the 2 sockets (most frequent). Checking the individual cables can
quickly solve the mystery. High voltage cables must not be bent too much. It is
recommended to have a spare cable available for the connecting cables of frequently used
on-tank systems. Defects in the actual controls could also be the cause (regulators,
instruments), which do however usually require expert checking.

Changes of the focal point or radiation efficiency (possible bremsspectrum changes, see
energy distribution and total dose rate) are most difficult to detect. These can happen
suddenly, e.g. through displacement of the cathode coil (impact, fall etc.). or gradually, e.g.
through anode deterioration.

The form and largest diameter of a focus and its condition can be relatively simply carried
out using a pinhole camera. This is particularly recommended for older tubes (it should
not be forgotten that the focal point characteristics have a direct effect on the image
quality).

The total dose rate (non-energy related) can be simply checked using a dose rate meter
with separate probe (e.g. counter tube) which is placed into the line of the primary beam.
Such a measurement is not absolute. It is affected by the energy dependence of the meter
and (he spectral and time dependent energy distribution, e.g. through self-filtering, circuit
type, design etc.

One could also use a dose meter with suitably large measurement range (e.g. 20R or 50R
rod dosimeter) assuming that the radiation conditions remain constant over the observed
lime period.

The energy distribution of the spectrum can be checked by taking radiographs of wedges,
obviously under set conditions, in that one compares the contrast of the various steps with
one another. This obviously only provides a relatively rough indication, i.e. for a possible
tendency 'o e.g. "hardening".

Attention should also be paid lo the still relatively frequently used hydraulically operated
X-ray machine support mechanisms which tend to slowly sink. This can lead to movement
unsharpness over longer exposure periods.

In lhe case of gamma devices the check and maintenance procedures arc mainly limited to
the remote handling systems and locks etc., and on the radiation protection provided
(radiation protection measures arc of course included in the X-ray machine (cst). Bowdcn
cables, guide tubes, bearing surfaces etc. must be regularly cleaned and lubricated. It is
oflcn recommended to use graphite (or MoS?) for lubrication since oil can tend towards
rcsinificaliun caused by the radiation. A frequent cause of malfunction arc bowden cables
(or guide tubes) being hen I loo sharply causing sticking of the source holder.
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4. PHOTOGRAPHIC AND NON-PHOTOGRAPHIC RECORDING

4.1. CONSTRUCTION OF RADIOORAPHIC FILMS

Radiographic films consist of a transparent, flexible base of clear cellulose derivative or
like material. One or both sides of this base is coated with a light-sensitive emulsion of
silver halide suspended in gelatine. The silver halidc is distributed throughout the emulsion
as minute crystals and exposure to radiation, such as X-rays, gamma rays or visible light,
changes its physical structure. This change is of such a nature that it cannot be detected
by ordinary physical methods, and is called the latent image. However, when ihc exposed
film is treated with a chemical solution (called a developer) a reaction takes place causing
the formation of tiny granules of black metallic silver. It is this silver, suspended in the
gelatine on both sides of the base, that constitutes the image. Figure 4.1 is an expanded
pictorial view of the general make-up of a film.

Supercoat

V777777Z///77777777777777/y/
Emulsion '"•

Subbing layer

Subbing layer

Emulsion

Supercoat

Figure 4.1 Construction of radiographic films.

The supercoat is a thin layer of clear hardened gelatine which protects the underlying
emulsion from damage during normal handling. The emulsion is the most important layer
of the film because it is sensitive to X-rays, gamma rays, light, heat, pressure and some
chemicals. The emulsion consists of a large number of minute grains of silver bromide
(silver halidc) embedded in a supporting medium of gelatine, about 0.025mm thick.
Modern films usually contain a small amount of silver iodide with the bromide as this
increases sensitivity. When radiation strikes the emulsion a change takes place in the
physical structure of the grains. This effect is called the 'latent image'. It cannot be
detected by any normal physical means.The subbing layer consists of a mixture of gelatine
and binding material. It ensures that the thin emulsion layer adheres firmly to the base
during the stages of processing. This is particularly important in high temperature
automatic processing techniques and processing under tropical conditions. The base is
necessary because the sensitive emulsion is far loo weak and flabby to be handled by itself
and must therefore be centred on some firm support. The original supports were glass
plates, but these were heavy and fragile and have been replaced by cellulose acetates. The
majority of radiographic film emulsions used today arc coated on cellulose triacetate or
polyesters such as 'Estar' which forms a tough, transparent, hut flexible base.
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TABLE 4.1. CLASSIFICATION OF RADIOGRAPHIC FILMS

Film Characteristics Speed* Grain Contrast *

TYPE I

For critical inspection
higher voltages and very
radiography of light slow
metals and their alloys

TYPE II

For radiography of
light metals at lower
kilovoltages and slow
heavier steel parts at
1000 at 2000 KV

TYPE Ml

Highest available speed
gamma rays or high-
voltagc X-rays are used medium
direct or with lead-
foil screens.

TYPE IV

Highest available speed
and high contrast when
used with fluorescent
screens. Lower contrast fast
when used direct or
with lead-foil screens.

extra
fine

high

fine high

medium medium

medium medium

• Note: These relative speeds and contrasts apply only to use of the fiim in direct exposures or with
lead-foil screens.

4.2. CHARACTERISTICS OF RAD1OGRAPHIC FILMS

Radiographic film is manufactured by the various film companies to meet a very wide
diversified demand. Each type of film is designed to meet certain requirements and these
arc dictated by the circumstances of inspection, such as (a) the part, (b) the type of
radiation used, (c) energy of radiation (d) intensity of the radiation and (c) the level of
inspection required. No one film is capable of meeting all the demands. Therefore a
number of different types of films are manufactured, all with different characteristics, the
choice of which is dictated by what would be the most effective combination of
radiographic technique and fiim to obtain the desired result.

The film factors that must be considered in choosing a film are speed, contrast, latitude and
graininess. These four are closely related; that is, any one of them is roughly a function
of the other three. Thus films wilb large grain size have higher speed than those with a
relatively small grain size. Likewise, high contrast films are usually finer grained and
slower than low contrast films. Graininess, it should be noted, influences definition of
image detail. For the same contrast, a small grained film will be capable of resolving more
detail (ban one having relatively large grains.
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While an image may be formed by light and other forms of radiation as well as by gamma
or X-rays, the properties of the latter two are of a distinct character and consequently the
emulsions of films used with them are different from those used in other types of
radiography. All radiographic films can be grouped according to the four factors already
mentioned (speed, contrast, latitude and graininess).

4.3. RADIOGRAPHIC DENSITY AND METHODS OF MEASUREMENT

Qualitatively, radiographic density is defined as the degree of blackening obtained on a
radiograph after processing. The blacker the radiograph the higher is said to be the density
of the radiograph.

Quantitatively, it is defined by the following relation

Density = D = log,0Io /I,

Where,

I,, = the intensity of light incident on the radiograph and,
I, = the intensity of light transmitted through it.

The ratio Io /I , is known as the opacity of the radiograph, while the inverse of it i.e. l , /lo

is called the transmittance of the radiograph.

TABLE 4.2. RELATIONSHIP OF RADIOGRAPHIC DENSITY TO OPACITY AND
TRANSMITTANCE

TRANSMITTANCE

1.00
0.50
0.25
0.10
0.01
0.001
0.0001

Table 4.2 indicates that if the light transmitted through the film is half of (he incident light
(transmittance = 0.5), the density is only 0.3, and for a density of 1, only one-tenth of the
incident light is transmitted. The density of a radiograph can be measured either by
comparison with a film strip (density wedge) or by (he use of instruments known as
densitomctcrs. The density wedge consists of a range of known densities and the density
of a radiograph is measured by viewing it along side the radiograph under similar viewing
conditions. This method is the least accurate of the available methods, since it is based
upon a visual comparison of two pieces of film. This may be subjected to large errors of
judgment on the part of the observer. The conditions in which the film strip and the
radiograph arc studied also exert a great influence on the result obtained.

If. for example, lbe area to be assessed lies in the centre of a large radiograph, it is not
possible lo place lbe film strip in close association with it without superimposing the strip
upon another region of the radiograph. An accurate assessment can not be made under
these conditions. Nevertheless, a calibrated film strip serves as a useful guide (o density
in many instances when a densitometer is not available.
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Instruments known as densitometers are based on either optical or photoelectric principles
and are used for a more accurate measurement of radiographic density. The optical
densitometers incorporate a calibrated density wedge covering a suitable range of densities,
e.g. 0.0 to 3.0, with which the radiograph to be measured may be compared.

The photoelectric densitomcter utilises a photoelectric cell for the direct measurement of
the light transmitted by the radiograph. The output from the cell is measured by a micro-
ammeter having a scale calibrated in density units. This type of densitometer as compared
to the optical densitometer gives a high degree of accuracy, is relatively free from operator
error and usually covers a wide range of densities.

4.4. THE CHARACTERISTIC CURVE

The characteristic curve, sometimes referred to as sensitometric curve or the H and D
curve (after Hurter and Driffield who, in 1890, first used it), expresses the relation between
the exposure applied to a radiographic film and the resulting radiographic density after
processing. Such a curve is obtained by giving a film a seiies of known exposures,
determining the densities produced by ihese exposures and plotting density against the
logarithm of relative exposure (For preparation of characteristic curve see section 6.5.2.1).
Figures 4.2 and 4.3 show typical characteristic curves of direct type (non screen) and
screen type films (For type of film see section 4.10).
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Figure 4.2 Characteristic curve of a typical direct-type X-ray film.
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Figure 4.3 Characteristic curve of a typical salt-screen X-ray film.
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Relative exposures are used because there arc no convenient units suitable to all
kilovollages and scattering conditions, in which to express radiogr^phic exposures. Hence,
(he exposures given !o a film are expressed in terms of some particular exposure and thus
a relative scale is obtained. The use of a logarithm of the relative exposure rather than the
relative exposure itself has a number of advantages. It compresses an otherwise long scale;
and in radiography ratios of exposures or intensities, which are determined by simply
subtracting logarithms, are usually more significant than actual exposures or intensities.

The important features of a characteristic curve are that :

(i) it does not start from zero density i.e. even with no exposure, the film has some density
upon developing.
(ii) it has a toe region, which curves upward.
(iii) it has an approximately straight-line portion.
(iv) it has a solarisation or shoulder region, where density decreases with increasing
exposure. For direct type (non screen) films this region usually occurs at densities of about
10 or more, whereas for screen type films it occurs at densities between 2 and 3.

4.5. FOG DENSITY

With no exposure given to a radiographic film, the density obtained on the film after
processing, is called the fog density or fog level of the film. Fog density is because of two
reasons: one is the inherent density of the base of the film, since it is not fully transparent;
and two is the chemical fog density, which is due to the fact 'hat some grains are capable
of being developed even without exposure. The actual fog density varies with the type and
age of the radiographic film and with the conditions of development. Typical values of fog
density for a radiographic film, for ncrmal development, are between 0.2 and 0.3.

4.6. FILM SPEED

In absolute units, film speed is defined as the reciprocal of the total dose in roentgen of
a particular radiation spectrum that produces a given density on the film. Methods to
determine film speed are given in American Standard PH2. 8-1964, in International
Institute of Welding document IIS/IIW-184-65 and British Standard BS 5230, 1975.

According to the American Standard method the film is exposed to densities (above fog)
from approximately 0.20 to 3.0, by a well defined source of radiation. Each exposure is
suitably measured in roentgens by means of an ionisation chamber. Densities are then
plotted against the logarithm of the exposure and from such a characteristic curve the
exposure required to produce a density 1.5 above fog level is determined. The speed of the
film is taken to be the reciprocal of this exposure.

3.0

2.0

Co-60

10 100

EXPOSURE IN ROENTGENS
tooo

Figure 4.4 Effecl of change of radiation quality on the characteristic curve of structurix D2 film.
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The speed of a film, for normal development, depends upon the grain size and the energy
of radiation. In general, the coarser the grain of the film.the faster is its speed. The
decrease in film speed with increasing energy is illustrated in Figure 4.4.

Since it is difficult and cumbersome to make absolute measurements to determine film
speed for most practical purposes, it is therefore convenient and effective to use relative
speeds. The relative speed of film is assessed by the location of its characteristic curve
along the log E axis relative to curves of other films.
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Figure 4.5 Characteristic curves of three typical industrial radiographic film

In Figure 4.5 the curves for various radiographic films are spaced along the log relative
exposure axis. The spacing of the curve arises from the difference in relative speed - the
curves for the faster films lying towards the left and those for the slower films towards the
right. From these curves relative exposures to produce a fixed density can be read; the
relative speeds are inversely proportional to these exposures.

The relative speeds are not necessarily the same at different densities because of the
difference between one curve shape and another. Relative speeds also vary with quality
of radiation. This is because different film types do not shi,* similar response to radiation
of different energies. Film manufacturers usually quote the speeds of their films relative
to one of their films to which they assign an arbitrary speed value.
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Figure 4.6 Typical characteristic curve for 'direct' x-ray film.
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4.7. FILM CONTRAST

Film contrast or film gradient which is a factor in determining the radiographic contrast
at a particular density is determined from the characteristic curve of the film by finding the
slope of the curve at that density (Figure 4.6). Radiographic contrast is defined as the
difference of densities of two adjacent portions of a radiograph.

Figures 4.7 and 4.8 illustrate the importance of film contrast.

ft í

LOG10 (RELATIVE EXPOSURE)

FILM
SPECIMEN WITH
CAVITY

X-RAY BEAM SPECIMEN

Figure 4.7 Diagram to illustrate the effect of using a higher working density on an radiographic
film. A is the density difference in the image of the cavity after a short exposure. B is the density
difference in the image of the cavity after a longer exposure.

Figure 4.8 Diagram to illustrate the use of a greater film gradient at the working density
on radiographic film. A is the density difference in the image on film A. B is the density
difference in the image on film B.

In Figure 4.7 two exposures were made on the same type of film for the same specimen but
one was given a longer exposure so that a region of the characteristic curve representing
higher film densities is uscd-radio-graph B. Because of the shape of the characteristic
curve, the same cavity in the specimen plate is recorded as a larger density difference on
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radiograph B than on radiograph A; that is it will be more clearly visible. Radiograph B
is said to have higher contrast than radiograph A.

Figure 4.8 shows the effect of making the same exposure on two films having different
characteristic curves. The specimen for both cases was the same. On film A with the
steeper characteristic curve the density difference is greater than that obtained on film
B, which means that contrast will be better for film A than film B.

As is clear from the example of Figure 4.7 it is better to work at densities which lie in the
straight line portion of the characteristic curve. In the early days of film sensitomelry with
film exposed to light, the "straight-line" portion was thought to be truly straight and its
slope (contrast) was called "gamma" and was constant. But more careful experiments have
shown that with x-rays this "straight-line" portion curves gently upwards, and if the slope
of the curve is measured, it has a rising value and this is why the slope of the "straight-line"
portion of the character' *ic curve is now called the film gradient and not gamma. By
definition the slope of the uiaracteristic curve is the film contrast, which means that film
contrast increases with increasing density in the "straight-line" portion of the characteristic
curve.
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Figure 4.9 Film gradient against film density for various types of film. 'A' salt screen film used with
salt screens. 'B' medium speed film used with metal screens or no screens. 'C fine grain film used
with metal screens or no screens.
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Figure 4.10 Measurement of slope (contrast) as an average between two densities.
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The straight-line portion of the characteristic curves of direct or no-screen films extends
to higher densities. The salt screen films used with salt screens show that an increase in
contrast of these types of films is limited and that film contrast of such films shows a
maximum at relatively lower densities (Figure 4.9).

From the above discussion it is obvious that for direct type films, working at higher
densities is desirable, but using a density of about more than 3 would require higher
illuminator brightness. Such illuminators require forced cooling and are, thus, costly. An
optimum working density range of 1.7 to 3.0 is, therefore, recommended by most standards.
For screen type films the recommended optimum working density range is 1.3 to 2.3.

Although film contrast (slope of the characteristic curve at any point on the curve) is
useful, it is difficult to determine accurately. In practice the average contrast (or average
gradient) is easier to determine because it is the slope of a line drawn between two specific
points on the curve (Figure 4.10). The average contrast is calculated by dividing the density
difference between the two specific densities by the difference between the two log relative
exposures determined from the curve.

4.8. FILM DEFINITION

The degree of image sharpness that can be recorded on film will depend, among other
things (see section 6.1), on the size and distribution of the developed silver grains in the
emulsion. In general the smaller the grains, the finer are the details which can be resolved.

Two factors which influence film definition, are graininess and the effect of secondary
electrons. Graininess is a subjective condition which is caused by the statistical fluctuation
in the number of developed grains per unit area of the viewed film. Graininess depends
upon:

,'a)The type of film used : faster or coarse grain films give a greater impression of
graininess than slow films;

(b) The quality of the exposing radiation; increase in the energy of radiation results in
increase in graininess:

TABLE 4.3. FILM UNSHARPNESS AT DIFFERENT X AND GAMMA RAY ENERGIES

RADIATION (FILTERED) U, mm

50 KV X-ray 0.03
100 K V X-ray 0.05
200 KV X-ray 0.09
300 K V X-ray 0.12
400 KV X-ray 0.15
1000 KV X-ray (1MV) 0.24
2 MV X-ray 0.32
5.5 MV X-ray 0.46
8 MV X-ray 0.60
18 M V X-ray 0.80
31 M V X-rays 0.97
Iridium - 192 gamma rays 0.13
Caesium - 137 gamma rays 0.28
Cobalt - 60 gamma rays 0.35
Ytterbium - 169 gamma rays 0.07 - 0.10"

a: values depend on filter thickness
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(c) Degree of development; longer development times result in increased graininess. The
longer development limes used to compensate for the temperature of the developer have
virtually no effect on graininess and

(d) Screen type: the graininess of fluorescent screen radiographs increases significantly with
increasing radiation energy. This limits the use of fluorescent screens to low energy
radiation. Lead screens have little effect on the graininess of the image at any energy of
radiation.

The effect of secondary electrons, released by the absorption of a quantum of x or gamma
ray energy, is to expose emulsion grains adjacent to the grain which initially absorb the
primary quantum. This diffusion of electrons, thus, causes a blurring of the image. This
effect is usually known as film or inherent unsharpness, Uf. Increase in the energy of
radiation increases the inherent unsharpness of a film by increasing the kinetic energies of
the secondary electrons. Table 4.3 gives measured unsharpness values for direct type films
for a range of radiation energies.

4.y. EFFECTS OF DEVELOPMENT ON THE CHARACTERISTICS OF RADIOGRAPHIC
FILM

Figure 4.11 shows characteristic curves of a typical radiographic film constructed at
different development times at 20°C in a typical developer.
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Figure 4.11. Characteristic curves of a typical industrial x-ray film, developed for 2,3,5,8 and 10
minutes.

From Figure 4.11 it is easy to sec that :

.. Fog level of the film increases with increasing development time. The increase in fog
level is as shown in Figure 4.12.

ii. Speed of the film (determined by the location of the characteristic curve along the log
exposure axis) increases with increasing development lime (Figure 4.12).

iii, Film contrast (determined by the slope of the characteristic curve) increases with the
increasing development time. Figure 4.12 shows this effect.
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Figure 4.12 Dependence of the characteristics of a typical radiographic film on the development
lime

Another effect, not shown by Figure 4.11, is the increase of graininess of the radiogrnoh
with increasing development. Careful consideration of the above mentioned effects of
development on the characteristics of film leads film manufacturers to recommend standard
development times between 4 and 6 minutes at 20°C for various types of developers.

4.10. TYPE OF FILMS

Films used in industrial radiography are divided into two groups :

4.10.1. Salt screen type films

This type of film is used with salt intensifying screens (For screen types see Section 4.13)
and is capable of producing radiographs with minimum exposure. They are rarely used in
industry, but can be advantageous where a reduction in exposure is important.

TABLE 4.4. ASME (SE94) CLASSIFICATION OF RADIOGRAPHIC FILMS

Film Type

1
2
3
4(a)

Speed

Low
Medium
High
Very high(b)
Medium(d)

Film Characteristics

Contrast

Very high
High
Medium
Very high(b)
Mcdium(d)

Graininess

Very fine
Fine
Coarse
(c)
Mcdium(d)

Notes: (a) Normally used with fluorescent screens.
(b) When used with fluorescent screens.
(c) Graininess is mainly a characteristic of the fluorescent screens.
(d) When used for direct exposure or with lead screens.
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4.10.2. Direct type films

These arc films which are intended for direct exposure to x-rays or gamma rays, or for
exposure using lead screens. Some of these films may also be used with fluorometallic
screens.

4.10.3.Films for fluoromctallic screens

These films arc specially designed to be used with fluoromctallic screens. A screen type
film can be used with metal foil screens instead of salt screens, but it usually yields lower
contrast than non screen film with a similar speed.

Radiographic films arc classified into different groups by various standards. Classification
of films according to ASME (American Society for Mechanical Engineers) Standards, BS
(British Standard) and DIN (German Standard) is given in Table 4.4, 4.5 and 4.6
respectively.

TABLE 4.5. BRITISH STANDARD (B.S.) CLASSIFICATION OF RADIOGRAPHIC FILMS

S.No. Film Type

Ultra-fine-grain, high contrast
Fine-grain, high contrast
Medium speed

TABLE 4.6. DIN 54, 111 (GERMAN STANDARD) RADIOGRAPHIC FILM CLASSIFICATION

Film Class Description

Cil Very fine grain
Gil Fine grain
GUI Medium grain

Data about films manufactured by five of the most popular firms namely Agfa Gcvacrt,
Kodak (U.K.), Kodak (U.S.A), Fuji and Dupont are given in Tables 4.7, 4.8, 4.9, 4.10 &
4,11 respectively.

The Icrm exposure factor or film factor used in these tables is defined as the exposure
required by a film, to have a certain density relative to the exposure required by a
particular film to have the same density. For example, exposure factors of Agfa Gevaert
films are given in terms of structurix D7. This means that if D7 requires lmA-min to have
a density of 2, for the same density structurix D4 would require an exposure of 3.3mA-Lun
(reference Table 4.7).

TABLE 4.7. AGFA GAEVERT INDUSTRIAL RADIOGRAPHIC FILMS

USE

WITH OR
WITHOUT
LEAD
SCREENS

EXPOSURE
FACTOR

13.2
3.3
1.8
1
0.10-0.17

CONTRAST
(J)

5.30
4.80
4.65
4.60
4.24

GRAIN
(2)

0.23ti.,
0 . 55^
0.68|im

0.88um

-

DIN ASTM
CLASS CLASS

1
11
II
III
•

special
1
1-2
2
•

FILM TYPE

D2
D4
D5
D7
RCF
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For the manufacturer's recommendations about the use of films, reference should be made
to Section 7.

TABLE 4.8. KODAK(UK) INDUSTRIAL RADIOGRAPHIC FILMS

Film Screens Exposure Factor (relative
to Industrex AX Film)

Classification

50KV 150KV Co-60 and ASTM British
to to high energy Standard
150KV Ir-192 source

Industrcx With or
MX without

lead
screens

AX

CX

Kodak No
screen
film

Kodak X- Salt
OMAT RP intens-
film ifying

screens

220

100

70

-

230

100

65

-

-

400

100

60

3

-

1

2

2

-

-

ultrafinc
high
contrast
fine grain
high contrast
fine grain
high contrast

TABLE 4.9. KODAK (USA ) INDUSTRIAL RADIOGRAPHIC FILMS

Film Screens Exposure Factor (relative
to Industrcx AA Film)

Classification

100KV 200KV Ir-192 Co-60 ASTM

Induslrcx R
(single coat)
Industrcx R
(double coat)
Induslrcx M
Industrcx TMX
Induslrcx T
Industrcx AX
Industrcx AA
Kodak No
screen film

With or
without
lead
screens

14

16

50
60
80
100
100

13

15

45
60
70
100
100

12

14

35
55
65
10U
100

10

12

30
50
55
100
100

1

1

1
1
1
2
2
3

Kodak Blue
Brand film

Sail
screens
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TABLE 4.10. FUJI INDUSTRIAL RADIOGRAPHY FILMS

Film Screens Relative speed (Type No 100
is taken as a standard

Class.

ASTMX-rays Co-60 X-rays with
fluoromctallic .-fluorescent
screens(SMP308):screens(KZ-S-F)

#50 With or 25 25
#80 without 5 50 25
#100 screens 100 100 100
#150 180 180

100

#400 Fluor-
escent
screens

1000 1000

TABLE 4.11. DUPONT CRONEX NDT INDUSTRIAL RADIOGRAPHIC FILMS

Film Screens Relative speed (at density of Classification
2 exposed at 200KV with lead
screens at standard ASTM DIN
processing times )

NDT35
NDT45
NDT55
NDT65
NDT70
NDT75

With or
without
lead
screens

28
45
100
152
205
266

1
1
1
1-2
2
2

GI
Gl
Gil
Gil
GUI
GUI

NDT91 salt
screens

4.11. FILM PACKAGING

Films arc supplied in different types of packaging as follows: folder wrapped ;envelope
packed ;bulk packed ; ready pack rolls.

4.11.1 Folder wrapped ( interleaved )

These films arc supplied in boxes of 100 sheets. Each sheet is separated by a single paper
folder for protection. These films are not ' light tight ' and should not be removed from
the box except in a darkroom. They can be used with or without lead screens. The paper
folder must be removed before placing the film between the screens.

4.11.2 Envelope packed

These arc supplied in boxes of 100 sheets. Each film is individually wrapped in a paper
folder in a light tight envelope. The envelope can be removed from the box under normal
lighting conditions, There is no need to remove the film from the envelope. Envelope
packaging avoids the need to load cassettes.
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4.11.3 Ready pack rolls

The film is sandwiched between two lengths of yel'ow and black duplex paper .scaled along
both edges and wound on a cardboard core. Rolls are also available with integral lead
screens. Each loaded core is packed in a heat sealed foil bag inside a dispenser . Any
desired length can be unrolled and cut from the dispenser . This can be done in white light
if the film is folded and taped in a Z-pattern. If a straight cut and taping is carried out .this
must be done in a darkroom. Ready pack rolls are used for radiography of long welds.

4.11.4 Bulk pack films

This film is also available in roll form. It is sold without an envelope and must be cut to
length and loaded into the user's own holders in a darkroom. These packs are useful in
special circumstances, for example , for radiography of hot welds using special cassettes.

4.12 FILM STORAGE

The storage of unexposed X-ray film is most important. The storage area should be dry .free
from contaminating chemicals, free from radiation, cool and the film boxes should be
stored on end to avoid film sheets adhering to one anothei. In some cases necessity dictates
that the storage area be close to a field of radiation . In this case the added precaution
should be taken to have the storage area lined with lead, the thickness of which will depend
upon the strength of the radiation field and the length of time the film is to be kept there.
Films should be stored so that the oldest films are used first since all film will gradually
deteriorate with age. It should be noted that the faster the film the shorter the storage life.

4.13 INTENSIFYING SCREENS

The degree of photographic effect of X-rays and gamma rays depends on the amount of
radiation energy that is absorbed by the sensitised coating of the film. This is about 1
percent for radiat'On of medium penetrating power. The remaining 99 percent of radiation
passes through tlie film and is not used. To overcome this the film may be sandwiched
between two intensifying screens. Under the " ' S n of X-rays and gamma rays these screens
either emit electrons (lead screens ) or fluoresce ( fluorescent screens ).The result is an
extra photographic effect on the film emulsion layers . Close contact between the film and
the screens is essential to obtain sharp images. There are three main types of screens in
general use : lead foil, sail or fluorescent and fluorometallic.

4.13.1. Lead foil screens

These arc used extensiv :ly for industrial radiography. The intensifying effect is caused by
the liberation of electrons from the lead foil under the excitation of radiation. With X-ray
equipment ,lhc lead foil absorbs more scattered radiation than primary radiation and
intensifies (he primary more than the scattered radiation. The main advantages of lead foil
screens arc a reduction in exposure time above 120KV and a reduction in scattered
radiation giving greater contrast . Lead screens arc made up from thin sheets of lead foil
which is specially uniform in structure and is stuck onto a thin base such as a stiff paper
or card.

Normally two lead screens arc used. The thickness of the front screen must be matched to
the hardness of the radiation used. This is to allow the primary radiation to pass through
while slopping as much of the secondary radiation scatter which has a longer wave length
and is less penetrating. The front screen is usually 0.1mm (0.0U4in) thick and the rear
screen about 1).15mm (O.OOnin) thick. It is however possible to use two screens of the same
lliickncss, Flaws on screens such as scrutclrts or (.racks in the mclul arc visible on ihu
fiidiu)4f<i|>)iit inia^e. Therefore damaged screen* should nut be used. Lead intensifying
sweens ale nul |wrliculaily effective with X-niy equipment below tilmul I20KV.

159



4.13.2 Salt intensifying screens

These consist of a thin flexible base coaled wilh a fluorescent layer made up uf fine crystals
of a suitable metallic salt - usually calcium lungstate. Two main types are used in industrial
radiography:

(1) high definition (Cine grain) screens made of small salt crystals
(2) screens giving high intensification ( rapid or high speed screens ) made í>í larger salt
crystals.

Exposure to X-rays causes the salt crystals to glow with a blue light. This light affects the
film and produces lbe main part of the latent film image . Salt screens reduce exposure
time and allow a lower kilovultage to be used. However, definition is affected by sail
screens depending on the size of ihe salt crystals. Faster screens give the worst effect. The
radiographic film is placed between two screens coated with these salts so that lbe sail
coaling is in contact wilh the film. The screens and the film are then placed in a metal or
plastic cassette ur film holder so thai they are in intimate contact.

Sail screens should be examined frequently to ensure that they are free from dust and dirt.
They can be cleaned wilh a slightly soapy sponge or wad of cotton wool applied gently until
all traces of dirl have been removed. Al no lime should the sponge or cotton wool lie wet
enough to al'ow drops of water to fall on the screens. Wipe over once wilh a moistened
damp cloth pad. Dry with a clean soft cloth free from loose fibres.

4.13.3. Fluoromclallic screens

These screens are a combination of lbe lead screen and the salt screen giving ihe electron
emissiun effect and the fluorescent effect.

They consist of pairs of screens made up of a flexible or card support, thin lead foil and
a layer of fine grain fluorescent salt.

They arc normally used wilh fine grain,high contrast direct type film giving an
intensification which can reduce the exposure by as much as nine times ,yel without losing
too much sensitivity of f law detection. They are made in different grades to suit different
X-ray and gamma energies. Their use is largely confined to routine inspection when speed
of exposure is essential but where ordinary salt screens wuuld give too great a loss in
critical inspection.

4.13.4 Intensification factor

The intensification factor is expressed as the ratio of the exposure without using screens
lu that using screens as follows:

Intensification Factor = Exposure without screens

Exposure wilh screens

,and it varies wilh the kilovoltage and the
circuitry of the X-ray set being used.

Figure 4.13 shows the intensification factor compared to the kilovollage used for salt and
lead screens. Wilh lead screens the intensification effect is only obtained above 120Kv
while with sail screens Ihe maximum effect is obtained al about 200Kv. That is why sail
screens are rarely used with gamma radiation.

4.14. Film

Film cut>selles can be flexiblr ur rigid. The flexible cusselle is made from strong, bluck PVC
and i» uned extensively tor silc r. diograpliy because it can be readily adapted to various

and sections such us pipework and circumferential welds. There are Iwo designs:
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Kilovollage

Figure 4.13 Variation of intensification factor with kilovollage.

1) Double envelope cassettes - these bavc an inner and outer envelope. The outer envelope
is closer to the film si/c than is possible with a rigid cassette. This makes accur 'c
positioning of the film for exposure easier.
2) Single envelope cassettes - these have a nylon press down fastener which gives good
light-tight sealing. It also enables the cassette to be opened or closed at a touch.

Rigid caudles consist of a thin aluminium frunt with a felt pressure pad (o keep the film
and screen surfaces in intimate contact. IL is therefore belter to use a rigid cassette if an
intensifying screen is required.

4.15. FILMLESS RADIOGRAPHY

Methods that do not use film to produce a radiographic image may be advantageous when
speed of operation, observations in motion or magnification of Ihe object are considered
of primary importance. The filmless radiographic methods are usually much less expensive
than film radiography and are used when rapid results are required. The filmless methods
aie limited by the si/e of the objects thai can be examined. Production of permanent
records after inspection is solved by photography.

4.15.1 Fluoroscopy

4.15.1.1. Generation of the image

Figures 4.14 and 4.15 illustrate two fluoroscopic arrangements - one with and one without
the use of a mirror. The X-ray lube, the object and the fluorescent screen arc encased in
protective shielding and the ubjucl is placed between the tube and the fluorescent screen.
The X-rays passing through the object excite the fluorescent material producing bright
spots in the more heavily irradiated areas. Thus tbefluurcscenl image is positive , whereas
the developed film produces a negative image. The fluorescent screen may be viewed
directly or by means of a mirror as shown in the illustrations. The mirror allows the viewer
to see the image on the fluorescent screen without being in the direct line of radiation
although the sensitivity thus obtained is usually somewhat inferior to that provided by
direct viewing.

4.15.1.2. Fluorescent u r c c n t

Fluorescent screens give different image qualities depending on the grain of the fluorescent
chemical,its nature and the applied radiation. Brightness is proportional to the intensity of
radiation and therefore a compromise is necessary between screen brightness and the cos!
of protection from radiation. The brightness of each type of screen depends ou kilovollage.
However each chemical offers its best brightness at different potentials and manufacturers
of the screens supply data for the application ranges of their equipment.

4,15,1.3.

Viewing should be conducted in a room with very little light to enable the eye to adapt
iUelf for I lie inspection. The operators should work for periods not cxcccdiug one hour at
the viewing window to avoid fatigue.
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JD I

1 — Source
2-Specimen
3 — Fluorescent Screen
4 - Lead Glan
5 — Lead Glut Viewing Window
6 — Mirror
7 - Lead Backing
8 - Support

Figure 4.14 Fluuroscopic arrangement with mirror

Figure 4,15 Fluoroscopic arrangemenl withuul mirror

Tbe attention uf lbe operator is stimulated by movement on the screen. This car. bc
produced by adjusting the source - object distance , moving the stage or working on a
cunvcyer. To increase lbe screen brightness it is advisable lu maintain a short tube - screen
distance. Screens thai p/oducc belter brightness must have larger grain and therefore affect
definition adversely. Scalier interferes with the image and lbe following measures should
bc used to reduce il:

(a) Ihe fluoruscouic cabinet should be lined with lead.
(b) lbe cone uf radivliun sbuuld be restricted with masks and diapi jgms lo cover the
speciinen only.
(c) when a mirror is used for viewing il should lie backed with lend.

A MSOkilivily uf 3% nuy be obtained by fluoroscopy under ideal laboratory conditions, but
in general Ihe sensitivity seldom exceeds 5%.
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4.15.1.4. Applications of fluoroscopy

in the tnclals field fluuroscopic inspection is carried out un lighl alloy castings up Lu 40mm
in thickness. In many cases Ihc castings arc screened by (bib meihud anil castings wilfa
obvious laigu tiercels arc rejected buf ore usual inspection using film radiography. The same
practice may be applied lu other thin metal parts, welded assemblies and coarse sandwich
constructions.

Plastic parts may be checked for the presence of metal particles or cavities. Other
applications include inbpeclion of electrical equipment such as switches, fuses, resistors,
capacitors, radiu tubes, cables and cable splices in which breaks of metal conductors, short
circuiting or wrong assembly may cause troublesome electrical testing. Ceramics, fire bricks
and asbestos products lend themselves perfectly to fluoroscopy. Packaged and canned
fouds are examined fur the amount of filling and fur the presence of foreign objects.

4.15.2 Electronic fluoroscopy

Electronic methods may be applied lu increase the brightness of the image,improve the
definition and transmit the picture to a place remote from the radiation source. These
systems are usually known as image intensifiers, image amplifiers or closed- circuit
television systems. The latter may be based either on image transmission systems or on
direct image generation without a fluorescent screen. The equipment is rather intricate and
costly and its special area of operation is in the field of small objects. Although very useful
for inspection of fused joints, the method can l>e expensive for testing large objects.
Assessment of electronic components, particularly foi miniaturised equipment, presents the
must important field of application.

4.15.2.1. High brightness fluoroscopy

High image brightness is obtained by directing the X-rays through an object onto a
fluorescent screen inside an instrument known as an image mlensifier or image amplifier.
The principle of the operation of this type of instrument is shown in Figure 4.16. The X-
rays pass through the glass window of the inlensifier lube and produce fluorescence in the
fluorescent screen which is coupled to the pholocalhode. This in turn emits electrons in
proportion to the intensity of fluurescence. The electrons are accelerated and directed by
a high potential applied between the phulucathode and the hollow anode lo impinge upon
the small observation screen. The resulting image is observed Ibruugh a low magnification
microscope. 1 he brightness amplification is obtained by focusing the electron beam on the
small screen thereby reducing the area of the image. By optical means the picture is
magnified back to its original si/e. Amplification increases the eye's perception and helps
lo obtain a belter contrast.

4.15.2.2. Closed-circuit television

This usually employs either an image orthicon' lube or 'Vidicon-lype' lube. These tubes
transform lighl or X-rays inlu electrical signals that may be converted into lighl in the
picture tube of a television camera. The Vidicon system is in more general use than systems
using an image orlhicon lube. The image orlhicon lube is however more lighl sensitive. A
diagiam of the Vidicon tube is shown in Figure 4.17 and an image orlhicun lube in Figure

4.15.3. Summary of fluuroscopic methods

A summary of the fluoroscopic methods of most importance is shown diagramuialically in
Figure 4.19 beginning with a direct viewing fluorescent screen.

(a) fluorescent screen
(b) solid .slate image intensifier
(c) electronic image iulcnsifier in which a large lighl sensitive layer is in direct contact with
the fluorescent screen in vacuum. The layer emits electrons which are accelerated and
concentrated lo achieve an image intensification.

163



Figure 4.16 Norelco industrial image intensifier (A) Fluorescent screen (B) Phulocalhude
(C) Conductive cuating (D) Viewing screen (E) Anude (F) Electron paths (G) Optical
system

Figure 4.17 Phutoconduclivc X-ray pick-up lube employed by Vidicon Television Systems. (A) X-
ray sensitive plate (B) Screen grid (C) Electron gun (D) Electron beam
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Figuře 4.19 Summary of different fluoroseopic arrangements.

(d) Transmission and inlensif icatiun uf lbe fluorescent screen image with the aid of a highly
sensitive television camera on Lo a television screen.
(e) transmission and intensification of the image on an electronic image iatensifier with ihe
aid of a television camera.
(f) X-ray television camera lube in which an X-ray sensitive layer is built into the television
camera. The layer alters its conductivity under the influence of X-radialiun acd is direclly
scanned with the electronic beam. In this manner,a video signal is obtained which is taken
direclly lo a television transmission system.

4.15.4. Xeroradiugraphy

This is considered as a "dry" method of radiography in which a xerographic plate takes the
place of the X-ray film. The piate is covered with a selenium powder and charged
electrostatically in the dark room. Exposure lo light or radiation causes the charge to decay
in proportion lo the amount of radiation received and a latenl image is formed.

4.15.4.1. Xcroradionraphic Plate

The selenium coaled plate acls as a capacitor and is sensitised or charged by means uf a
corona discharge from a suitable electric apparatus. The charge may slay on the plate for
mure lhan 24h depending on the plale characteristics. The plate is in a cassette protected
against light and is expused lo the radiation in the same way as a film with the selenium
cualed surface facing the exposed objeti. The ladialion causes loss of charge proportional
lo the irradiation as shown in Figure 4.20. The preferential loss uf charge causes
differences in allractiun of the 'developing powder' which produces an image on the plate.
The powder may be stripped by conlacl with adhesive cualed plastic and a permanent
record obtained. After cleaning and recharging, the plate is ready for use again. The

diugrapbic response uf the plates depends on the thickness of the selenium layer,
careless handling or exposing the plales lu high temperature gradients may cause
permanent damage by separaliun or cracking of the dielectric. Ammonia fumes, alkaline
liquids, sunlight,strong artificial Iigbl and high temperatures may damage the plales. The
plales gradually deteriorate: after repealed high charging anj -xpusure lo high kiluvullagcs.
The image becomes darker and the contrast sensitivity is decreased. The plates should be
stored in closed cassettes at a temperature nut exceeding 20°C if the expected life of
approximately 600 expusures is lo be obtained.

165



4.15.4.2. Charging the plates

Sensitising is performed in a light light cabinet in which one array of wires supplies a
voltage of approximately 7KV while the other is held at a lower potential of several
hundred volts to shield the plate from sparking. The metal plate is grounded and the corona
effect from the high negative voltage of the wires above the selenium plate creates the
charge. The cassette is inserted into the charger and the cover slide is removed. Charging
is carried out and the ci"'er reinserted before removing the cassette from the carrier. The
cover is left on until the image is developed. It is preferable to process ihe plate
immediately after charging but a few hours storage does not affect the performance to a»y
great extent. Charged plates must not be exposed to any radiation during the period
preceding their exposure and development.

4.15.4.3. Operation

The exposuie of xeroradiographic plates is similar to that of films. The plates are more
sensitive to soft radiation than most films and at high kilovolLages their speed equals that
of Type II film. The sensitivity of the plates to low potential radiation requires care in
reducing scatter by using diaphragms, backing the cassettes with lead, masking,elc.
Xcroradicgrapbic images have good three dimensional appearance and offer very good
radiographic st-.nsilivity on materials with low radiation absorption coefficients.
Peiielrameier sensitivity may be better than 2% up to 50mm of aluminium and 4% up to
40mm of steel.

The developing powder is sprayed on the plate in a light light box. The particles are
charged by friction while passing the spraying nozzle. White powders have best contrast
with the black selenium surface bul present problems in transferring the picture to paper.
Coloured powders on transfer produce negative images while fluorescent powder gives the
same picture as white powder and can be viewed under "black light" both before and after
transfer.

Charqfl
Level

Charge

Level

Distance Across Place

1 I Incident 1 1 Radiation 1
I i t » 1 I t \ t t t 1 1
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Powder Oeooeit Developed Plel*

Oiitance Acroii Plate

Figure 4,20 Diagrammatic representation of xerorudiography
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5. PROCESSING OF RADIOGRAPHIC FILMS

5.). INTRODUCTION

An X-ray film is composed of a transparent, cellulose base, both sides of which are cualed
with an emulsion uf silver halide suspended in gelaline, ihe silver halide being distributed
throughout ihe emulsion as minute crystals. When lighl, X-rays or gamma rays strike the
silver halide crystals, a change lakes place such lhal a lalenl image is formed in the crystals
which is made visible and permanent by chemically processing the film.

The processing is carried uul under subdued lighting uf such a colour and intensity thai it
dues nut expose the film further. The colour and intensity uf the safe light is recommended
by the manufacturer uf the film and these recommendaliuns shuuld be strictly fulluwed.
The prucessing sululiuns are nurmally contained in deep lanks su lhal films held in hangers
may be suspended vertically in the solution.

5.2. SAFELIGHTS

Expusing films tu white lighl affects the crystals; consequently X-ray films shuuld uuly be
handled under safe-light cundiliuns. Il shuuld be remembered however, that even under
safelighl illumination il is nul wise lu alluw undeveluped films lu receive excessive cxpusure
lu safelighl illuminaliun as the film may become fugged. It shuuld be noted that exposed
film is mure sensitive to ligbl than unexpuscd film. The intensity and lucatiun uf safelighls
must be carefully cunsidcred. Furthermore, ihe safelighl intensity shuuld be uniform
Ihruughuul the darkruum. The "saf eness" uf such safelighls is directly related lu the correct
wattage, type uf filler and pusitiun ( distancc)uf lamps in relation lu the film. Hence il is
cjuile important lu guard films against direct safelighl illuminaliun when loading them un
hangers prcparalury lu gruup development.

5.2.1 Test fur safelighl illumination

Tests shouli! be carried uul when a dark room is first used, saf slight fillers appear
discoloured or when a film uf a faster speed is going (u be processed. Two simple and
popular methods are as follows:

a) Place an uncovered, unexpuscd film flat down on ihe loading bench. Lay flat objects,
si'tb as a ruler, pencil,strip uf melal,elc, un lop of the film. Leave the film and objects
under nurmal safelighl illuminaliun fur unc and a half lu twice the lime a film is nurmally
left there. If nu outline uf the objects can be seen un the properly processed film then the
safelighl illumination can be considered of a low enough level.

b)Placc an uncuvercd unexposed film flat duwn un tbe loading bench. Cover il completely
except for a 'englbtvise strip about 25mm wide along one side. AI a number of
predetermine <me intervals (e.g.5 min.) move the covering piece su that a new 25mm strip
is exposed each lime. After the desired number of lime intervals have ďapsed the film
shuuld be processed under normal conditions and examined when dry. The film can Ihcn
be scanned across the strips with a densilomeler fur density varialion(if any) fur ihe
different exposure limes and an assessment made of Ihe safelighl illuminaliun level.

S.3. FILM PROCESSING PROCEDURE

Tbc essential stages in processing a radiographic film are as fofluws:

a) development
b) rinsing
c) fixing
d) washing
e) dryiug
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5.5.1. Preparation prior lo processing

Tlie radiographer should always follow (hese iinpurtant steps before beginning processing:

i) Stir all solutions before use. ( Solutions tend lo separate out when undisturbed)
ii) Check the temperature of the lank solutions. It is important that these be equalised as
closely as the method of control permits and lhal lbe developer be brought as closely as
possible lo 20°C.
iii) Check the level of solutions in the tanks. The radiographer should maintain a careful
watch over the level of the solutions in the tanks and wash water. Tin; level should cover
[he cross bars of the hangers. Should (he solution level be too low, the addition of
replenishment solution will bring it lo the proper level.
iv) Ensure there is an ample and steady flow of water in the rinsing and washing tanks.
v) Consult the table of development limes and, when accessary, lbe lime-lemperalure
development chitri Ibai all manufacturers supply and set the timer accordingly.
vi) Clean all working surfaces and wash hands.
vii) Turn off all lights and proceed lo work under safelighl conditions only.

5.3.2 Developing

When the film is placed in the developer solution, the unexposed crystals are not affected
or removed at this step, but the developer reacts on the exposed crystals latent image,
freeing the silver from the compound and depositing it as tiny metallic grains of silver that
form the black silver image. The higher the temperature , the quicker development is
carried out. The best results, however, are obtained ai a temperature of 20 C. A higher
temperature result!) in a more intense chemical fog and in a more marked grain. Also,the
developer will deteriorate sooner and faults due lo a lack of freshness in the film and\or
the baths or lo insufficient washing after developing etc. will be more likely to occur. At
high temperature the emulsion coaling may be found to undergo reliculalion, become
detached or melt. On the other hand the further the temperature falls below 18° C the more
the contrast producing element of the developer will be restrained.

5.3.2.1. Timc-tcmpcraturc relationship

When all other factors remain constant the amount or degree of development is a function
of both time and temperature. By linking these (wo together in a lime-temperature
relationship ii is possible iu compensate for a change in one by changing the other. Thus
wilhiu certain limits a change in the rale of development caused by an increase or decrease
in temperature can be compensated for by adjusting the development time in accordance
with the lime - temperature relationship set up for lhal particular developing solution. All
manufacturers of solutions provide lime-lemperalure relationship dal<-with their chemicals.
Figure 5.1 illustrates a typical relationship in a chart form.

By using the afore mentioned relationship, positive control can be had over the developing
procedure: errors iu X-ray technique can then be recognised easily and not confused with
development problems. Sight development, even at best, is an inexact method because it
depends on the technician's judgment, which in turn depends upon numerous factors, such
as fatigue and length o[ time in the dark room.

5.3.2.2.Agitation

Film agitation is the movement of film in the various processing solutions in such a manner
thai fresh solution is brought to lbe surface of the film so that ihe proper reaction occurs
between the film emulsion a t ! solution. Agitation is most important during the
development cycle. If a film is placed in the developing solution and allowed lo develop
without any movement, Ihc reaction products of development will flow down the surface
of the film thus keeping fresh solution away from the film's surface. The greater the film
dviikily the greater I lie flow downward causiug uneven development iu the areas below.
This may show up in the form of streaks.
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Figure S.I Time-temperature relationship fur the development uf a radiugraphic film.

In manual pruccssing, agitaliun is dune by hand. Slirrers ur circulating pumps are generally
discuuraged because preferential flows are usually set up in the solution when these
mechanical devices are used and wurse cunditiuns of uneven dcvelupmenl can occur than
with nu agiiatiun al all. Acceptable agitation is pruvided when films arc shaken vertically
and buri/unlttlly and moved from side lu side in the tank fur a few secunds every minute
during develuping. Mure satisfactory renewal is ublaincd by lifting the film clear uf the
develuper, allowing it tu drain f rum uue turner fur 1-2 secunds, then rc-inserliug it into the
dcveluper and Iheu repealing the procedure with drainage from tbc oilier curner. This is
repealed al one minute intervals during the development cycle.

53.3. Riukiag

After development, the film is rinsed in lbe hlup bath for abuul 30 lu 00 seconds. The slup
bulb consists of a 2.5% solution uf glacial acvlic acid i.e. 2.5mL uf glacial acetic acid pei
litre uf water, The acid is used tu slup the actiuu uf the developer on (he film. It also
inhibit!, the transfer uf the develuper iulu the fining bath which would be spuiled otherwise
II' glacial acetic acid is nut available, the film can be immersed in clean running walei fur
d I letmi 1-2 minutes.
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S.5.4. Filing

The functions of I he fixing ur "hypo" bath are:
(a) tu slop further development
(b) lu remove from the emulsion all undeveloped silver sails thereby leaving ihe devclopeU
silver as a permanent image.
(c) lu har<lcri ihe gelatine of the emulsion so that it will be mure stable during subsequent
washing, drying and handling operations.

The interval between the placing uf the film in the fixer solution and the disappearance uf
the original, diffused, yellow milkiness is known as the clearing lime. This is when the fixer
dissolves the undeveluped silver halides. An equal amount uf lime is required fur the
dissulved silver halides lu diffuse uut uf the emulsion and fur the gelatine lu harden
adequately. Thus tutal fixing time shuuld be at least twice the clearing time. Films should
be agitated vigorously when first placed in the fixer, in the same way as carried uut in the
devcluping procedure. Fixer shuutd be maintained at the same temperature as the
develuper and slup bath (between 18-24°C).

5.3.5. Washing

The emulsion uf the film carries uver sume uf Ihe fixing bath chemicals frum the fixing bath
lu the wash water. IT these chemicals were allowed lu remain un the film, they wuuld cause
ihe radiugraph lu becume disculuured and fade after a storage periud. Tu prevent this the
film shuuld be washed under cundiliuns thai are must suitable fur the rcmuval uf these
chemicals. The following arc the must important practices lu follow when washing a
radiugrapbic film :-

(a) use clean running water thai is su circulated lhal ihe entire emulsion area will receive
frequent changes.
(b) ensure that the bar and clips uf the film hangers arc immersed.
(c) wash fur al least 20min.
(d) water temperature shuuld nul exceed about 25°C su thai emulsion dues nul soften and
wash away.
(e) water temperature shuuld nut gu below 15° C because beluw this temperature hypo
solution will not dissolve well.
(f) water flow shuuld be such lhal lbe volume uf '.he lank is replaced fuur tu eight times
per huur.

5.3.S.I. Method* uf wanning

(a) Single Tank wilh Running Water (Figur.: 5.2> The first films should be placed al the
inlet side of the lank and moved progressively towards tbe outlet end of the lank as mure
films arc added lo Ihe tank.

Inlet
Figure 5.2 Single lank wilh running water.

(li) Cascade Washing (Figure S.3) The cascade me I hod of washing is the most economical
of water and gives belter washing for the same period of lime. la this method the washing
coropailincnl ik divided into twu sections. The films arc taken from the fixer solutiun and
placed in ccinparliuciil A. After they have been partially washed they are moved lu
cuiaparliucul B, leaving compartment A ready lo receive more films from the fixer.
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Inlet
Figure 5.3 Cascade washing lanks

(c) Multiple Tank (Where no running waLcr is available or a small supply of fresh water
is available). This method consists of placing (he films successively in four different lanks
each of which is filled with standing waler. The advantage of (bis method complied with
thai of placing films in one lank of standing water is (hat, as ihc films are placed
successively in each of the four lanks, a decrease in the fixer content is obtained.

5.3.5.2.

Drying has an important bearing on the quality of the finished radiograph. It should be
done without causing any damage to the emulsion or marks from uneven drying, and
without exposing tbe damp emulsion tu dus( or linl. To avoid drying marks and lu speed
(be rate of drying, (be film is immersed in a "drying" solution thai is commercially available,
for about 15-30 s. This bath overcomes the surface tension of (he waler, Ihus preventing
the f urination of walcr droplets. If a drying solution is not used (hen tbe film can be wiped
down with a sponge. The films are usually dried in cabinets by circulating temperature
controlled air. The temperature should be such (hal it does nol cause lbe film lo buckle
or dry unevenly. Care should be taken lhal films do nol louch one another in the cabinet.

5.4. MAINTENANCE OF PROCESSING TANKS

5.4.1. Developer Tank

As a developer is used, ils developing power decreases, partly because ihc developing agent
deteriorates through use, partly because of the resl raining effect of accumulated reaction
products of development, and to a small extent, aerial (or atmospheric) uxidalion of the
developing agent, even when not in use. At accurate way lo check developer activity is lo
lest il al regular intervals wilh film strips lhal have been exposed under standard
conditions. One procedure is to expose a film (brougb a slcp block without screens of any
kind: (ben cul standard sue strips (o serve as standards when a new lank of developer is
put into use. After thai, develop individual strips al pre-delermincd intervals and compare
(be densities with (bose of the standard slrip. When the developer rcplenishcr system is
used in processing radiograpbic film, replenishment is carried ou( fur (wo reasons :

(a) lo maintain the level of lbe solutions in (be (anks so (hal lbey cover both film and film
hangers.
(b) lo inainlaii) lbe udivily of tbc solutions so lhal lbe results obtained arc consistent.
Replenishment solutions arc made up according lo manufacturer's instructions and can be
the same as lbe solution replenished or of a less dilute nature. A practice often carried oul
in » laboratory darkroom it just lo maintain if ^ level of solution in (he tanks by the
addition of rvplenitbcr and this system can be adequate. More precise replenishment is
attained however, by following (he manufacturer's recommended practice of solution
replacement (o Ibc required lank level as dictated by (lie volume of films processed.

S.4.2,

The life of a fuing solution depends on it» ability lo neutralise tbe alkali on tbe films. The
time required lo clear a film is a good gauge of fixer exhaustion. When il exceeds
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approximately Kmin, the bath should be replenished. This prolongs the life of the fixer and
maintains a rapid fixing lime. When exhausted solutions arc used, tbe emulsion is not
sufficiently hardened. In addition, the radiographs may have a brown slain that is seen by
reflected light but is not noticeable by transmitted light.

5.5. CHEMISTRY OF PROCESSING

5.5.1. Developer

All X-ray developers essentially have the following five consliluenls:-

(i) Developing Agent

It is basically a mild organic reducing agent which reduces only exposed silver. The most
commonly used developing agents are :

(a) Monomelhyl paraminopbcnol sulphate
(b) Hydroi|uinonc

In X-ray developers, both of these are used at the same lime. A latent image developed
in monomethyl paraminophcnol sulphate comes up very quickly but gains density very
slowly, while with hydroquinone the image comes up very slowly bul gains density rapidly.

(i) Accelerator

Us function is to accelerate ihe action of the developer. It is basically an alkali. Sodium
carbonate and sodium hydroxide are the ones commonly used as accelerators.

(ii) Preservative

Developer gels oxidised due to contact with air and thus loses its developing roperlies to
some extent. A preservative when added to tbe developer prevents this oxidation. Usually
sodium sulphite is used as preservative.

(iii) Restraincr

It controls the activity of the developer and allows it to reduce only Ihe exposed silver
halidc to black metallic silver. Potassium bromide is Ibc one used as reslrainer.

A typical X-ray developer formula is as follows :

Monomelbyl paraminophcnol sulphate 2.3 grr
Sodium sulphite (anhydrous) 72 gm
Hydroquioonc 8.8 gm
Sodium carbonate (anhydrous) 48 gm
Potassium bromide 4 gui
Water to make 1000 cc

To make lbe solution, dissolve the constituents hi distilled walcr at 32°C (90°F) in ibc order
given aud develop tbc film for 5 minutes al 20° C (68°F).

5.5.2. Replcaikbcr

The level and activity of lbe developer are lowered with use. So it sli juld be replenished
properly to keep up lbe level and udivily of lbe developing bulb. A typical formula for a
Kcplcuikhcr it> as follows ;

Monumclliyl yuivmimifiUcual tulplialu 4 gin
Sodium xulphilc (anbydrouo) 72 gm
llydroquimmi; 16 gin
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Sodium carbonate (anhydrous) 48 gm
Sodium hydroxide (caustic soda) 7.5 gm
Waler lo make 1000 cc

Dissolve the ingredients (in tbc order given) in distilled water at 32°C (90°F) to make the
solution.

5.5.3.Fiicr

The esseuUal ingredients of X-ray fixer are given below :-

(') Hypo .

It dissolves the undeveloped silver haiide crystals only and thus removes them from lbe film
which otherwise will obscure Ihc desired image by gcllinu darkened as a resull of light
action. The commonly used fixing agents (also called hypo) are sodium thiosulpbalc and
ammonium tbiosulphale.

(ii) Developer Neulraliser

It neutralises the developer carried with the film after development. It is acetic acid
(glacial) which is added to the fixer as developer neutralists.

U prevents the i'ccomposilion of thiosulphate by the acetic acid. Sodium sulphite added
to the fixer serves as preservative.
(iv) Hardener

It hardens the gelatine of the emulsion lest it should swell or soften during washing and
drying. Besides, the hardened film dries more quickly than otherwise. Potash alum is
commonly used as hardener.

A typical formula for an X-ray fixer is given below .-

Sodium tbiosulphale (bypo) 300 gm
Sodium sulphite (anhydrous) S gm
Acetic acid (glacial) 10 cc
Boric acid crystals 5 gni
Potash alum 10 gm
Waler to make 1000 cc

To make solution, dissolve the constituents simultaneously in distilled ur lap waler. For
standard processing lbe developer and lbe fixer as recommended by the manufacturer of
the films should be used.

5.6. PROCESSING UNITS

There are three types of processin(j units which can be used lo process X-ray films and X-
ray instant paper. They arc discussed below.

S.0.1. Maaual prucekking unit

It uiimnlfi of a developing balh, a slop balb, two fixing baths, a washing balh and a pboloflo
bulb and all these Imlbk arc contained in a big lank (Figure S.4). It is also equipped wilh
a thcrinosUlic lempcialure control lo keep (he processing solutions al a constant
lumpcMlurc, Though it offers » slow processing yd il is used where (here is less work
load. It if, preferably used fur training purposes. l( is a must fur learners, because il
provide* « thorough understanding of all the singes of processing an X-ray film.
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Temperature controlled water jacket
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fixing
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Figure S.4 Manual processing tanks

5.6.2. Automatic procedures

Automatic film processors are available lhal greatly speed up I he processing of films anil
minimise manual processing of film artefacts. With an automatic film processing unit, I lie
radiographer needs only lu remove the exposed film from the cassette, and feed it into the
processing unit. The unit then tales over ami. in aboul IS min, the film is ready for
viewing. The advantages of course, are that the output is increased and the film quality is
improved. The automatic method is achieved by the roller transport principle (Figure 5.5)

A series of small driveu rollers arranged in offset positions transport each film
independently through the solutions. The rulling acliou cieatcs a vigorous and uniform
surface agitation and, togelhei with propel operating temperatures and solution
recirculalion, achieves a reduction in processing lime. Consequently, efficiency and
unifoiiiiily of processing are achieved. Because of the intimate relationship between the
chemical and mechanical requirements of the system, special chemicals have beeii
developed for use with the automatic prucessiug system. These chemicals both control and
maintain the physical and chemical chaiacterislicsof the film within (he required tolerances
of Ihe roller transport system. Furthermore, (he solutions function under rigid 'lime
temperature conditions. The reason for this is (hut, since surface liquids are removed by
lollei squeeze action as each film passes from one solution to the next, Ihe solutions are
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nul degraded. These (farce factor* working lugelber permit cacb film lu be processed and
dried in less than 2 min:

(a) llľ: nature uf the chemical system prepares (be film properly.
(b) wash water is roller squeezed from the film as it leaves the wash lank, eliminating
carry-over of surface water.
(c) as the film IL moved along in the drier sectiun, warmed air is directed at high speed
thruugh precision slits to bulb film surfaces.

5.6.5. Instant processing unit

U is meant for processing radiugrapbb which are exposed on instant X-ray paper. The
modern instant prucessing units promise 10 seconds as the total processing lime. Instant
X-iay paper and instant processing units are used when informatiun is needed as quickly
and cheaply as possible. Radiographic sensitivity is adequate fur many situations where
maximum sensitivity is not required.

5.7. DARKROOM

Good planning and layuut uf the darkroom is essential fur successful radiography. It
should be designed to meet individual requirements based upun the amount and nature of
the woik being dune. The size should be related to the : /pc uf wurk, whether it will consist
uf a ruuline prucessing of radiographs, wbelbcr it includes enlarging, reducing, printing and
cupying, and whether it will be used to produce photographs. It is preferable lu restrict the

Film
processing
unit

Hanger
brackets
for Rims

Dr. :ng cabinet

Work bench

Figuie S.d A typical dukruum layout.
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darkroom to tbc processing of radiographic films. The darkroom should be kepi clean. A
light, glossy interior is practical. It should:

(i) be completely light proof and remote from sources of X-ray and gamma raUidliun.
(ii) be ventilated and healed fur comfortable working conditions.
(iii) have running hul and culd water and guud drainage.
(iv) be dry, easy to clean and lucaled away frum sunlight, ňďv easy access lu the
radiugraphic work area, bul be away from contaminating gasses from chemicals ur cuke
ovens,and
v) be laid uul so thai llie work can be carried out in a logical sequence, with wel and dry
areas clearly established.

Figure 5.6. shuws a typical darkroom layout.

5.8. HANDLING OF X-RAY FILMS

Films should always be handled carefully lo avoid physical slrains such as pressure,
creasing, buckling and friction. Marks resulting from contact wilh fingers that are moist
or contaminated wilh processing chemicals, as well as crimp marks, will be avoided if the
films are always grasped by ihe edges and allowed lo hang free. Avoid drawing film rapidly
from cartons and exposure holders (any movement lhal causes friction) so that electric
discharges du nul occur and mark ihe film wilh circular or Iree-like markings.

5.9. CHECK LIST OF PROCESSING DIFFICULTIES AND FILM BLEMISHES

Blemish ur Difficulty

Black crcsccnls

While crescents

Over-all fog

Black streaks ur blotches

Streaks

Causes

Kinking uf film before processing

Sharp bending ur fulding uf the
processed film

Over-developmenl
Over-age film
Prolonged exposure lo safelighl
Sdfelighl too filler
Unsuitable safelighl fillers
Insufficient pruieclion in slurage from
radialion sources.
Film stored where temperature and/ur
humidity are luu high.
Viewing developed filirj before il is properly
fixed

Lighl leaks due lo faulty film holders or
cassette

White aud black streaks at points where film
was attached lu hanger caused by processing
solution remaining on clips from prior use.
Inadequate agitation during development.
Removing film lo view during development
period causing developer lo run across film
unevenly.

Contamination by chemically-active deposits.

Interaction of developer and fixer
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Blemish or Difficulty

Drying spots and streaks

Black spots

Brown stains

Dark deposits

White crystalline deposits
Milky appearance

Sharply outlined light
and dark areas

Blisters

Air bubbles
(light spots or patches)

Reticulation
(leather-like appearance)

Frilling
(loosening or emulsion)

Static marks
(black bird track effects)

Scratches
(black, crack-like lines)

Dark fingerprints

Light fingerprints

White spots and areas

Brittle radiographs

Causes

Drops of water on semi-dried film ur drops
uf water running down semi-dried surface.

Developer splashes before placing
entire film in developer.

Inadequate fixing or exhausted
fixing solution.
Prolonged development in old developer.
Inadequate rinsing.

Oxidised products from developer or reacting
silver salts.

Inadequate washing after processing
Incomplete fixing. Exhausted fixing bath.

Uneven development. Films not agilaLed
during development. Films hung loo clusc
together in developer.

Formation of gas bubbles in film emulsion.

Air trapped on film surface during
development.

Solution to warm
Extreme temperature differences in
successive processing baths.

Fixing in warm or exhausted bath.
Prolonged washing at high temperature.

From static electric discharges
caused by friction between film
and some other object.

Improper handling

Film touched with dirty fingers
before development.

Film touched with greasy fingers
before development.

Pitted or worn screens
Dirt on film screens

Excessive hardening in fixer
Excessive drying lime
Too high drying tcropcralurc.
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6. RADIOGRAPHIC QUALITY AND EXPOSURE

6.1. GEOMETRIC ASPECTS OF SHADOW FORMATION

A radiograph is a shadow picture of an object recorded on a photographic film using X-rays
or gamma rays. To obtain a radiograph, therefore, we place Ihe specimen between a source
of X ur gamma radiation and a photographic film for a predetermined lime. Figure 6.1.
The appearance of Ihe shadow of a defect is influenced by the following factors.

(i) Shape of the defect.
(ii) Orientation of the defect with respect to the direction of radiation and the plane of the
film.
(iii)Si/.e of source and its distances from ihe defect and Ihe film,
(iv) Position or location of the defect in the specimen.

/ t
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t •
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Radiation
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V
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m Specimen

Figure 6.1 Source, specimen and film arrangement lo 'iblain a radiograph.

As regards the geometric aspects of shadow formation only the rectilinear propagation
properly of the X or gamma rays is important and, therefore, we shall discuss the shadow
furm'Uui; in terms of ordinary light.

6.1.1. Shape of the defect

Defects of different shapes will give rise lo different types of shadows e.g. a gas hole will
be shown up as a circular patch, a crack if detected will form a line, etc.

6.1.2. Orientation of (he defect with respect lo the direction of radiation and the plane of
the film

If the beam direction is nut perpeudicular or if the plane of the defect is nol parallel lo the
plane of ihe film the shadow will be distorted as shown in Figure 6.2.

Film
Film

la) (b)

F i l m

Figure (.2 Effect uf (a) normal beam, (b) oblique beam and (c) inclined film on the shadow.
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Because of ihis distortion sometimes a particular defect can produce a shadow which may
be interpreted as some other type of defect. A fine crack may be diffused altogether hardly
leaving any image behind. Although before taking a radiograph one may not have any idea
about the orientation of the defects present, efforts arc usually made lu place ihc film as
parallel lu the specimen and as normal to ihc direction uf radiatiun as possible.

6.1.3. Size uf Ihc source and its distance from the defect and the film

Figure 6.3. elaborates the formation of shadow of a defect due to a source of finite
dimcusion AB.

Source
B C

i ^ [ Umbra \f
Penumbra Penumbra

Figure 6.3 Furmalion of shadow of a defecl.

Each and every point of ihc bource AB emits radiation. The shadow cast by the defect on
the film will be the resultant of overlapping shadows cast by these points which are slightly
displaced from une another. The net effect is that Ihe shadow is diffused around the
boundaries. The shadow may be divided into two portions :-

Umbra Where nu direct rays arc incidcnl on the film.

Penumbra The area which is partially exposed. This gives rise to the unsharpness of the
ina^e and is undesirable in radiography.

Considering the simple geometry uf Figure 6.3. it can be shown lhal:

XY = ZO = ZO (6.1)

A B CO CZ-ZO

Where,

XV = Sue of the Penumbra = P.
AB = Sue of ihe source (or focal spul) = F
ZO = Distance of the defect from the film = ufd
CZ = Source (ur fucal spot) to film distance - sfd (or ffd)

Equation 6.1 can be written in terms of the above symbols i.e.

P ^ P = F. oľd = F (6.2)
--- = or

F "M-ufd sfd-ofu" sfd -1

ofU
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Since penumbra. P, is ihc cause of unsharpncss uf ihc shaduw, attempts should be to reduce
P as far as possible. From equation (6.2) i[ is obvious thai P decreases when

(i) F decreases
(ii) sfd increases and
(iii) ofd decreases

Hence lo reduce P or lo increase ihe sharpness of the shadow :

(i) Size of the source (or focal spol) should be as small as possible.
(ii) Suurce lo film distance should be as large as practicable and
(iii) Film should be as close lo ihe specimen as possible.

ll has been found lhal ihc image of a defect recorded on a film is reasonably sharp when
the penumbra is 0.25mm. This is the limiliag value for critical examination because the
human eye can nul delect any difference in sharpness below this limit. For rough work
penumbra up to 0.5mm is usually acceptable.

In a particular X-ray machine or gamma ray source, ihe source dimensions are fixed.
Hence we have lillle conlrol on this variable. While calculating penumbral size, distance
of the defect from the film is taken to be the distance between the lop surface of ihe
specimen (i.e. tbc surface towards the radiation source) and the film. This ensures that the
penumbral si/e of any defect even if il is very near lo the lop surface remains within
acceptable limits. Il is usually possible lo place ihe film jusl below Lhe specimen and ofd
in this case will be Ihe thickness of the specimen ilself.

We can calculate the minimum source lo film distance lhal will give rise lo penumbra
within the limiting values for any defect present in a specimen of thickness d placed on the
film.

Equation (6.2) can be written as

Sid = ofd (F/P + 1) (6.3)

Hence

sfdralll = d (F/0.25 + 1) for critical examination.

and sfd„,i,, = d (F/0.5 + 1) for rough work.
(All dimensions in mm).

6.2. IMAGE OUAL1TY IN RADIOGRAPHY

6.2.1. Sensitivity of flaw detection

Quantitatively the sensitivity of flaw detection, S(, can be defined as,

S, = Si/e of the smallest delectable flaw x 100

Specimen thickness

This is d n ideal but impractical formula, because sensitivity of flaw detection is a complex
function of the bi/.e, shape, position and absorption coefficient of flaw, grade of Ihc film
used and densi., of the image obtained. Il is, therefore, not possible lo calculate or find
tbc tuntilivity of flaw detection. However, il is desirable lo have some idea about il.
Fortunately radiograpliic sensilivily is indicative of sensitivity of flaw detection and there
are mean* available lu measure it.
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6.2.2. Radiographic sensitivity

The sensitivity uf a radiograph is an indircel indication ní its ability lu reveal flaws or
thickness changes in lbe specimen being examined, and il is, therefore, a measure of
radiographic quality. The sensitivity is expressed numerically in terms of smallest
detectable variation in specimen thickness as a percentage of total thickness.

Thuugh definition of sensitivity in the above form, applies lu specimens which are examined
to detect internal flaws, it is not of particular • alue in the radiography of assemblies. Since
in this type of specimen, radiographic inspection is usually concerned with correctness of
assembly rather than the quality of material used in its construction. In this application of
radiography, the individual details of assembly themselves will usually provide a reliable
means of assessing radiographic quality.

6.2.3. Image quality indicators

Radiographic sensitivity is usually measured in terms of some artificial element which docs
not necessarily bear much resemblance to a flaw in the specimen. Thus, the two most
widely used methods are :

(i) To specify sensitivity in terms of the ability to delect a wire of the same material as the
specimen examined, when the wire is laid on í he surface of the specimen remote from the
film. The diameter of the ifainnesl detectable wire is used as a criterion of sensitivity,
(ii) To use series of drilled holes in a plate of the same material as ihc specimen, which
is laid on the specimen, and lo specify sensilivily in terms of the smallest hole which can
be delected on ihe radiograph.

These devices - sets of wires of different diameters, or slep wedges with drilled holes - are
called Image Quality Indicators (IOI).

6.2.4. Characteristics of an I.O.I.

The desirable characteristics, of an I.O.I, are as follows :

(i) U should be sensitive in its readings lo changes in radiographic techniques.

(ii) The method of reading Ihc image of the 101 should be as simple and as unambiguous
as possible; different inspectors should obtain the same value from Ihc radiograph.

(iii) It should be versatile - i.e. applicable to a range of specimen-thickness.

(iv) II should be small - the image of 101 has lo appear on a radiograph and therefore it
should not mask or be mistaken for flaws in lbe specimen.

(v) II should be easy lo use.

(vi)ll should incorporate some means of identification of ils sue.

6.2.5. Type* of Image Ovalily Indicator*

Tbc perfect design bas nol yet been found, but after extensive experiments on (wo patterns
of 1.0.1., one originating in France and the other in Germany and Scandinavia, the
International Institute of Welding (I.I.W.) recommends these patterns as international
kUndardb.

TbvkC bavu been accepted by International Standards Organisation (I.S.O.) and published
ak ISO Recommendation R1027 (1969) "Radiogfphic Image Quality Indicators, Principles
a m i I d i f i i

Tbckc two uultciuk arc ;
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6.2.5.1. Wirr.-lype I.O.I.

These consist of series of straight wires (al least 25mm long) of the same basic material as
the specimen, with wire diameters selected from the values shuwn ID Table 6.1. The
tolerance on the wire diameter is _+ 5%.

The wires are placed parallel and 5mm apart, between two sheets uf low x-ray absorbent
material such as polyethylene sheet. Fur the thinnest wires it may be preferable lu stretch
them across a metal wire frame and have no absorbent sheet, although this results in a
relatively fragile construction. The 1QI should have identifying symbols showing the
material of the wires and the wire numbers used.

TABLE 6.1.WIRE DIAMETERS FOR I.O.I.

Wire ni'.meler Wire Diameter
Number (mm) Number (mm)

I
2
3
4
5
6
7
8
9
10
11

6.2.5.2.

0.032
0.040
0.050
0.063
0.080
0.100
0.125
0.160
0.200
0.250
0.320

Slep nad hule type I.O.I.

12
13
14
15
16
17
18
19
20
21

0.400
0.500
0.630
0.80
1.00
1.25
1.60
2.00
2.50
3.20

These consist of a parl or an assembly having a series of steps of the same material as the
specimen. Each step has unc or more drilled holes through the full thickness of the step
al right angles to ihe surface.

The diameter of ihu hole is equal to the thickness of Ihc step and is taken frum the values
shown in Table 6.2. Steps with thickness greater or equal lu 0.8mm have unly une single
bule. Steps with a thickness of less than 0.8mm may have two ur mure hulcs arranged
differently frum step to step. The distance from the centre uf the hule lu the edge uf the
step, ur between the edges uf Iwu holes, shuuld in no case be less than the hule diameter
plus lmm.

TAPLE 6.2. RECOMMENDED HOLE DIAMETERS AND STEP THICKNESSES

Step
Number

1
2
3
4
S
6
7
H

Hule diameter and
step (hickuĽss(mm)'

0.125
0.160
0.200
0.250
0.320
0.400
0.500
0.630
0.800

Slep
Number

10
U
12
13
14
15
16
17
18

Hule dia melei - ú
slep lhickness(mm

1.00
1.25
1.60
2.00
2.S0
3.20
4.00
5.00
6.30

Tlic tolerance un these dimcukiunb i» _t 5% .
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Image Oualily Indicators, based un the abuve Iwo patterns, cummunly used in radiugraphy
are now discussed.

6.2.5.3. British StanJartl (S.S) ima|(Ľ quality indicators

The British Standard (BS 3971, 1980) describes IQI's suitable fur assessing the quality of
radiographs un materials having a thickness range uf 3mm lu 150mm inclusive.

(it) British Wire Type

British wire type IQI cuusisls uf straight wire having a length uf 30mm, and spaced parallel
at intervals uf 5mm and having diameters selected frum Table 6.1. These image quality
indicalurs are standardised in a series of models A lu E.

Model A contains wires 4-10 inclusive.
Mudel B contains wires 9-15 inclusive.
Model C contains wires 15-21 inclusive.
Model D contains wires 1-21 inclusive.
Model E contains wires 1-7 inclusive.

Model D, containing all 21 wires, has been included fur general purpuses, and model E,
containing the very small diameter wires, is intended to be used fur radiography of thin
materials.

(b) British Slep/Hole Type IOI

British step/hole type 101 consists of a series of uniform thickness metal each containing
a hule drilled through the full thickness and at right angles to the upper surface.

The step thicknesses and diameters uf holes shall be selected form Table 6.3.

TABLE 6.3. DIAMETERS AND DIMENSIONS OF STEPS AND HOLES RESPECTIVE OF BS
STEP/HOLE IQI

Step Diameter and step Step Diameter and step
No. thickness mm Nu. thickness mm

1 0.125
2 0.160
3 0.200
4 0.250
5 0.320
ů 0.400
7 0.S00
K 0.630
9 0.800

For steps 1 lu 8 two holes shall be drilled, each hole being located approximately jinm
fioin each other and fioin the edge of the step. Fur steps 9 lu 18 a single hole, located in
the centre uf lbe step, shall be drilled.

Fur convenient a, the plaque may be aiathincd as a series of bleps on a single plate or, for
flexibility, nepárite plates may be mounted un luw radiation absorbing material. The
individual Ktvpk shall be rectangular ur triangular, with a side having a length of

12.5mm.

104

10
11
12
13
14
15
16
17
18

1.00
1.25
1.60
2.00
2.50
3.20
4.00
5.00
6.30

Thu»ľ image quality indicators are standardised in a series of models, A 'o C tis shown in
TMv 6.4.



TABLE 6.4. STANDARD MODELS OF BS STEP/HOLE TYPE lQI'S

Mudei Slep/hole type

A 1 to 6 inclusive
B 7 lu 12 inclusive
C 13 to IS inclusive

(c) BS IOI Identification

Marking uf BS image quality indicators is as shown in Figure 6.4. Herc lbe number of the
thinnest and thickness wires or smallest and largest hule siics and the material arc
indicated by lead symbol i of sufficient thicknesb tu bhuw clearly un the radiograph.

6.2.5.4. German Standard (DINi / ISO Image Quality Indicators
Tbc German Standard IQI (DIN S4109) consists of 16 wires of diameters given in Table
6.5.

TABLE 6.5. WIRE DIAMETERS FOR DIN TYPE IMAGE QUALITY INDICATORS

Wire diameter

0

3.20
2.50
2.00

- mm

Tolerance

t 0.03

Wire number

1
2
3

1.60 t 0.02 4
1.25 5
1.00 6
0.80 7
0.63 8

0.S0 9
0.40 10
0.32 11

t 0.01
0.2S 12
0.20 13
0.16 14

0.125 15
0.100 * 0.005 16

Tbc DIN 101 ik standardised in three si/.es. Each si/c is composed of 7 wires., placed
parallel at 5mm dinlaiicc from each ulhgi. They are 50 or 25HJID lung (sec Table 6.6). The
101 ik marked according tu Figure 6.5. The lop is marked with DIN 62 (62 means the year
uf iutroducliuu of the standard) and (he dei>i((o«liun uf material (e.g. Fc) and at the bol lorn
ik marked with ihc number uf ibickol wire, ISO, and number uf lbe thinnest wire. The
tnarkiuK ISO mean* (bat Ibckc image ugli ly intlicalurs ure also adopted by tbc
lultiualiiHul StanilurJk Or||iioik«(iua (ISO).
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Models 1.2 dnd 5 =» 6 , thickness ol letters at 2
Models 3 and 4 = 1 2 5, •• •• » = 4

Thickness ol letters:
Models A«ndB»2

BS397I

30

! i . | i n 5i

J

r
12 7FEII o O

75

Figure 6.4. Sketches of BS image quality indicators (a) Wire type, (b) Steps with hules type.

Figure 6.5. Design of DIN lypc image quality indicators.

TABLE 6.6. MARKING.CONSTRUCTION AND MATERIAL OF THT DIN TYPE IMAGE
QUALITY INDICATORS

Marking Number of wires wire To be used
according to for testing
TABLE 6.S length material of

mm

DIN FE 1/7 1 2 3 4 5 6 7 50 blecl iron and steel products
DIN FE 6/12 6 7 8 9 10 U 17. 50 oi 25 (non alloy)
DIN FE 10/16 10 11 12 13 14 15 16 50 or 25

DIN CU 1/7 1 2 3 4 5 6 7 50 copper, zinc and their
DINCU6/J2 6 7 8 9 10 II 12 50 copper alloys
DIN CU 10/16 10 1112 13 14 15 16 50 or 25

DIN A I. 1/7 1 2 3 4 5 6 7 M) aluminium auu iio alloyi.
O I N A L ft/12 6 7 « 9 10 JI 12 50 a luminium
DIN A L 10 /16 10 1 1 1 2 13 14 15 16 SO or 25
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6.2.5.5. French Standard IOI

The French Standard IOI (NF A04-304) consists uf metal slep wedges in which each step
has one or two holes with diameter equal to thickness.

The step thickness and hole diameter shall be chosen frutn the following standard series;
0.32, 0.4, 0.5,0.8,1,1.25,1.6,2, 2.25, 3.2, 4,5, 6.3, 8,10, 12.5, 16mm

Steps thicker than O.Smm have only one bole whereas thinner than 0.8mm have Iwo holes.
The distance of the holes from each other and from lbe edge of ihe slep cannol be less than
d f 1. where d is ihe thickness of (be step in mm.

There are various models of slep wedge; ihe slep wedges with rectangular steps have
square steps measuring 15 x 15mm in dimension; and step wedges wilb triangular sleps have
side of lbe triangle step measuring 14mm in length. Figure 6.6 gives various designs of the
French Standard image quality indicators.

6.2.5.6 JIS Image Quality Indicator),

The Japanese wire type 101 consists of 7 wires of the diameters shown in TABLE 6.7

TABLE 6.7. JIS IMAGE QUALITY INDICATORS
Unit:m

Harking

F 02

F 04

F08

F 16

F32

Range of weld
thickness

used

Ordinary
class

Up to 20

10 ~ 40

20-80

40 —160

80 -320

Special
class

Up to 30

15-60

30 -130

60 -300

130-500

Permissible variations
in diaensiuns

1

Series of wire diameter

0.10 0.125 0.16 0.20
0.25 0.32 0.40

0.20 0.25 0.32 0.40
0.50 0.64 0.80

0.40 0.50 0.64 0.80
1.00 1.25 1.60

0.80 1.00 1.25 1.60
2.00 2.50 3.20

1.60 2.00 2.50 3.20
4.00 5.00 6.40

The snller of the values
specified in JIS G 3522 or
± 5X

Distance
between
centres
of wire

(D)

3

4

6

10

15

±15 X

Length
of

wire

a)
40

40

60

60

60

±1

The marking uf the JIS 1QI is as shown in Figure 6.7. Here ihe diameter of the middle wire
and (be material arc indicated by lead symbols uf sufficient thickness lu show clearly un
the radiograph.

6.2,5,7. ASTM/ASME l»aMc Quality U J Í Ľ . I . I F .

In general, a different pattern uf image quality indicators i» used in lbe U.S.A. and these
•lie Ukually vailed pcuclrametcrii. There are kcvcral minor variations uf lbe name basic
type. The bent kuuwn U the ASTM (American Society fur Tenting Materials) design which
coHkiklk uf « uHkform Ihivknckk plate containing three drilled bulek and identification
letleik, If Ihe plate thicknekii in T, the hole diamvleik are T, 2T and 4T with an uvei-ridiug
limit thai the IUÍHÍWUW kule diameter* me 0.010* (0.2S4mm) and 0.040*( 1.016mm)

|i. The pl»lv inukl t>e uf the kMine material at. the specimen.

187



»i O j O

c - 7 —

['"•' '"\ r
t r 1.3.S-/ :

I 1I I I I 1 1

: 3 . í - er/.ť- « =7 -l<iC6J-J C=C» J

Figure 6.Ď Design uf Flench Slautlaid image qualily íudiLdto

Marking

FÓ2

T)'D
Figure 6.7 JIS IOI marking

The dimensions of three ASTM penelramelcrs are shown in Figure 6.8. The same
pĽnetramelers arc accepted also by ASME (American Society For Mechanical Engineers)
Boiler and Pressure Vessel Code).

6.2.S.S. Identification uf ASTM/ASME PcnelraMctcrs

The rectangular penelramelcr is identified with a number made of lead which is attached
to the penclrameler. The number indicates the thickness of the penclrameler in thousand
of an inch. The pcni-lramclcr thickness is selected from Table 6.8 lo indicate the proper
qualily level. Lead numbers arc placed adjacent lo the circular penctramclcr to provide
identification.

6.2.5.9. Other types of ima^c quality indicators

Two other types of image qualily indicators both originating in U.K., are ihe Brilish
Welding Research Association (B.W.R.A.) image qualily indicator and the Central
Electricity Research Laboratories (CERL) Duplex wire type image quality indicator.

(a) BWRA linage Quality Indicator

K consists uf a step wedge of 1/12" square steps which contains small drilled holes forming
a symbol or number. B.W.R.A. recommends two sizes of image qualily indicator. Size 1
is used for specimen thickness up lo Scm and size 2 for specimen thickness ranging from
Scm lo 10cm. Figure 6.9. shows the design of B.W.R.A. image quality indicators.



Plíce identification
nitmBers here i T distn

Minimum Penetromefer Thickntu
Mimmun Diameter for (T Holt
Minimum Oiamtttr 'or IT Mole
Minimum Oiancter for t T Mott

0OO5-
0.010"
0 02C"
Q.040-

«ol«§ shall bt Trut *nd Normal
to fht Sur'acc of rht f»entfj-«w
Po Not Chamfer

ttr

-JU
See Noře Jor
Icierante

Design for f""»tr»mtttr Thickness 0.005 <n. and including D OSC m
from O.OCS in. through 0 012 <n. See Table I
From 0.012 in. through 0.020 in. Made <n 0.0025 in. increaenfs
From 0.020 in. through 0 050 in Made in COOS in. increments

Penetrjmeter thickness between the
increments indicated are permitted. <-T dism
provided they do not exceed the
maximum thickness required.

Place identification
numbers here r

See Note tor
Tolerance

Design for Pene trimeter thickness from 0.060 in. to and Including
0.160 in. Made in 0.010 in. Increments

I 0.83T

See Note for
Tolerance

Design for Penetrameter Thickness of 0.180 in. and Over
Made in 0.020 in. Increments.

NOTE 1. Tolerances on Penetrameter thickness and hole diameter shall be tiO percent or
one half of the thickness increment between penetrameter sizes,
whichever is smaller.

2. 1 in. - 15.2 mm.

Figure 6.8 Design of ASTM/ASME pciiĽlramelcrs (hnagu quality indicators).
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TABLE 6.X. DIAMETER OF WIRE IO1 CORRESPONDING TO HOLE TYPE (IT. 2T. 4T)

Holt
IQl
No.

5
b

e
10

u
15
17
20
25
30
35
40
50
60
70
BO

100
120
140
160
200
240
260

IT

00032
0 004
000i
0.006
0.008
0.010

o.ou
0.016
0.020
0.025
0.032
0.040
0.050
0.063
0.080
0.100
0.126
0.160
O.?OO
0.250
0.320

Diifnritr oi Wire With EPS of Holt. in.

zr

0 004
0 005
0 006
ODDS
0 010
0.013
0016
0.020
0025
0.032
0.040
0.050
0.063
0080
0.100
0.126
0.160
0200
0250
0.320

0 00b

CODS
0 010
0013
00)6
0.020
0.025
0.032
0.040
0.050
0.063
0.0B0
0.100
0-126
0.160
0.200
0 250
0.320

C 0 6 r

0.13

SIZE I SIZE 2

Figure 6.9 Design of BWRA image quality indicators,

(b) CERL Duplex Wire Type Oualily Indicator

The CERL Duplex wire type image quality indicator is a completely different pattern of image quality
indicator. It is now included in the British Standard BS 3971:1980 on "IQl and Their Uses". The normal
percentage value for radiograph sensitivity is replaced by independent measurements of image contrast
(mr.i 'thickness sensitivily") and image definition (mm 'unsharpness'). This is achieved with the use of
two different types of element, a plain rectangular element, 5 x 7.5 mm in area with thickness ranging
from 0.13 to 5 mm (part A of the IQl) to measure image contrast, and a closely spaced pair of parallel
wires or thin strips (parts B and C) to measure unsharpness.

The duplex wire IQIs parts B and C are in (wo sizes in BS:3971:I980 as Type IIIA (Figure 6.10) and
Type IIIB. Type IIIA consists of pairs of straight wires, 15 mm long, of circular cross-section and is
used for materials of thickness less than 90 mm steel. Type IIIB consists of 15 mm long strips of
rectangular cross-section and is used for materials thicker than 90 mm steel or its equivalent. The wires
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are made of high density metal (either platinum or tungsten) and each pair in Type 1I1A is spaced one
diameter apart. The spacing between the strips or elements in Type 1KB is equal to the wiäli) of Ihe
elements in the pair. Both models are mounted in a rigid plastic moulding and each image quality
indicator has identification symbols in lead.

13 1

PART A

Figure 6.10 CERL duplex type image quality indicators.

When placed on the source side of a specimen, the disccrnibilily of the wire pairs is judged
by eye and the image of the first merged pair, that is the first pair which can not be seen
as Iwu separate wsr^s. is taken as the criterion of the total uosharpness of the radiographic
image. TABLE 6.9 gives (he UHsharpness values for different pairs of elements.

TABLE 6.9. VALUES OF THICKNESS SENSITIVITY (A) AND UNSHARPNESS (B/C)

Element
No.

1
2
3
4
5
6
7
8
9

A(mm)

5.00
4.00
3.20
2.50
2.00
1.60
1.25
1.00
0.80

B/C(mm)

1.60
1.26
1.00
0.80
0.63
0.50
0.40
0.32
0.25

Element
No.

10
11
12
13
14
15
16
17

A(mm)

0.63
0.50
0.40
0.32
0.25
0.20
0.16
0.13

B/C(mm)

0.20
0.16
0.13*
0.10*

*B only

6.2.6.Calculation and assessment of radiographic sensitivity

Radiographic sensitiviLy is usually assessed by the following formula :

Thickness of the thinnest wire ,hole,step visible
IQI scnsitivity(%) = - x 100..(6.4)

Specimen thickness

While using equation (6.4) i j assess radiographic sensitivity, it is necessary to quote the
type of image quality indicator.Most of the standards also give their own criteria for the
assessment of sensitivity. These arc discussc! below.

6.2.6.1. British Standard

British Standards use equation 6.4 for the assessment of sensitivity. Figure 6.11 and 6.12,
based on equation 6.4, can be used for calculating numerous values of sensitivity fur each
image quality indicator.
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No of wires
seen on
image
of I a I

2 3 4 5 * 7 8 9 10
W re number

0.1

0.1
5

0.2
10

0.5
15 20 25

1.0
50
2

75 100 150 200 mm
5 10in

Specimen thickness

Method of use. Reid off the number of wires visible on the appropriate
model of I.GL.I. a f i n i t the specimen thickness.

Figure 6.11 Graph for calculating wire I.O.I, sensitivity.

6.2.6.2. German Standard

The criterion used in this standard is to quole radiographic sensitivity in terms of ihe
number of the thinnest wire still visible. This number is called "image quality number" and
ib indicated by the lclterb B/. (a German abbreviation).

Two categories art specified, which are given in Table 6.10. Category 1 is for high
sensitivity techniques while calegory 2 is for normal sensiliviiy techniques.

6.2.6.3. French Standards

For Ihe assessment of sensitivity, note is taken of the number of holes (a) visible on Ihc
radiograph and the number (b) of holes which would be visible if the limil of vibibilily were
given by the hole whose diameter is equal to or immediately above 5% of the thickness of
the material in question.

The index of visibility, N, is then given by the formula

N = a - b (6.5)

N can be (in decreasing order of quality) positive, /.eru, or negative.
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No. of wires
seen on
image
of I O.I.

0.1
1

0.1
5
0.2

10
0.5

15 20 25
1.0

SO
2

75 100 150 200 mm
5 10in

Specimen thickness

Merhod of use. Read off the number of steps on the image of the I.QU. >n which
holes are visible on the appropriate model, against the specimen thickness.

Figure 6.12. Graph for calculating step/hole I.Q.I.scnsilivily.

As an example, lu calculate the sensitivity given by an IQI of the following thicknesses anil
hule diameters : 0.5, 0.63, 0.8, 1, 1.25mm.

The examined ubjecl is 17mm thick. On the radiograph four hules are visible (a = 4). The
diameter currespunding to 5% is 17 x 5 = O.S5mm.

100

The next higher diameter is 1mm and is taken in iu the calculation uf b = 2.

The sensitivity index is N = 4 - 2 = 2.

The sensitivity index can give an idea uf the relative radiugraphic sensitivity, which can be
read f rum TABLE 6.11.
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TABLE 6.10. IMAGE QUALITY NUMBERS (BZ) FOR TWO CLASSES OF IRON AND STEEL
PRODUCTS (DIN S4109)

Over

0
6
8
10
16
25
32
40
50
SO
150

Image quality class I

Thickness of Fc

T o

6
8
10
16
25
32
40
50
80
150
200

B/

16
15
14
13
12
11
10
9
8
7
6

Image quality class II

Thickness of Fe B/

Over To

0 6 14
6 8 13
8 10 12
10 16 11
16 25 10
25 32 9

s 32 40 8
»•; 40 50 7
'4 50 80 6

80 150 5
150 170 4
170 180 3
180 190 2
190 200 1

TABLE 6.11. SENSITIVITY INDEX N ACCORDING TO FRENCH STANDARD (NF A 04-304)

a - b Positive „ Negative

6 5 4 3 2 1 1 2 3 4 5 6

Relative radio- 1.25 1.6 2 2.5 3.2 4 5 6.3 8 10 12.2 16 20
graphic sensi-
t i v i t y in% of
the examined
thickness
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6.2.6.4. American Standard (ASTM/ASME)

Radiographic sensitivity is specified in terms of quality levels. Three quality levels of
inspection 2-1 T, 2-2T acd 2-4T arc available through ibc design and application of (he
pcnclraniclcr as show a in TABLE 6.12.

The first number of the quality designation refers to pcnelramclcr thickness expressed as
a percentage of specimen thickness. The second number refers to Ihc diameicr of (he
pcnelrdiuciei hule, expressed as a multiple uf the penetrameler thickness, which must be
clearly visible.

TABLE 6.12. QUALITY LEVELS OF INSPECTION ACCORDING TO ASTM E142/ASME-
SE142

Level of
Inspection

2-IT

2-2T

2-4T

Level of
Inspection

LIT

1.2T

4.2T

Penetrameter
Thickness

(2 percent) of
specimen thickness

(a) Nurmal quality

Penetrameter
Thickness

1/100 (1 percent) of
specimen thickness

1/zi(4 percent) of
specimen thickness

Minimum
Perceptible
Hole Diameter

1 T

2T

4T

levels uf inspection.

Minimum
Perceptible

Hole
Diameter

1T

2T

2T

Equivalent Penetra
meter Sensitity
Percent.

1.4

2.0

2.8

Equivalent
Penetrameter
Sensitivity
percent.

0.7

1

4

(b) Special quality levels of inspection.

6.2.6.5. BWRA Image Quality Indicators

Fur BWRA image quality indicators the IOI sensitivity is calculated by using equation 6.4.

6.2.7. Placement of IQI

For the placement uf IOI's, the following points shuuld be kept in mind:
(i) The IQI shuuld be placed on the source side of the specimen. If, because uf specimen
design, it is impussible to place lbe IQI on the suurcc side of the specimen, it is prubably
best nul to use an IQI, but if necessary, ihe technique lu be used shuuld be checked on &
mock-up specimen of (be same thickness and geometry.

(ii) The IQI must preferably bc placed near the boundary of the area of interest, with the
thinner step (step/hole IQI) or thinnest wire (wire type IOI) farthest from the beam axis.

(iii) In weld radiography,lbe slep-wilh-hule type IOI'S shuuld be placed un a shim and then
placed near and parallel to ihe wcld and the wire type shuuld be placed
in such a way that lbe wires lie across the weld length.
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(iv) In lbe case of radiography of mulli-lhickncss caslingb, mure than one 101 should be
ubed corresponding lo lbe different thicknesses in Ibc cabling.

(v) Fur a luu small or loo complicated specimen, which dues nul allow ihc IO1 lu be
placed UD ilsclf, the (01 should be pul un a uniform block of ibc same material as Ihe
specimen and be radiographed alung wilh Ihc specimen.

(vi) One IO1 should represent an area of ibe radiograph within which the radiugraphie
densities du nut vary by more than - 15 lo -i- 30 percent. Otherwise Iwu image quality
indicator;, should be used, one showing the bensitivity level al the mure dense portion of
the radiograph, and Ihc second the sensitivity level of ihc least dense portion.

(vii) For a panoramic exposure a minimum of one image quality indicator should be used
for each quadrant.

6.2.8. Factors affecting radiographic sensitivity

Radiographic sensitivity or radiographic quality depends upun radiographic cunlrasl and
radiographic definiliun.

5.2.8.1. Ratliugraphic contrast

Radiographic contrast is defined as the difference in densities of two selected portions uf
a radiograph. The greater Ihc difference, the greater is said lo be the radiographic
contrast, Figure 6.13.

Radiographic cunlrasl is composed uf two factors; subject contrast and film contrast.
Subject contrast is the varialion in intensity of radialiun impinging on Ibc film (Figure
6.14). These variations are caused by Ihe varialion in the amount of radiation absorbed by
the specimen.

SPECIMEN POSITION

POSITION

Figure 6.13 Illustration of radiographic contrast.

VV TV vv

yjhhr Llo b L_1 ' " ^ v-i

Figure 6.14 I l lustrat ion uf subject cun l ras l .
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Film conlrasl is a measure of ihc response of lbe emulsion of lbe film lu ihc intensity of
impinging radiation and is a characteristic of a given film.

6.2.8.2. Radiugrapbic definition

Radiographic definition is a term used lu indicate lbe different densities and clearness of
the fine details in an image or in other words il represents the degree of sharpness of lbe
image. Figure 6.15.

(b)

POSITION

Figure 6.15. Illustration of radiographic definition.

Radiographic definition is determined by:

(i) Geometric unsharpness.
(ii) Inherent unsharpness.
(iii) Graininess.

Factors that influence radiugrapbic contrast and radiograpbic definition are listed in Table
6.13 and arc described subsequently.

TABLE 6.13 . FACTORS INFLUENCING RADIOGRAPHIC SENSITIVITY

Radiographic

Subject
Contrast

i)Radiation
energy

ii.Scattercd
radiation

iii. Specimen

Radiographic

Contrast

Film
Contrast

i.Film type
ii.Density
iii.Development
iv.Fog level

iv. Lead screens
v. Masking
vi. Filter
vii. X-ray set

Sensitivity/Radiographic Quality

Radiographic Definition

Geometric Inherent Graininess
Unsharpness Unsharpness

i.Source to i.Radiation
film/distance Energy
(sfd)
ii. Object to

film distance
(ofd)

iii. Focal spot
size

iv. Vibration

i.Film
Type

ii.Radiation
Energy

iii.Development

iv.Screens
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(a) Radiation Energy

For a given specimen, subject contrast would decrease with increasing radiation energy
because the absorption co-efficient of the material decreases with increasing radiation
energy.

Increase in radiation energy also increases inherent unsharpness by increasing the energy
of the secondary electrons.

Graininc.is also increases with increasing radiation energy. All of aiH>.c factors diminish
radiograpliic sensitivity.

(t>) Film Type

Different types uf films exhibit different contrast and grainincs:> characteristics. In general,
coarse grain films will have low cuntrasl and high grainincss and therefore low radiugraphic
sensitivity.

(c) Development

Increasing developing limes in a particular developer of d given strength and temperature
will increase graininess, contrast and fog level of the radiograph, thus deteriorating its
quality.

(d) Density

For all direct-type films, increase in ntdiographic density, increases the contrast of lhe
radiograph. This is because the inherent contrast of the film increases with increasing
density.

(e) Specimen

The energy of radiation required to radiograph a particular specimen depends upon the
thickness, material density and atomic number of the specimen. Specimens with high
density, high atomic number or large thickness would required a high energy to be used.
Both contrast and definition in such cases would be inferior.

Furthermore the amuunl of scattered radiation also depends upon the specimen.
Specimens which result in high scattered radiation would produce a low sensitivity
radiograph.

(f) Scattered Radiation

An increase in scattered radiation cduses an increase in ihe fog density of a radiograph thus
decreasing its contrast and hence its sensitivity.

(g) Screens

Lead screens reduce scattering and, therefore, help in improving the sensitivity, while the
use of salt screens increases grainincss thereby reducing the quality of the radiograph.

(h) Filters

The effect of fillers interposed between the source of radiation and the film is to reduce
the proportion of soft radiation in the beam. Thus they harden ihe beam and hence
decrease contrast, thereby reducing radiographic sensitivity.

In some circumstances, a filler may reduce scattered radiation to cause an improvement in
the quality of a radiograph. This effect is mostly used in the radiography of complicated
specimens.
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(i) F<r̂  Density

Increase in the fog density of a film, decreases ihe radiographic sensitivity by decreasing
ihc contrast of lbe radiograph.

Increase or decrease in sfd, decreases or increases geomeLric unsharpness and hence
improves or deteriorates radiographic sensitivity.

ofd increases or decreases the geometric unsharpness thus spoiling or improving the
radiograpbic sensitivity.

(I) Focal Spot (Source ) Size

Increase in the sixe of the focal spot or source increases geometric unsharpness thereby
reducing radiugraphic sensitivity.

(m) Vibration of Source. Specimen or Film

If (he specimen, source of radiation and film vibrate relative lo each other , overlapping
images will be formed which will spoil radiographic definition and hence radiographic
sensitivity.

For Ihe same exposure conditions, two X-ray sets of similar ratings may not be idenlica!
in their radiation outputs, thereby rendering different quality radiographs.

(o) Masking

Masking improves radiographic quality by reducing scattered radiation.

6.3 EFFECT OF SCATTERED RADIATION ON RADIOGRAPHIC QUALITY

6.3.1 Origin and effect of scattered radiation

Whenever a beam of radiation strikes some material object, it gives rise lo scattered
radiation. The scattering is in all directions. An ideal radiograph should give poinl to poinl
representation of the specimen. Now in a typical scheme for taking a radiograph it can be
seen lhal scattered radiation can arise from the specimen itself, Ihe film cassette, the fluor,
the walls and any other objeel on which the beam of radiation falls.. This increases the fog
level which causes loss of contrast thereby spoiling the radiographic image-
Scattering under certain circumstances can be several limes more intense than the primary
beam reaching the film. For example, in the X-ray radiography of 5cm of aluminium,
scattered X-ray intensity may be 2.5 times ihe primary radiation reaching the film.

The scattering seldom offers any problem when low kV (e.g. 40 - 100 kV ) and specimens
of low density material are involved. However in the mid kV range ( e.g. 100 - 200 kV ) and
heavy metal specimens , scattering becomes troublesome. Wilh still more penetrating X-
rays and gamma rays (except very low energy gammas) the effect of scalier on the
radiograph becomes less noticeable. This is due to Ihe fact lhal scattered radiation is
mostly in the forward direction at high energies and il, therefore, tends to assist the image
formation rather than to spoil il. Besides, the amount of scattering also depends upon ihe
shape of ihe specimen.
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. fladiation

Specimen

Floor

Figuru 6.16 Skclch bhuwing source;, uf bcallcrcd railialiun wliilc laking radiograph of an object.

6.3.2 Remedial measures

Frum Lhc abuvc Jibcubbiun, it bcĽomcb ncccbbary lhal sume cITcclivc remedial measures
should be taken Lu minimise the ill effects of scattered radiation. Given Iv.low are certain
routine precautions which are helpful lu achieve tlie above objective.

(i) Tu cut down (he back scalier from the floor, a lead lupped table should be used fur
placing film and specimen.

(ii) The beam should be restricted with ihe help uf diaphragms ur cullimaturs just un lu the
specimen ur ito porliun uf interest. With this arrangement the area irradiated by the beam
is reduced thereby reducing the scattered radialiun, Figure 6.17.

Diaphragm

\ \
\ ' Specimen

luMM\
Floor

Figure 6.17 Sketch elaborating the use uf a diaphragm.
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(m) The specimen anil ihc unused purlion uf the film should be prupcrly masked leaving
only lilt" aieas of inlercst. Masking tan be achieved as follows :-

(a) Fur specimens of regular shape, masking can be achieved using ícad shcels.

(b) Masking can be achieved by packing a dense paste or clay around the specimen. To
make a lypical paste add 'OOgm of liquid paraffin and 170 gm of light machine oil and
warm and then add 120 gin of Japan wax and 200 grn of Kaulin and knead ihe mixture wiih
1 kg of barium sulphalc. The paste opacity to X-rays is approximately equal to thai of
steel.

To make a clay, nix 1 kg of lead powder with 250 gm of Plasticine and add 30 gm of
Lanolin lo ihis mixture lo prevent drying. The amount of lead powder cm be varied lo
produce masking clays of different opacities.

(c) Masking may also be done by lead, copper or steel shols wilh a diameler of about
0.25mm. These shots are specially useful for radiography of irregular castings.

(d) Liquids, e.g. solutions of lead sails, organic halogen derivatives, carbon telrachloride,
etc.. may be used as masking media in certain cases.

(iv) Lead intensifying screens may be used in contact wilh ihe film specially when working
in mid KV range lu reduce ihe effeel of scatter. The front screen cuts the scattered
radiation arising from the specimen and the back screen guaids against (he back scatter.

(v) The use of copper or lead filters in the path of ihe X-ray beam helps io leduce scatter
by filtering away Ihe comparatively softer radiation from the X-ray spectrum. This,
however, reduces contrast due lo hardening of the beam.

In the radiography of aluminium, a copper filler 0.04 of Ihe greatest thickness of ihc
specimen should prove ihick enough. In the case of sleel, a copper filler might be 0.2 and
a lead filter 0.03 of the greatest specimen thickness for useful filtration.

6.4. RADIOGRAPHiC EXPOSURE

The radiographic exposure is defined as ihe product of source strength and time f-jr which
the film is exposed to the radiation. In ihe case of X-rays.

Exposure = Tube current (mA) x lime (sec),
(miliampcrc-second),

(Tube current is a measure of the X-ray output :.e. ihc quantity of
radiation emilied by the target).

And for gamma rays

Exposure = Strength (ci) x lime (hour),
(Curie-hour)

(Strength in curies is a measure of the quantity of radiation emitted
by the radioactive source)

6.5. METHODS OF EXPOSURE DETERMINATION

The determination of the correct radiographic exposure for a given specimen is very
necessary to produce (lit," best results. It saves labour, time*and radiographic materials.
The following methods may be used lo determine the correct exposure.
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6.5.1. Reference Ifi prcviuu* dala

Sometimes a record of previous exposures is very hclpfu! in determining ihc cxposuic foi
a specimen. l( a similar specimen was radiographed in ihc past, its exposure »nay be used
under similar conditions. Il is. therefore, recommended thai a log-boul should IK.
maiutdincii by ihc radiographer.

6.5.2. \J^<i "f Ľ

The characteristic curve of lbe film can be u*ed lu clclciminc llic currect exposures
especially foi samples made from mixed materials fur which an exposure cbarl is normal!)
uol available. A '.rial exposure (estimate*] from the density and thickness of the specimen
material) is taken and (he density thus obtained •& measured. I'd is lest exposure is then
corrected with the help of the characteristic curve of (be film used to give the standard
density of 2.0. The method can be understood as follows:

Lei the trial exposure E, 'give a density D, ' and the standard density required to be
achieved be D,. The relative exposures corresponding lo these densities can be read from
the characteristic curve of the film (Figure 6.18). Let E n " be lbe exposure corresponding
to density D, and *Ecr ' corresponding to density D, as read from the characteristicr curve.
Then Ihc correct cxposur ' E, (o obtain the required density, is given by :

0.0 50 100 Etf. t g . $00 1000
Relative exposure

Figure 6.18 Characteristic curve for a typical direct type film.

Example

Suppose that the film used has the characteristic curve shown in Figure 6.18. The trial
exposure (E,) given is 15mA-min which gives a density of 1.4. Il is, required to calculate
ihe correct exposure lo give a density of 2.0. From the curve we see that:

Relative exposure corresponding lo Irial density

1.4 = E r t = 150
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Relative exposure corresponding Lo Jcobily

2.0 = Ec, = 220

The exposure required lo give a density of 2 is

E = 220 > 15 niA-min = 22mA-min

150

II..S.2.1. Construction of ch»iMĽlcrittic carve

A characteristic curve can be made by exposing a strip of the film lo X-rays so lhal
different areas of ihc film receive different known exposures. The slrip is normally
exposed in steps so ihal each step is given twice the exposure received by the previous step.
The exposed slrip is ihcn developed according lo standard procedure und dried. A density
step wedge is thus obtained. The density of each slep is measured on a dcnsilomcler and
the values are plotted against corresponding exposures and the required characteristic curve
is obtained.

6.5.3. Exposure churl method

An exposure chart is a graph relating the exposure lo lbe material thickness. Correct
exposures for specimens made of simple malerials (e.g. mild steel, copper, aluminium etc.)
Ľan be obtained from charts prepared for each material. A good radiograph of a uniformly
thick object can be produced in a single exposure. Also with the help of exposure charts
radiography of more complicated castings can be done quickly and effectively.

An exposure chart is normally prepared for a particular X-ray set or a particular gamma-
ray source. The methods of preparation of charts for X-rays and gamma rays are dealt with
separately.

6.5.3.1. Construction of exposure chart for X-rays

To prepare an exposure chart for X-rays the following parameters should be kept fixed.'

(i) X-ray sel
(ii) Film lypc
(iii) Film density
(iv) Development (Type of developer, development time and temperature of the
developer).
(v) Specimen material
(vi) Intensifying screens
(vii) Source lo film distance
(viii) Filler (Material and thickness of the filter)

These parameters must be mentioned on the exposure chart.

U is also helpful to decide what kilovollages are icquired t'j correspond tu which lines on
the exposure chart.

Two different methods of making exposure charls are discussed below,

(a) first method

The characteristic curve of the film lo be used is required in this method and is made
before hand at the mid KV range of the sel according to the method already described. A
step wedge of the material for which the charl is to be made is also needed for this method.
The wedge should have a range of thicknesses to suit the X-ray unit. For a 150KV unit, í or
example, a wedge of steel with 2.0mm sleps and a maximum thickness of about 4.0 cm
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would be suitable. An aluminium step wc«lgc with 5 Omm steps and a maximum thickness
of 8.0 cm would a I MI be suitable fur this set. Radiographs of lbe mclai step wedge arc
made at various KV's fur which lines on tbc exposure chart arc required. The exposures
should be reasonably chosen at each KV lu give a full spectrum of densities on tbc
iadiograpb. The processing of the films should be strictly in accordance with the standard
procedure.

The densities of the various, steps are measured un t. ét-i.ú'.omclci and tabulated against
the thickness iff (he corresponding s(cps. Each KV would thus result in one such table.

The correct exposure for the required density (2.0) is then calculated for every thickness
using the characteristic curve in the mariner already explained. The corrected exposures
are then plotted against thickness on a sernilog graph paper for each KV to obtain lhc
required exposure chart. Figure 6.19 shows one such chart.

10

Material:
Se!
Film:
Density:
Developer:
sfd:
Lead screens:

Afuminium
150KV
Industrex C

2.0
D 19b. 20° C. 5min
50 cm
From 0.1 mm
Back 0.15 mm

4 6
Thickness (cm)

10

(b) Second method

Figure 6.19 A typical exposure chart.

This, method is lengthy but is more reliable and exact. A slot about 1.0cm wide 20cm long
( a little less than the length of the step-wedge ) is cut in a lead sheet.

A radiograph of ihe step-wedge is taken by placing it on the slot and covering the rest of
the film with extra lead. An exposure (say 1 mA-min) is given at a KV (say 60KV)
sufficient to produce densities close to the required density (e.g. 2.0) for thin steps.

The slit is then moved to (he next unexposed position of the film and an exposure almost
double the previous exposure (2mA-min) is given at the same KV (i.e. 60 KV).

In this way five or six exposures should be taken, every time doubling the previous
exposure, so that the whole thickness range of the step wedge is covered. Thinner steps
may be masked at higher exposures to avoid excessive fogging of the film by scattered
radiation.

The film is developed under the standard procedure. Densities arc read from the
densilomcler and the results are tabulated for each exposure. By plotting these results on
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a linear-linear graph paper, curves similar to those of Figure 6.20 arc obtained. Thickness
values for which various exposures will produce (he required density 2.0 arc directly read
from these curves. These values arc (.lolled against exposure un a scmilog graph paper and
a line for a KV (6QKV) is obtained.

This procedure is repealed Tor other KV's and corresponding lines on the exposure ciiari
are obtained.

For60KV

1.0 2.0 3.0

Thickness (zml

Figure 6.20 Thickness-density curves for various exposures.

6.5.3.2. Construction of exposure chart fur jimm sources

Exposure charts for a gamma ray source can be prepared in a similar way as for X-rays.
Any of ihe methods can be used. It must, however, be emphasised thai due to the grcal
pcnelraling power of gamma rays, lead masking may no! be sufficient. Therefore, while
preparing Ihe characteristic curve or exposing the step wedge, a separate strip of X-ray
film should be used for every exposure. The slep-wedge should be chosen so as lo have a
suitable minimum and maximum thicknesses depending on the source. These thickness
ranges have already been given in chapter 3. The source emils gamma rays of fixed energy,
therefore a change of KV, as for X-rays, is nol necessary.

Also it is usual practice lo make the exposure chart for gamma rays for more than one
density. One such chart is shown in Figure 6.21.

Charts for a number of gamma ray sources using Agfa Gevaerl and Kodak films are
available.

6.5.3.3. Exposure range

The inlerval of correct exposure corresponds lo densily limits which may nol be exceeded
on the radiograph. This limit is determined on the one hand by whatever gradient is
considered as minimum (sec poinl 'a' on characteristic curve of Figure 6.22) and on ihe
other hand by the greatest densily which can be read osi Ihc film viewer (see poinl 'b' on
curve of Figure 6.22).

Exposure range is dclcrmined as the difference of logarithms of relative exposures,
corresponding lo those densily limits. An exposure lower than ihe lowest limit is called an
underexposure, and higher than the highesl limit, an ovcrexposurc. In the example given
on Figure 6.22 the exposure range is 0.8. This corresponds lo 6.3 on ihe linear scale. This
means that ihe highesl exposure can be 6.3 limes greater than the lowest exposure.
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10 Material
Source:
Film
Developer:
sfd
Lead screens:

Steel
Cobalt CO
Industrex M
Dt9b. 2O°C. 5 mm
100 cm
Front 0.1mm
Back 0.1 G mm

10 50 100
Exposure (Curie-hour)

500

Figure 6.21 A typical gamma ray exposure chart.

í

Figure 6.22 Exposure range calculation.

log rel € 1.0 2.0

Frum Figure 6.23 one can see that the correct exposure range depends not only on the
lowest admissible gradient and the highest density but also on the shape of the
characteristic curve itself.

6.5.3.4. HIIW In use the exposure chy t

Proper use of the exposure chart can save a lot of lime and labour. Some interesting and
valuable uses are given.

(i) Specimen of uniform thickness

The exposure is read from the chart against the specimen thickness. The chart should be
for the same material as that of the specimen. The lowest KV should be used which gives
a r i.mnablc exposure - not loo short and not unmanageably long (e.g. the minimum
exposure is 20-30mA-min when fine grain high contrast films are used). This exposure will
give Ihe density for which ihe chart is made (say 2.0) if the conditions mentioned on the
chart are kepi the same. If, however, one has to change one or mure of these conditions,
ihe following procedure should be adopted. To change Ihc film , the relative speeds of the
films (Table 6.14) should be taken into account. For example, to use Induslrex-D instead
of Induslrex M, the exposure read from the chart should be divided by 8.
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Figure 6.23. Exposure range for two different X-ray films.

TABLE 6.14. RELATIVE SPEEDS OF VARIOUS FILMS

Kodak Film Relative Speed

0.5

1
4
8
16

32
64

Agfa Gevaerl Film

Indus! re* M

tnUuslrcx A
InUuslrcx. C
Intlusirex D
K oil i rcx

SiructurU D2
(single coat)
Slruclurix D2
Siruclurix D4
Slrutlurix D5
Slruclurix D5

Struclurix D10

TABLE 6.15. APPROXIMATE RADIOGRAPHIC EQUIVALENCE FACTORS.

Haterial

MagnesiuB
AluniniuB-1100
Aluminium-2024
C steel,ss,etc
Copper
Brass(nornal)
Zinc
Monel
Lead
Z ircon ÍUB
UraniuB

r

!50 ,

: KV ;
10.05)
10.08)
!0.12!
11.0 !
; - |
; - ;
! - |
; - |
' - ;
j - ;

;

X-rays

100 !
KV !

0.05!
0.08!
0. 12!
1.0 !
1.5 !

- j
- ;

1.7 :
;

2.4 í

140
KV !

0.05!
0.12!
0.13!
1.0 !
1.5 !
1.4 !
1.4 !
1.5 !
14.0!
2.0 !

220
KV

0.08
0.18
0.14
1.0
1.4
1.3
1.3
1.2
11.0
1.9
18.0

!

i

•

]
;
1
i

•

400'

1
1
1
1

1

KV!
_ i

_ j
_ |
.0!
• 4!
• 3i
.3!

_ ;

.5Í
12.0

1 Ganna rays !

Ra-
226

0

1
1
1
1

2

j

.40

.0
1
1
0

3

-

!Co-
;

:o
!0
! 1
! 1
11
; 1
I
12
j

30 ;

— 1

.35 i
35!
.0 i
1 !
.1 1
0 !

;
3 !

;

j

192 !

0
0
1

1
1

4

-

35 i
35!
0 :
2 !
1 !
1 j

0 :
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Tu change the source to film distance apply the inverse square law, e.g. lu change sfd from
100 cm in 50 cm, the exposure read from the chart (sfd 100 cm) should be multiplied by
£50.1/(100) to obtain the required exposure, or in general E, / Ê  = r2, / i2

2

To change the radiographic density use the characteristic curve, as explained under section
6,4.2. Ui modify the exposure read from the chart.

A change of material can also be accommodated to some extent by the use of radiographic
equivalence factors (TABLE 6.15). For example, to use the exposure chart of steel for the
radiography of aluminium (1100) a! 100 KV, the thickness of the aluminium specimen
should be multiplied by 0.08 to gel the equivalent thickness in steel.

(ii) Specimen of varying thickness

Specimens having more than one thickness are often required to be radiographed. Fur
critical examination uf such samples, exposures should be determined from the chart for
each thickness. But critical examination, being uneconomical and time-consuming, is
normally not required. It is usual practice to radiograph such a sample in a single shot
which covers the complete thickness range. Exposure can be determined from the chart
as follows.

Measure the minimum and maximum thickness of the sample. Decide the maximum and
minimum densities required to appear in the radiograph. A good film density range is 1.0 -
3.0 and may be changed (say lo 1.7 - 3.5) depending on the illuminator brightness available

for film viewing. Read the relative exposures from the characteristic curve at the
minimum and maximum densities. Find the ratio of these exposures. On the exposure
chart mark two exposures which have the same ratio as those from the characteristic curve.
Make a rectangle on the exposure chart with the help of the minimum and the maximum
thicknesses and the two exposures. Draw the diagonal of this rectangle and select that KV
line which is parallel or almost parallel to this diagonal. On this KV line, now read the
corresponding exposures for the maximum and minimum thicknesses of the specimen.

With these exposures the density for which the chart is made (e.g. 2.0) would be obtained
for the respective ihieknc -,b. Therefore, modify these exposures with the help of the
characteristic curve lo obtain (he minimum density for the maximum thickness and the
maximum density for the minimum thickness. If the KV line chosen is exactly parallel lo
the diagonal then both these exposures would be the same. If, however, it is nol parallel
then the two exposures would be slightly different. Take the mean of the two and take the
shot with this mean exposure. The required radiograph will be obtained.

Example

Let maximum specimen thickness = 4cm and minimum specimen thickness = 1 cm

We require a density of 1.0 fur 4 cm and a density 3.0 for 1 cm. From (he characteristic
curve the relative exposure for these two densities has a ratio say, 10:1. On the exposure
chart of Figure 6.24 we choose the exposures 100-mA-scc and lOOOmA-sec which have the
same ratio of 10:1 (one may choose 10 and 100 or 10,000, etc.). Make a rectangle on the
exposure chart as shown and draw the diagunal. It can be seen that the 180 KV line is
parallel lo the diagonal.

We therefore select ihis KV line. On this line the exposure for 4 cm is 630mA-sec. This
exposure will give a density of 2.0 for 4 cm but we require a density of 1.0. Therefore, a
correction is made with the help uf the characteristic curve and it comes out lo be, say 350
inA-sec. Also 63mA-sec exposure will give a density of 2 for 1 cm thick section while a
density of 3.0 is required. Corrected exposure for this section will also come out as
350mA-sec because the 180 KV line is exaclly parallel lo the diagonal. Hence if 180 KV
is used and a 350 mA-scc exposure is given, we will gel llic required radiograph of the
specimen and Ihc film density range would be 1.0 - 3.0.
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Material:
Set:
Film.
Density:
Developer:
sfd:
Lead screens:

Aluminium
2S0KV
Industrex C
2.0
D19b.20°C. Smin
100 cm
Front 0.1 mm
Back 0.15 mm

1

0 1 2 3 4 5 6 7 8
Thickness (cm)

Figure 6.24 Diagonal method lor determination uf exposure.

6.5.4. Use of slide rules

Gamma ray exposures can alsu be calculated with the help of special slide rules which have
scales for film speed, source strength, source-lo-film distance, type of source, density
required, and specimen thickness. By scLling diiTcrciii variables on these scales exposure
lime can be read directly. Usually n booklet Tor guidance is provided with such slide rules.

6.5.5. Automatic devices

Automatic devices are now available Tor use in closed-loop controlled modern X-ray lubes.
These devices automatically adjust the exposure. Knowledge of specimen thickness and
malerial is not necessary. All one has to do is to selecí the film density.

6.6 RELATIVE ANGLE BETWEEN DIRECTÍON OF RADIATION AND FLAW DIRECTION

JIS Z 3104 (Methods of Radiographic Tcsl and Classification of Radiographs for Steel
Welds) specifics the radiographic arrangement as follows so thai ihc degree uf detection
of planar defects such as cracks does not show a great difference between (he centre and
corners of a radiograph of a butt weld of flat plates. " The distance between the source and
the penetramcter L, shall,as a rule, be not less than n times ihe effective length of the
tested part L3. The coefficient n shall be 2 for the common class and 3 for the special
class." If a crack which is al right angles to the weld line and is present in the thickness
direction is supposed to be formed, (he radiation angle relative to the transverse crack is
given by the following equation , as shown in Figure 6.25.

For Ihe common class(L| 2 2L5)

= Ian '(L3/2) = tan '(1/4)

= 14(degrees)

209



Source

J j
Transverse crack

1 • •»
Film

Penetrameter

Con tras tome ter

Figure 6.25 Radiographic arrangement for determining angle of radiation relative to transverse
crack

Fur the special case (L, Ž

= tan•'( h,/2) = Ian ' ( 1 / 6 )

= 9 (degrees)

Thai is to say, this standard limits the effective length of the tested part so that the
radiation angle relative to the transverse crack (hereinafter called the radiation angle) is
approximately 14 degrees or less for the common class and approximately 9 degrees ox less
for the special class.
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7. QUANTITATIVE EVALUATION METHODS FOR
RADIOGRAPHIC IMAGE QUALITY

7.1. DETECTION AND DETAIL VISIBILITY OF FLAWS

Whether a defect can be identified on a radiograph or not is determined by the relationship
between the density difference shown by the defect image, the radiographic contrast AD
corresponding to the defect and the minimum density difference that allows the defect to
be identified, namely, the minimum perceptible density difference ADmiIr

[AD]
[AD]

lAD m i 0 (7.1)
(7.2)

The density difference is perceptible in the case of Equation (7.1), and not perceptible in
the case of Equation (7.2)

Radiographic contrast , AD, is related to the material of the object to be radiographed,
absolute value of its thickness and the difference in thickness, quality of the penetrating
radiation.dose of scattered radiation which depends on the geometrical arrangement of
irradiation, source size and intensity distribution, quality of X-ray film (including
intensifying screen), and dose characteristics. Minimum perceptible density difference
ADmin is related to the image size and density distribution, graininess of X-ray
film(intensifying screen quality of radiation), density of the radiograph, viewing conditions
for the radiograph ( brightness of the film illuminator,brightness of the observation
room,user non-use of the mask, and observation distance), and human factors.

Radiographic contrast AD when the density of a radiograph has changed is proportional
only to film contrast

As shown in Figure 4.9, with no-screen X-ray film (low sensitivity,ultra-fine grain film),
increases almost linearly with increase in density.

Not
perceptible

I Density range in
J which wire diameter d
I in perceptible

- J - - i

Not perceptible

I
AD mm corresponding to
wire diameter d

AD corresponding to wire
diameter d

Figure 7.1 Relationship between density, AD and i D , l n

The relationship between the density and minimum perceptible contrast ADmin of the wire
image is shown in Figure 7.1. Here as long as AD corresponding to wire diameter d is
above ADmin , a wire with a diameter of d is perceptible. In the low density range where
Y is small, radiographic contrast AD is smaller than ADmi„. Thus the wire is not perceptible.
On the other hand, in the high density range where increase in ADrain due to density is
greater than increase in AD, the wire is perceptible.

To discuss the perceptibility of a defect quantitatively, therefore, it is necessary to obtain
the values of AD and ADm,„ quantitatively.
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7.2. RADIOGRAPHIC CONTRAST

Radiographic contrast D corresponding to a wire of diameter d of a penetrameter placed
on a plate whose thickness is T can be obtained from the following formula.

D = - 0.434.Y.|ip.o.d/(l+n) 7.3

where Y - Gradient of the tangential line at density D of X-ray film characteristic curve
\i? = X-ray quality when the sensitivity coefficient of the X-ray film is considered
a = Correction coefficients by focal spot size and geometrical conditions of irradiation
n = Quotient obtained by dividing the dose rate of the scattered radiation that reaches

the X-ray film uniformly multiplied by its sensitivity coefficient, by the dose rale of the
penetrated radiation multiplied by its sensitivity coefficient.

Therefore once basic data on each factor is obtained, D corresponding to the radiographic
conditions can be obtained by calculation.

7.2.1 Film contrast

Film contrast is defined in paragraph 4.7. Figure 7.2 shows examples of film contrast for
several combinations of X-ray film and intensifying screens.

B 50
-I-P tú. 03

Figure 7.2 Relationship between density and film contrast for different combinations of X-ray films
and intensifying screens.

7.2.2. Correction coefficient of geometrical conditions

When radiography is made with the arrangement shown in Figure 7.3, the apparent focal
spot size d at the position of a wire of a penetrameter can be obtained from the following
formula.

d = f.l/L

where I = Penetrameter - film distance
L = Focus - film distance

7.4
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X-ray film

Figure 7.3 Absorption of X-rays by wire of penetrameter

where.
f = Focal spot size
L = Focus - film distance
d = Wire diameter
1 = Penetrameter - film distance

Figure 7.4 shows the relationship between d /d and a.

The maximum value of a is 1.0.

1.0

0.5

0.2

0.1
0. ! 0.2 0.5 1 10

Figure 7.4 Relationship between d/d and o (wire)

7.2.3. Measurement of scattered radiation intensity ratio with X-ray Film

(1) Measurement by characteristic curves

Figure 7.S shows the ordinary radiographic arrangement used in conducting a radiographic
tcst(exposure of a large radiation field). The density of a radiograph taken with the
radiographic arrangements shown by Figure 7.6 is denoted by D, and that of a radiograph

213



Focus

Lead diaphragm
(30 mm dia.)

Focus

Diaphragm
(L5nan d i a . )

Absorber

Figure 7.5 Radiographic
arrangement

F U J B

Figure 7.6 Radiographic
arrangement

Figure 7.7 X-ray film dose
characteristic curve

taken with the radiographic arrangement shown by Figure 7.5 is denoted by D 2 , both under
the same conditions. Then R, and R2 against respective densities can be obtained from the
X-ray dose characteristic curve shown by Figure 7.7. { R, and R2 can be relative exposures.)
he scattered direct radiation intensity ratio n is obtained from R, and R2 by using the
Following equation.

p. = R2/R, - 1 7.5

Figure 7.8 shows a scattered direct radiation intensity ratio ci'rve.

(2) Measurement by exposure chart

Radiographs are taken with the radiographic arrangements shown by Figure 7.5 and Figure
7.6 and then an exposure chart such as shown by Figure 7.9 is prepared. If the exposure for
a narrow radiation field where the amount of scattered X-rays is negligibly small is denoted
by e i and that for a wide radiation field by e,, the scattered direct radiation intensity ratio
n can be obtained from the following equation:

e'i/e, - 1 7.6
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I 2.0

1
o
<

a

S
s

1.0

0.5

X-ray unit Philips G301
Film : Fuji #80*0 O3Pb F&8
FFD : 800 mm
Diaphragm size Pb 15mm dia.. 30 mm dia.
Development : Fuji Rendol 20* C/5 min rank
Absorber : SUS

When obtained from rhe X-ray film
characteristic curve
O 180 kVp
O 220 kVp
A 260 kVp

When obtained by comparison of
exposure charts

ft 180 kVp. • 220 kVp, A 260 kVp

10
ABSORBER

15 20
THICKNESS

25 30

Figure 7.8 Relation between scattered direct radiation intensity and absorber thickness.

Exposure of narrow
radiation field

A

V
/

Exposure of
wide radiation
field

Figure 7.9 Exposure chart

7.3. MINIMUM PERCEPTIBLE CONTRAST

Minimum perceptible contrast ADmJn is related to various factors such as those mentioned
above. Figure 7.10 shows the relationship between the density of a radiograph observed in
a dark room using a KS-3 type film illuminator and minimum perceptible contrast ADmln.

As shown in Figure 7.10 AD„in of the wire image increases with increase in density, and the
smaller the width of the wire image ,the more remarkable the rate of increase. Figure 7.11
shows the relationship between the width of the wire image and ADmir as obtained from
Figure 7.1.

215



X-ray fila

•.B

1.01

LOKL

—

_
— -

I

•

s* no.02
« - i
i - 0

i Z.
Z._

-

^ —

tri—)

1**^

\ ^

0 1
o. ts
!. U
5.2
0 . 3
1. S _
} i
i J. S

«.J l.e Lí 2.0 2.S 1 9 1 5

Radiographic d e n s i t y D

Figure 7.10
Relationship between radiographic
density and minimum perceptible
contrast (viewing conditions
dark room. KS-3 type film
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Focus
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Film
Width of wire image
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Width of vire image

Figure 7.11

Relationship between the width
of wire image and minimum
perceptible contrast (obtained
from Fig.7.1)

2.0

Figure 7.12 Width of wire image

Here the image width W of a wire of diameter d as shown by Figure 7.12 is given by the
following formula.

W = m (d + ď) 7.7

where.

m = magnifying factor

ď = apparent focal spot size at the position of a penelrameter wire

The value m is given by the following formula.

m = (L, + Lj) 7.8

L,

where,

L, = focus - penetrameter distance
L2 = penetrameter - film distance

So long as the width of the wire image is large, ADmin is constant, but it increases with
decrease in width. The rate of this increase varies with the'density and the higher the
density the higher the rale of increase.
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Figure 7.13 Relationship between wire image width of X-ray films and intensifying screens
and AD,,, for different combinations.

Figure 7.13 shows the relationship between the width of the wire image and minimum
perceptible contrast AD,,,in for different combinations of X-ray films and intensifying
screens. &DDill at the same width is maximum when the screen type X-ray film (#400 +
KZ-SF) is combined with a fluorescent intensifying screen, and decreases with improvement
in the graininess of the no-screen type X-ray films combined with a lead intensifying
screen.

Table 7.1 shows a comparison of the number of cracks thai can be detected when the
combination of the X-ray film and intensifying screen is changed. To make the exposure
time equal, it is necessary to increase the tube voltage with ultra-fine grain X-ray films
(#50), and the difference in the number of cracks that can be delected is obvious,

TABLE 7.1. NUMBER OF PERCEPTIBLE CRACKS DEPENDING ON THE
COMBINATION OF X-RAY FILM AND INTENSIFYING SCREEN

Film

Fuji
S SO

Fuji
* ao
Fuji
s 100

Fuji
#100

Fuji
#100

Fuji
#190

Fuji
#200

Fllfi
#400

Fuji
*<00

intensifying
screen

Liadfoil

Front hacic

both
0.03 mm

SMP 108

SMP3O8

Lead foil

Front b*ck
both
0.03 mm

SMP 308

KZ-SF

Tube
TOlUfr

200 kVp

212 "

182 "

1S8 "

ISO "

160 "

13B -

112 "

107 ••

Photographic density

Base metal
(maximum)

A

2.04

2.08

Z.03

136

1.96

2.04

1.95

t.48

1 7Í

Contrail
meter

1 nun B

1.90

1.92

1.86

1.70

1.72

1.86

1 3 1

i SI

1.51

Radio-
graphic
contrast

A D - A - B

0.14

0.1E

0.17

0.26

0.24

0.18

0.14

0.20

0.25

Penetrameter
sensitivity

No. of
cracks

4

4

4

4

3

3

3

3

3

• mm

0.20

0.20

0.20

0.20

0.25

0.2S

0.25

0.2S

0.25

%

ia

i . i

l . i

1.4

1.4

1.4

1.4

1.4

Detecubility of eacks

Clear

14

12

9

7

6

7

4

4

4

Normal

7

6

8

10

10

7

3

8

3

Not lmpo>-
ctear j aible

S

5

6

4

3

5

8

6

7

0

3

3

5

7

7

11

8

12
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particularly in contrast to the combination of #400 film and KZ-SF. The better the
graininess the higher I'a e perceptibility. It is also to be noted that there is a great difference
in the number of cracks that can be detected though there is not much difference in the
penetrameter sensitivity. Therefore, in selecting a radiographic screen it is necessary to
select an X-ray film and intensifying screen suited to the purpose.

7.4, APPARENT RADIOGRAPHIC CONTRAST

If the viewing room is well lighted, the light coming into the eyes includes the penetrating
light of intensity L from the radiograph and the light of Ltl. Also ,if a fixed mask adjusted
to the film size is not used , the light of Li2 around the edge of the radiograph is further
added. Given (Lsl + Lj2)/L = n, the apparent radiographic contrast AD, can be obtained
from the formula

AD. = AD 7.9

1 + n

Addition of L,, and Ls2 reduces the apparent radiographic contrast, AD,, to 1/1 + n of AD.
The symbol n'in Equation (7.9) is the ratio of the intensity L, (the sum of L,, and L^) other
than the penetrating light to the intensity L of the penetrating light. Therefore if L, is
constant, n becomes larger as the density increases. Namely, the viewing of a high density
radiograph is not influenced by the brightness of the room and the fixed mask of the
illumination. Thus in order to prevent the apparent contrast AD, of the radiograph from
decreasing it is necessary to minimise light intensity L, other than the penetrating light.

7.4.1. Effect of brightness of film illuminator

The relationship between AD and ADmin corresponding to wire diameter d when a film
illuminator of a fixed brightness Lo is used is shown by the solid lines in Figure 7.14. Next
suppose we observe a radiograph using a film illuminator of brightness L*o (L'O>L'O)
When a radiograph of density D, is observed with a film illuminator of brightness L '„ the
following relationship holds between radiographic densities D, and D2 which make equal
the intensities of the beams of the penetrating light.

D2 - D, = 7.10

If both beams of the penetrating light have the same intensity when the minimum
perceptible contrast ADmill is the same , &D„{, with the illuminator of brightness L* as
calculated from equation 7.10 will be as shown by the broken line in Figure 7.14 which can

Density range in
which wire diameter
d is perceptible at
film illuminator brightness
L'o / D,

Perceptible density range
increased by film illuminator
brightness L'o

corresponding
to wire diameter d

LOG TT shifted in parallel

M I 3t film illuminator brightness L'ó

H I at film illuminator brightness L'o

Figure 7.14 Relationship between density and penetrameter sensitivity (influence of film
illuminator brightness)

218



be obtained by shifting the solid curve for AD „(„ by log (L"o/L'o) in parallel sideways. If
L'o is four times as bright as Lo, AD„ín corresponding to U„ is obtained by shifting the
curve in parallel to (he right by log 4 =0.6 in density.

7.4.2. Effect of room brightness

The relationship between AD and ADmjI, corresponding to wire diameter d in dark room
observation is shown by a solid line in Figure 7.15.

Density ant* of perceptibility
in dsric n o n

Apparent ndiofnphic
centauADa

Density ante of perceptibility
in an otdinvy room

Figure 7.15 Relationship between density , AD and AD„,,n(influencc of room brightness)

Now suppose that besides the penetrating light, light of a constant intensity L„ comes into
the eyes during observation in a room. At low density, n is small because of the high
intensity of the penetrating light and as is clear from equatioo (7.9) AD does not decrease
appreciably. At high density however n' is large because of the low intensity of the
penetrating light and apparently AD increases considerably. The above relationship is
shown by the broken line in Figure 7.15.

Therefore when observation is made in an ordinary room the density range in which wire
diameter d is perceptible is narrow as compared with that in a dark room as shown by
Figure 7.15. This indicates that when viewing a radiograph it is necessary to exercise care
that no light other than the penetrating light comes into the observer's eyes.

7.5. SELECTION OF SOURCE, FILM AND SCREEN

Radiographic contrast AD for a small defect whose thickness is AT is as shown in formula
(7.3). To detect very small defects whose thickness is AT it is necessary to increase AD ,ji
and a and decrease n, as shown in formula (7.3). Of these factors, |x and n change greatly
depending on the type of the source used for radiographic inspection that is the
radiographic quality.

Sceel plaf t chicluiess 40 ma

Figure 7.16 Relationship between effective energy and scattered direct radiation intensity ratio

219



TABLE 7.2 RELATIONSHIP BETWEEN TYPE OF SOURCE AND t i / ( l+n) (TEST PIECE
20mm THICK STEEL PLATE)

Source

X-ray unit
(175 kVp)

191 Ir

40 Co

M(Fe)
(cm1 )

2.2

0.67

0.42

kVeff

120

450

1.250

n

1.9

2.1

1.2

0.76

0.22

0.19

I 2

0.05.

m # 1. d # 0
"specimen:Flat steel plate

Density : 2.5 |

Intensifying screen : Ir, Co,
"Linac Pb 0 10 F.B.

X-rays Pb 0.03 F.B.

co. #100

10 20 30 50

Steel plate thickness (mm)

200

Figure 7.17 Relationship between the types of radiation source, film and screen and the
minimum perceptible wire diameter
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Regarding X-rays it is obvious that the absorption coefficient of X-rays is greater than
those of Co60, Cs"7 and Ir"2 sources when absorption coefficient \i (Fe) is considered as
the radiation quality corresponding to the tube voltage. Figure 7.16 shows the relationship
between the scattered direct radiation intensity ratio with respect to a steel plate of
constant thickness. If there is no change in the type of the X-ray film .density of the
radiograph and photographic arrangement ,(he radiographic contrast of a vr.ry small defect
whose thickness is AT is proportional to \i/(\ +n) calculated for an X-ray unit and gamma
ray units (Ir"2 and Co60). Table 7.2 shows that u./( 1 +n) ,that is radiographic contrast AD,
is greater with the X-ray unit(tubc voltage 175 KVp) and decreases is order of Ir"2 and
Co60 sources.

The image quality of a radiograph varies greatly depending on the combination of radiation
source, film and screen. Figure 7.17 shows the relationship between the steel plate thickness
and the minimum perceptible wire diameter obtained by calculations. In the calculations
the effects of image enlargement and geometrical unsharpness are not taken into
consideration. In Figure 7.17 when #100 X-ray films are used the minimum perceptible
wire diameter decreases from 0.79mm diam., to 0.47mm diam., to 0.42mm and to 0.37mm
diam. in the order of the radiation source : Co60, Linac (outpui:0.95 MeV), Ir"2 and X-rays
(effective energy : 200 keV) respectively at a steel plate thickness of 30mm for example.
When the type of X-ray film is varied with the radiation source, the minimum perceptible
wire diameter for the X-ray films #100,#80, and #50 is decreased to 0.37mm, 0.34mm and
0.23mm respectively on the assumption that the steel plate is 30mm thick and that the
radiation source is X-rays (effective energy : 22 keV). These results are helpful in selecting
the radiation source , film and screen when steel castings are radiographed.
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8. RADIOGRAPHIC TECHNIQUES

8.1. BASIC PRINCIPLES

The ability to develop correct radiographic procedures or techniques for parts of any size
or material is gained primarily through experience. There are, however, certain
fundamentals that are important and useful as guides in this process, and these are as
follows:

(a) The correct film, screens and radiation energy must be used;
(b) Scattered radiation must be understood and controlled;
(c) Those factors that affect contrast and definition must be understood and procedures

employed to produce the optimum sensitivity. For example, the film should generally
be as close to the part as possible and proper d/t ratios should be used.

Before the proper radiographic procedure or technique can be determined each of the
following factors must be considered;

(i) any specification requirement that must be followed;
(ii) available information on the end use of the part, such as service requirements, areas
of stress, amount and location of machining or finishing, safety standards, etc.
(iii) Selection of the correct orientation of the beam of radiation, the area or areas of the
specimen being examined and the location of the film;
(iv) the minimum number of exposures needed to provide for a thorough and proper
assessment of the specimen according to its requirements;
(v) the determination of exposure conditions to be used for each exposure, considering also
the proper film, screens, filters etc.

The proper technique to be used is a function of the size, shape and composition of the
specimen. As a casting becomes larger and more complex so the radiographic technique
becomes more complex. Technique can also be affected if a specific type of defect is
suspected. For example, a different approach may be necessary to locate a dispersed type
of defect such as porosity than that needed to locate a crack or hot tear. The geometry and
composition of a specimen are also responsible for the amount of scattered radiation that
may reach the film. The technique must be adjusted to minimise the effects of scatter.

8.1.1. Selection of film, screens and radiation energy

Selection Guides for the selection of industrial radiographic films of four major
manufacturers are given in TABLE 8.1. to 8.4. These guides also give some idea (i) about
the radiation energy to be used, and (ii) the use of the film with or without lead screens
or with fluorescent screens.

8.1.2. Problems of scatter

Scattered radiation can be a major problem in the radiography of large or complex parts,
especially those of the heavier metals such as steel, bronze and cast iron. In general, parts
can be divided into three groups in relation to the scatter problem.

8.1.2.1. Group 1

A part of fairly uniform thickness where good contact between the film and the part can
be maintained and where the part itself absorbs most of the scattered radiation before it
reaches the film. In this case scatter is no real problem and special precautions are not
necessary.

8.1.2.2. GiflDji-2

A part that produces scatter at the edges but has sufficient area that some loss of sensitivity
at the edges is acceptable.
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TABLE S.I. SELECTION GUIDE FOR AGFA GEVAERT INDUSTRIAL RADIOGRAPHIC
FILMS

Suggestion* for using STRUCTURIX films with X-rays

Magnesium

Aluminium

Steel

0 - 1/4
1/4 - 1/2
1/2 - 1

1 • 2
2 • -I
4 • 8

0 - 1/4
1/4 - 1/2
1/2 - 1

1 -2
2 - 4
4 -B

0 - 1/4
1/4 • 1/2
1/2-1

1 -2
2 -4

50-80 kV

02-04
D4-02
D4-DS-D7
D7

02-04
07-05
07
07

£/i(iryy rant.

80-120 kV

0 2
D2-D4
• 4 -OS
04-05
07

02-D4
04
D4-D5
D7-D5
07

D7

in :inrt suggested film types

120-150 kV

02
D2-D4
0-1

rw
LM Uti \J!
07

04
02-04
D4-D5
07-05-04
0 7

D7-D5-D4
07-05-04
07

150-250 kV

02
02
D2
m
U-l
O-l

02
02
D:>
O4
D4O5
0 7

D2-D4
D7-D5-D4-D2
O7-0S-O4
D7-D4

^iO-400 kv

02 04

0 5

07

D-1-02
0r-0S-04
D7-DE-D4
07

Suggestions for using STBUCTUHIX films with gamma rays

Thickness ol material (inches)

Magnesium

Aluminium

Steel

1/2 - 1
1 • 2
2 - 4

OVÍ,-/ 4

1/2 • I
1 • 2
2 • 4

over 4

0 • 1/4
1/4 - 1/2
1/2 - l

1 • 2
2 -4

over 4

Source d curie! and suggested dim types

IRlDlUM-192

D2-C4
04
04-05-07
D7

02-04

D7
07

02-04
04-05-07-02
07-DS-D4
07-05-04
07

CAESIUM-137

D4-D2
DJ-C5-D7
07
07

COBAUT-60

04
04-05-07
07-05
07



TABLE 8.2. SELECTION GUIDE FOR KODAK(UK) INDUSTRIAL RADIOGRAPHIC FILMS

řtaterial
thickness Ir

0 to "Í

i to H

i to i

• t o 2

i :o 4

4 to 8

Over 8

3 t o %

•5 to '[

H t o 1

; to 2

: to a

4 to 8

0 t o ^

50 t o
l 80 KV

KNF

MX

AX,CX

AX.CX

KNF

"Í t o H I

K tO '

80 to
120 KV

KNF

ICIF

MX

MX

MX

AX,CX

KNF

KNF

KNF

I
• to 2

2 to 'J

4 B ä

Over 8 ;

0 to 1;

š to S

« CO !

' to 2

2 t o 4

4 to a

MX

MX

AX.CX

AX.CX

KNF

.IX

MX

MX

MX

AX, a t

KNF

120 t o
150 KV

AX,CX

AX.CS

KNF

MX

MX

AX.CX

AX.CX

ÍCNF

AX,CX

AX,CX

MX

MX

MX

AX.CX

150 t o
250 KV

AX.CX

AX,CS

KNF

MX

MX

MX

AX,CX

KNF

MX

ÄX,CX

KNF

K

MX

AX,CX

Iridiu
192

Steel

AX,CX

ÄX.CX

KNF

m 250 t
400 K1

MX

AX,CX

AX,CX

Aluminium

MX

MX

AX.CX

MX

MX

AX,CX

KNF

Bronze

MX

AX,CX

AX.CX

KNF

KNF

MX

MX

AX,CX

KNF

Magru^iurn

MX

MX

AX.CX

KM?

1 rev

MX

MX

AX.CX

KNF

MX

MX

MX

MX

AX.CX

KNF

Coba
60

AX,CX

AX.CX

KNF

AX.CX

AX,CX

KNF

KNF

2 mev

"MŠÍ '

MX

AX.CX

AX.CX

KNF

MX

MX

MX

AX.CX

AX.CX'

KNF

Radium

AX,CS

AX.CX

KNF

KNF

AX.CX

AX,CX

KNF

6 to.31
mev

MX

MX

AX,CX

AX.CX

MX.

MX

AX.CX

AX.CX

MX - Induawex MX, AX - I n d u s t r i e AX, CX- Induatrex CX KNF - Kodak No ScreenF
Note: ML at zft<?. eicova films snail be used with or without load screens.
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TABLE 8.3. SELECTION GUIDE FOR KODAK(USA) INDUSTRIAL RADIOGRAPHIC FILMS

fttcerial
thickness
In.

Í0 CO
80 KV

80 to 120 to 150 co
120 KV 150 KV 250 KV

Ir-192 250 to!
400 KV| Co-60 2 m e V |Radiun

6 Co 31 mev

Steel
0 t o l l

>S to "5

H to i

1 co 2

2 t o 4

4 CO B

uver o

KNF

KBBT

KM?

KNť

KBBF

AX,AA

AX,AA

KMT*

R.M.TMX
T
AX.AA

AX.AA

KNF

KBBF

A X , M

AX.AA

KNF

R.M,
IMX.T
AX,M

AX.AA

KBBP
KBBF

R.M,
IMX.T
R.M,
TMX.T

AX.AA

KNV

AX.AA

AX.AA

KI1F

R.M,
T M X . l
R,M,
ÍMX.1

A X . M
AX.AA

KKF

AX,M

AX,A<1

KNF
KNF

R,M,1MX,T

R,H,1WX,T
AX,AA

Aluminium
0 to k

h to ij

H CO 1

1 to 2

2 to 4

uver ä

R.M,
WK,T

AX,M

AX,M

KNF

KDOT

R.M,
1MX,T

R,M,
TOX,T

R,M,
1NX,T
AX.AA

KNP

KUttľ

R,M,
3MX.T

R,M,
1MX.T
AX.AA

AX.AA

OMX.T
R.M,
'IMX.T
R,M.
1MX.T

AX.AA

KM1'

R,M,
WX,T
I!,M,
1MX.T
A^CTA%

R.M,
'IWX.T

R,M,
WX,T
AX.AA

KNť

KBBF

0tO !í

is to h

h to i

1 to 2

2 t o 4

4 CO 6

Over 0

KQUF KNF

KNF

KB0F

Dronze
AX.AA

AX,AA

KUQF

KBOF

R.M,
1MX.T

AX.AA

KNF

KUBF

R,M,
1MX.T

AX.AA

AX,M

KNF

KNF

R,H,
WK,T

R.M,
ai-K.T

AX.AA

KNF

KBBF

R,M,
IMX.T

R.M,
'IMX.T

R.M,
'IMX.T

R.M,
IMX.T
AX,AA

KNF

AX,W

AX.AA

KNF

KNF

R,M,
woe, a

U,M,
'1MX,'I

R,M,
'Jt-K.-l
AX,W

AX, N

KIIF

AX.AA

AX.AA

KNF

R,M,TMX,T

R.M,1HX,T

AX.AA

AX.AA

0. t o ><

H t o >i

H to t

! to 2

2 to 4

4 to 8

Ov»r 6

n.M,
1MX.T

n,M,
1MX.T

AX,Wt

AX.AA

KNF

R,M,
"IMX.T
R,M,
1MX.T

R,M,
•!NX,T

n,M,
1MX.T

AX.AA

KNF

R,M,
1!«,T

R,M,
WOÍ,T

H,M,
IMX.T

AX,AA

AX.AA

R,M,
1MX.T

R,M,
1MX.T

AX.AA

KnDF

!?,M,
1MX.T

R,M,
•1I-IX.T

AX.AA

KNF

ttr " Kodak No, screen film AX - Industrcx AX KBDF • Kodak Blue Brand Film

AA • Industrcx M R • Industrex R M • IndustrexM 1MX • Industrex TMX

T • Industrcx T

Note: All Clio above f i lna except KftflF s ta l l b* used with or witliout lead sct-ccn KBBF
s l u l i be usixl witii salt so
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TABLE 8.4. SELECTION GUIDE FOR FUJI INDUSTRIAL RADIOGRAPHIC FILMS

Ma í er ja t and
Thicknesses

[mm|

c.

v

vy

n
co

t a

0 - 6

6 ~ 13

1 3 - 25

2 5 - 50

50—100

over 100

0 - 6

6 - 13

1 3 - 25

25— 50

50~100

over 100

0 - 6

6 - 1 3

1 3 - 25

2 5 - 50

50—100

over 100

below 50

5 0 - 80

50-80

80. 100

100- 150

150

150

50-80

50

50-80

50-80

ao- loo

100- ISO

400'

150

400* • 150

400" 150

X-ray Tube Voltjqe (IcVpl

80—120

50

50-80

50-80

50-80

80- 100

150

8 0 - 100

1 5 0

400* • 150

400*

100 • 150

400' • ISO

400'

t20~150

5 0

50-80

50 SO

80- 100

100

80-100

80- 100

1 5 0

400* • 150

400"

80 • 100

100- 150

400*

400*

'.50-250

50

50

80 100

80-100

50-80

80- 100

100

150

400*-150

400*

50-80

80 - 100

150

400*

250-400

50

50-80

8 0 - 1 0 0

1 0 0

100- 150

400* 150

5 0

SO -SO

80 • 100

100- 150

400*

1000

50

50

50 -80

50-80

80- tOO

100 - 150

50

SO

50-80

80- 100

80100150

150

Cobalt SO

50

50

50-80

50-80-100

80-100- ISO

100-150

50

50-80

50 80

80 - 100

iOO 150

150

indicates combined 'jsff oř Fluorescent screens.

These may be X-rayed in a manner similar to that used for well-blocked parts, although the
use of standard lead screens or a filter may be required.

8.1.2.3. Group 3

Parts in which scatter from one section undercuts the image of another section and reduces
the film sensitivity. For example, parts that have some sections an appreciable distance
from the film or where reduced sensitivity at the edges cannot be allowed. These parts may
require the use of masking or blocking techniques, filters, high-energy radiation or a
combination of these in order to reduce scatter. Remedial measures for protection against
scattered radiation are given in section 6.3.2.

8.2. Radiography of welds

In the radiography of welds, the arrangement of the film, weld and source of radiation is
very important. Keeping this consideration in view, welds are discussed under three main
headings:-

Seam welds
Circumferential welds
Nozzle welds

8.2.1. Seam welds

The usual technique is where the film lies parallel to and adjacent to one surface of the
weld and the source of radiation is on the other side of the weld at some distance from it.
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Careful location is necessary as it is often not possible to sec both sides of the welds at a
time.
A few source-film arrangements suitable for radiography of seam welds in specimens of
different shapes are shown in Figure 8.1.

Source Source "Source

Film
(a) ( b )

Figure 8.1 Radiography of seam welds.

In the case of welded plain sheets, the arrangement is very simple as shown in Figure 8.1.a.

In the case of seam welds in pipes, the film, if possible, is placed inside the pipe and the
source of radiation outside or vice versa (Figure 8.1.b).

In the case where the inside of the pipe is inaccessible both the film and the source of
radiation are placed outside the pipe but on opposite sides (Figure 8.1.c).

8.2.2. Circumferential welds in pipes

8.2.2.1 Location of source and film

Circumferential welds occur in pipes as well as in spherical specimens. The following
techniques are used to take radiographs of circumferential welds in pipe:-

(a) Film inside, source outside

This technique (Figure 8.2) can only be used when the pipe is large enough to make access
to the weld possible.

(b) Film outsider source inside

This technique with the source at the centre, Figure 8.3.a. allows the complete weld to be
examined in a single shot thereby saving a considerable amount of time. However, the size
of the source to be used is determined by the radius of the pipe and the thickness of the
weld.

Sometimes the smallest available source placed at the centre may not satisfy the penumbral
conditions. Off centring it , Figure 8.3.b., may allow this technique to be used, but a
number of shots would be required for complete examination of the weld.

(c) Film outside, source outside

This technique may be applied in two ways. One is the double wall single image method
(Figure 8.4.a) where the source to film distance is kept short so as to diffuse the image of
the upper part of the weld and give a radiograph of the part closest to the film.

The second is the double wall double image method (Figure 8.4b) where the sfd is kept
long giving an elliptical image of the weld.
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Source {'
i

' í l
i i i

: V '
Film 1

Figure 8.2. Film inside, source outside arrangement.

(a)

Film

films

Film

Source

(b)

Film Film

Figure 8.3. Film outside, source inside arrangement.

Source ^Source

(a )

(b)

Film film

Figure 8.4 Film outside, source outside method.
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K.2.2.2. Number of radiographs in a weld seam

(a) Double wall single image technique

In a double wall single image technique for circumferential welds of pipe, the outside
diameter of the pipe is denoted by G, as shown in Figure 8.5,tbe wall thickness by t, ihe
focus-film distance by L, and the film-specimen surface distance by Lr, the specimen
surface being on the film side. If the maximum specified value of the angle of radiation
with the transverse crack is denoted by * (degree), the range of the test portion thai meets
the specified angle (hereinafter called the effective range of the test portion) is the batched
portion in Figure 8.S and the centre angle ,2a (degrees) is given by the following equation:

2oc = 2 (n + * )

= 2f sin'(l-2t/G) sin* + *} 8.1

2(G/L-L,y'-1

Equation (8.1) is written as Equation (8.2) when considering a case where the effective
range of the test portion is maximum, that is , a case where the outside diameter of the
pipe ,G, is equal to L - Lf and the wall thickness is sufficiently small as compared to the
outside diameter.

(2o)„„ = 4 8.2

Equation 8.1 is written as Equation 8.3 regardless of the wall thickness when the effective
area of the test portion is maximum, that is , when the focus to film distance is infinite.

(2a)min = 2* 8.3

The number of radiographs is given by the following equation when ihc film is wound
round the pipe in the double wall single image technique:

N = 36072a 8.4

Therefore when the results of Equations 8.2 and 8.3 are expressed in other words, the
maximum number of radiographs, N m u , in the double wall single image technique is given
by the following equation regardless of the shape of the pipe:

N™, = 36072* = 1807* 8.5

The minimum number of radiographs, Nmln, is given by the following equation. NmiD cannot
be smaller than 1/2 of Nm„.

Nmin = 36074* = 907* 8-6

(b) Internal-film technique

As shown in Figure 8.6 , if the hatched portion is the effective range of the test portion in
one radiograph in the internal film technique for circumferential welds of pipe, the angle,
2a, with the effective range of the lest portion is given by the following equation:

2o = 2 ( * - t))

= 2f* - sin ' ( l+2t/g) s i n * ŕ 8.7

2(g/L-L,) ' + 1

where g is the inside diameter of the pipe . Equation 8.7 is rewritten as Equation 8.8
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regardless of the wall thickness when the effective range of the test portion is maximum,
thai is . when Ih focus-film distance is infinite.

(2a)mi0 = 2* 8.8

The number of radiographs is given by the following equation in the internal-film
technique:

Figure 8.5 Double wall single image
technique

Figure 8.6 Internal film technique

(The hatched portions indicate the effective range of the test portion)

Therefore when the results of Equation 8.8 are expressed in words the minimum number
of radiographs, Nmjn in the internal film technique is given by the following equation.
However .since the focus-film distance is finite, the number of radiographs must be larger
than that obtained by this equation.

Nmi0 = 36072* = 1807* 8.10

8.2.2.3. Nnmher of radiographs when the radiographic technique and the angle of radiation
with cracks is considered

When the angle of radiation with a crack exceeds 15 degrees, the crack cannot often be
detected with increase in the angle of radiation and the degree of crack detection decreases
remarkably.

If the specified maximum angle of radiation with a transverse crack in a circumferential
weld in a pipe is 15 degrees (corresponding to the common class specified in JIS Z 3104),
the number of radiographs by each technique is as follows:

(a) Double wall single image technique and double wall double image technique

The number of radiographs in the double wall single image technique and double wall
double image technique varies a little depending on the outside diameter and wall thickness
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of the pipe and radiographic arrangement. As is apparent from Equation (8.6), at least six
or more radiographs rnusl be taken. However, it is unnecessary to take radiographs
exceeding 12 in number if there is no change in the arrangement of the source/ilm and
specimen during radiography.

(b) Internal source technique

In the internal source technique, it is general practice to lake a radiograph by setting the
focus at the centre of the pipe. In this case, the effective range of the test portion relative
to a transverse crack in the thickness direction is the full circumference of the pipe.

(c) Internal film technique

As is apparent from Equation (8.10) at least 12 or more radiographs must be taken in the
internal film technique.

8.2.3. Nozzle weld

The arrangement of the film and source of radiographic examination of a nozzle weld is
shown in Figure 8.7.

Source

i

I

Í
Figure 8.7 Radiography of nozzle welds.

Film

The source of radiation is placed such that the beam axis makes an angle of about 7° with
the vertical wall of the nozzle.

8.2.4 Radiographic examination of Tee welds

The direction of radiation of X-rays has a considerable effect on the results of the
radiographic examination of Tee welds. Therefore, it is necessary to specify the standard
direction of radiation.

In Figure 8.8(a) the penetrated thickness of the weld is somewhat small and therefore X-
rays as a rule are radiated from the 30° direction.

In Figure 8.8(b) X-rays as a rule are radiated from the 45° direction.

X-rays (secondary radiation) X-rays (primary radiation)

T,,T2 : Thickness of
base metal

-' Material thickness

X-rays

FilmFilm
TA = 1.1 MT, +T2) TA-l-'t

(a) Angle of radiation of 30° (b) Angle of radiation of 45"

Figure 8.8 Direction of radiation of X-rays and material thickness for T - welds.
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In a Tee weld the largest penetrated thickness in the test portion is about two times the
smallest penetrated thickness. Therefore, if radiography is carried m-l in this state . it is
very difficult to keep the whole test portion within a high density range of a radiograph.
As shown in Figure 8.9 if a thickness compensating wedge is used to reduce this thickness
difference radiography is easy and it is also very easy to observe the radiograph making it
possible to check the weld thoroughly.

X-cays

r
r /

Figure 8.9 Thickness compensating wedge

Film

I I
/ i

IE-

8.10 Maximum permissible diagnostic length.

8.2.5. Diagnostic length of weld

The following are two rules which are used to find the maximum permissible diagnostic
length i.e. the length of the weld that can be covered in a single exposure.

(a) For critical examination.

L = 1.06T

Where L and T are the oblique and the normal thickness respectively as seen by the
radiation, Figure 8.10.

(b) For general purpose examination

L = LIT.

8.3. RADIOGRAPHY OF CASTINGS

From the point of view of radiography, castings may be studied under the following two
headings.

Single thickness castings
Multithickness castings

8.3.1. Single thickness casting

This is the simplest of all the castings encountered in radiography. The required exposure
can be determined as discussed under section 6.4.
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8.3.2. Multithickness casting

The various techniques employed in radiography of multithickness castings are as under;

(a) Addition of defectless material

In the case of a casting which has a finite number of thicknesses -vhich are regvlar in
geometry, the difference in thickness is compensated by adding defectless material. The
exposure will correspond to the maximum thickness. The technique is based on the
optimum density consideration for every thickness involved.

(b) Diagonal method

This is based on an acceptable density range consideration (e.g. 1.7 to 3.5). If the maximum
thickness involved in a m<iltithickness casting falls within the scope of the exposure chart
to be used, the diagonal, hence the KV, etc., can be found corresponding to the maximum
and the minimum thickness (discussed in detail under section 6.S.3.4).

In case the thickness range is too large to give a diagonal exactly or nearly parallel to a KV
line in the exposure chart, the thickness range can be divided into a number of subranges.

(c) Multiple Film Technique

A combination of films of different speeds may be used to radiograph a multithickness
casting. This is discussed in detail under section 8.5.1. The technique is also known as the
sandwich technique.

The methods discussed above are usually used for general purpose radiography. For
critical examinations every thickness should be exposed separately for optimum density
(e.g. density of 2.0).

8.4. LOCATION OF DEFECTS

A radiograph is a two-dimensional shadow picture of an object having three dimensions.
An image formed at point C, F jie 8.11, in a radiography may be due to a defect located
anywhere on the line AB paralle* to the beam direction. One radiograph cannot, therefore,
reveal the position of the defect in the third dimension. But a knowledge of the position
of a defect in three dimensions is necessary;

(i) to help in interpretation.
(ii) to assess the severity of the defect.
(iii) to help in the necessary repairs.

Hadiat ipn i ,

Specimen

ilm
Figure 8.11 Two dimensional shadow

formation of a defect.

The following methods can be used to locate a defect in three dimensions.
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8.4.1. Right angle method

If the dimensions of the specimen permit, two radiographs are made from two positions at
right angles to each other as shown in Figure 8.12.

Either of the two radiographs will give the position of the defect in two dimensions while
the other radiograph will provide the third dimension.

This method is the simplest yet is very accurate. The limitation is that at least.Wo
dimensions of the specimen should be such as to make the radiography possible with the
available radiation.

iodiation
lirection

1
Specimen

Kodiograph
Ho. 2

Badiocroph
Ho. 1

Figure 8.12 Right angle method.

8.4.2. Tube shift method

This method is specially suitable for plate like objects and in situations where the right
angle method is not possible.

The method is as follows:

(i) A normal radiograph is made and the two dimensional position of the defect is marked
on the top of the specimen.

(ii) Two exposures are made on the same film, each of approximately half the total
exposure at a known sfd. Between these exposures the tube is shifted through a measured
distance in a plane parallel to the film and across the larger dimension of the defect Figure
8.13.

(iii) After processing, the shift of the image of the defect is measured.

jSpecimen

Film

Figure 8.13 Tube shift method.
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Let,

S = total tube shift.
D = sfd (measured along the normal).
I = Image shift.
D = height of the defect above the film.

For similar triangles we have

S/I = (D-d)/d = D/d -1

d = D/(S + !) = DI

I S + I

To find out the height of the defect above the bottom of the specimen one can subtract the
thickness of cassette and the screen, if used, from d.

The tube shift should not be too large or too small as this may distort the images or may
result in insufficient separation of the images making the measurement of the image shift
more difficult. A suitable value may by l/3rd of sfd.

8.4.3. Lead marker method

This is one of the most common methods of defect location. The procedure is somewhat
similar to the tube shift method but in this case the tube shift and the sfd need not be
measured. The method is as follows.

(i) Make a normal radiograph and mark the two dimensional position of the defect on the
top of the specimen.

(ii) Two lead markers (fine wires of lead or of any other heavy metal) are placed one on
the source side of the specimen and the other on the film side near to and along the length
and on either side of the defect. Care must be taken that the images of the defect and
markers do not coincide or get mixed (Figure 8.14).

(iii) Two exposures are made on a single film, each of half the total exposure. Between
these exposures the tube is shifted through a distance in a plane parallel to that of the film
and across the length of the defect (Figure 8.14).

.D i r ec t i on of
- ^ t u b e s h i f t , ,S2

rilra M
-w r

Figure 8.14 Lead marker method.
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(iv) After processing, the shifts of the images of the defect and the markers are measured.

Il can be shown lhal, provided the markers are placed fairly close to the defect, the image
shifts of the defect and markers are proportional to their distances from the fiiin. The
thickness of the markers is considered to be negligible.

Lei h = height of the defect above the bottom of the specimen.
and X, . X2 and X3 be image shifts of lower marker, defect and upper marker respectively.

Y, . Y2 and Y3 be heights above the film of the lower marker, defect and upper marker
respectively.

A straight line is be obtained (Figure 8.15.a) when the height above the film (Y) is plotted
against the image shift (X) for the two markers. From this graph height of the defect
above the film can be rcac' against the image shift of the defect.

A better and more practical way is to plot the height above the bottom surface of the
specimen against the image shift (Figure 8.15.b). This eliminates the measurement of the
thickness of cassette and screens. In this case the height of the lower marker is zero and
that of the upper one is T (thickness of the specimen).

Figure 8.15. Height vs image shift.

From Figure 8.15. one can find out the height h of the defect from the bottom of the
specimen, if its image shift (X ) is known. V can also be calculated by the formula,

h = T.(X2 - X,)

(X, - X,)

8.4.4. Stereo-radiography

Two radiographs of the specimen arc taken from two slightly different directions. The
angle between these directions is the same as the angle subtended by the human eyes while
viewing these radiographs. In the stereo viewer the left eye sees one radiograph and the
right eye the other. In this way a realistic three dimensional effect is obtained giving the
visual assessment of the position of the defect. The principle of the stereo-radiography is
illustrated in Figure 8.16.

8.5 MISCELLANEOUS TECHNIQUES

By using different types of radiation and recording systems or by arranging these in a
special manner, different techniques have been evolved for special purposes. Some of
those more commonly used arc discussed below.
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Left Shi h of Tube Bight Shift of Tube

•pm

\\ I!

* • 1 1 / '
\ ' i / !

Left Srereoradiograph
\ l

Right Stereoradiograph

R

f
f

Figure 8.16 Schematic diagrams showing the methods of making and viewing stereo-radiographs.

8.5.1. Radiography of multithickncss objects

In the case of mullithickness objects it is often difficult to get acceptable densities under
thick and thin sections in a single radiograph. This difficulty can be overcome in three
ways.

Firstly, by reducing the contrast of the radiograph by using :

(i) higher KV X-rays or higher energy gamma rays.
(ii) filters between the X-ray lube and the specimen,
(iii) low contrast film.

The second method is to compensate for the difference of thicknesses by using some
material which is known to be defect-free. This method would be applicable for samples
of regular shape.

The (bird method is to use films of different speeds. The kilovoltage, the exposure and the
combination of films are selected in such a way that in a single exposure, correct density
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is obtained under the thick sections on the faster films, whereas the slower films record
correct images of the thin sections.

' Specimen

Film

Figure 8.17 Double film technique

The lead intensifying screens, if used, will cause an increase or decrease in the exposure
ratios of the films depending upon their relative positions. For example, if a slower film
with lead screens is placed in front of a faster film, the exposure ratio decreases because
the faster film has effectively become less fast due to the absorption of radiation in the
lead screens of the slower film. Vice versa is also true. In this way it is possible to vary
differentially the relative exposures of the films. Hence the use of intensifying screens may
be, sometimes, advantageous.

8.5.2. Measurement of pipe wall thickness

It is sometimes required to measure the wall thickness of a pipe radiographically. Different
arrangements for this purpose and formulae are given below.

(a) Large diameter pipes

The shadow of the wall is recorded on a film using the arrangement shown in Figure 8.18
and the width of this shadow, BM, is measured.

If O = 30° then the wall thickness W is given by

W = R - h(3.73R - d) 1.73h - d
P Q 1

1.73h-d (1.73h-d)2 + h2

If 0 = 45° then

W = R - h(2.414R - d) h - d
R. 8.2

h - d (h-d)2 + h2

If 0 = 60° u.en

W = R - h(1.73R - d ) .577h - d
R. 8.3

.577h - d (.577h-d)2 + h2

If 0 = 90° then

W = R - h ( R - d ) d
+ R. 8.4

d h2 + d2
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Source
\ Íri

.S \M -Film

Figure 8.18 Wall thickness measurement of large diameter pipe.

Source

FilmA D
Figure 8.11) Wall thickness measurement of small diameter pipe.

(b) Small diameter pipes

The full image of the pipe is recorded using the arrangement shown in Figure 8.IP and the
distance AB measured. The wall thickness, W, is then given by :

W = R - (h - R)p , where p

pz + h2

AB

2

8,5.3. Micro-radiography

Specially prepared thin samples arc radiographed at extremely low energies (e.g. 5KV) on
an ultrafinc grain film. The radiograph when enlarged gives the structural details of the
specimen. Micro-radiography is mainly applied in metallurgical studies.

8.5.4. Enlargement radiography

In some situations an enlarged image of an object is desired. To get the enlargement of
the image the object to film distance is increased. To overcome the penumbral effects a
source of an cxtrci 'y small size in used.

8.5.5. High speed or flash radiography

For the radiography of moving objects, the exposure time should be very small and, at the
same time, the intensity of the X-rays should be extremely high. This is achieved by
discharging huge condensers through special X-ray lubes which give current of the order
of thousands of amperes for a short time (of the order of a millionth of a second).

This technique is normally applied in ballistics.
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8.5.6. Auto-radiography

In (his case the specimen itself contains the material in radioactive form. When a film is
placed in contact with the specimen, an autoradiograph is obtained showing the distribution
of the radioactive material within the specimen. The technique is mainly used in the field
of botany and metallurgy.

8.5.7. Electron transmission radiography

A beam of high energy X-rays is used to produce photoclcctrons from a lead screen. These
electron after passing through the specimen (of very low absorption like paper etc.) expose
the film and an electron radiograph is obtained. The arrangement is shown in the Figure
8.20. The clear film on the back is used to absorb any electrons emitted by the cassette.

Radiation

Cassette.
.<• Lead screen

Specimen
"Photographic

Clear
film

Figure 8.20 Arrangement for electron transmission radiograph.

8.5.8. Electron emission radiography

In this case a beam of X-rays is used to produce photoeicctrons from the specimen itself.
These electrons expose the film which is placed in contact with the specimen. Since
emission of electrons depends upon the atomic number of an element, the electron emission
will give the distribution of elements of different atomic numbers.

8.5.9. Neutron radiography

In this case a neutron beam is used to radiograph the specimen. The recording system in
this case will not be photosensitive film since these are insensitive to neutrons. The
following methods are used to record the image :-

(i) A gold foil is used which records the image in terms of the activity produced. This
image can be transferred on to a film by taking an auloradiograph of the foil. Some other
suitable material can replace gold.

(ii) Neutrons transmitted through the specimen arc made to strike a thin neutron
scintillator plate. The scintillations thus produced expose the film which is in contact with
the scintillator.

In certain cases neutron-radiography is advantageous as compared to X or gamma
radiography for example :-

1. if the specimen is radioactive.
2. if the specimen contains thermal neutron absorbers or light elements.
3. if two elements whose atomic numbers arc not very different have to be distinguished.

8.5.10. Proton radiography

For special type of studies a proton beam can also be used. The number of protons
transmitted through a specimen whose thickness is close to the proton range is very
sensitive to exact thickness. This helps in detecting very small local variations in density
and thickness.
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9. RADIOGRAPHIC VIEWING AND INTERPRETATION

9.1. VIEWING OF RADIOGRAPHS

The mosl importanl stage in radiography is film viewing. It is of little use taking care to
obtain maximum detail on the radiograph, if the viewing conditions are such that this detail
is not perceived. To achieve satisfactory viewing of radiographs, film density, illuminator
brightness, background lighting and human eye visibility mus! fulfil certain requirements.
These factors are individually discussed here.

Density. In deciding on an optimum film density and suitable film viewing conditions for
maximum sensitivity, it is important to emphasise that film density and viewing screen
brightness are inter-related parameters. Minimum observable contrast, i.e. the minimum
discernible density difference on a film placed on an illuminated screen, depends on the
brightness of the light reaching the eye of the observer through the film and on the degree
of dark-adaptation of the observer. It is reasonable to assume that the disccrnibility of fine
detail such as low contrast lines (crack images, etc.) also depends in (he same manner on
the brightness of the image, as presented to the eye of the observer. It follows therefore
that it is possible to have information on a radiograph which, when it is placed on an
illuminated screen of suitable brightness, if not visible. By changing the screen brightness
(usually increasing), more detail may be made visible. Therefore "correct film density" is
only meaningful on the assumption that illuminations of suitable brightness are used, and
conversely suitable film-viewing conditions have to relate to the film density being used.
Most codes of good practice for radiographic inspection specify an acceptable film density
which is based on the density contrast characteristics of good commercial X-ray films. This
acceptable film density is usually approximately 2.0 for films for use with metal intensifying
screens, but densities as high as 3.0 are sometimes recommended.

Illuminator Brightness : Recommendations for illuminator brightness are detailed for three
film densities, 1.0, 2.0, and 3.0. Values of screen brightness for intermediate densities can
be interpolated. Densities greater than 4 are not generally used. In addition to screen
brightness, it is necessary to consider the importance of glare. Fine-grain film increases
in contrast up (<> a very high density (of at least 6) and it may be argued that to get
maximum sensitivity such high densities should be used. If suitable high-intensity
illuminators for these very high densities are built, however, there are such serious
problems with glare when films arc changed or badly masked, that the inherent advaatage
of the high density tends to be lost. The colour of the illuminator light should normally be
white, but colours between orange and pale green arc acceptable.

The luminance (of brightness) of the illuminated radiograph should be not less than 30
cd/m , and wherever possible approximately 100cd/m or greater.

This minimum value requires the following illuminator brightnesses :

for film density 1.0 : 300 cd/m ,
for film density 2.0 : 3000 cd/m ,
for film density 3.0 : 30000 cd/m ,

The brightness of a viewing screen can be checked with most ordinary photographic
exposure meters, if a suitable light meter is not available. The exposure meter should be
held with ils sensitive clement close to the screen and should be set for a film speed of 100
ASA. Then a reading on the meter of an exposure of 0.01 at f: 10 corresponds to a screen
brightness of 1000 cd/m .

Background Lighting : The light should be diffused, but it need not be fully diffused; for
example, one sheel of thin opal glass will usually '.>e found to be adequate (greater
thicknesses absorb more light and so reduce the screen brightness). The illuminated aiea
should be masked to the minimum required for viewing the radiographic image. The edge
of the radiograph should always be masked, and if the radiograph contains region., of
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density which arc considerably less dense than the area under examination, these also
should be masked off. The radiograph should be examined in a darkened room or
enclosure, with care being taken that a.s little light as possible is reflected off the film
surface directly toward the observer. In practice there is usually sufficient light transmitted
through a radiograph on an illuminated screen to provide ambienl lighl for writing, etc.
but. if desired, the ambient lighting can be increased, provided lhal the source of this light
does not produce any specular reflections off the surface of ihe radiograph. The luminance
of a white opaque card put in place of the radiograph, due lo the ambienl light, should not
exceed Wi of the luminance of the illuminated film in Ihe area under inspection. (This
can be checked with a photographic exposure melcr).

Eyesight of observer: All film readers should be checked annually for their ability to see
small details at their normal film viewing distance. Wearing of reading spectacles or use
of a magnifying lens may be necessary. All film readers should be able to read the letters
and numbers in the eye testing charts such that:

(a) Distant vision should equal lo 20/30 or better in at least one eye, either uncorrected
or corrected.
(b) Near vision should permit reading a minimum of Jaeger number 2 or equivalent type
and si/e letters not less than 30cm on a standard Jaeger test chart for near vision, in at
least one eye, corrected.
(c) Colour vision should be sufficient that the observer can distinguish and differentiate
contrasl between the colours used in the NDT method concerned.

As adaptation depends markedly on the lighting conditions to which the observer is
subjected before viewing, firm rules are not possible. As guidance, an observer coming
from full sunlight should allow at least 10 min in subdued lighting before commencing
viewing; from ordinary artificial room lighting about 30s adaptation is necessary. The
adaptation lime should be one continuoi's period of time. If the eyes are subject to the full
brightness of the illuminator during the changing of radiographs, at least 30s re-adaptation
is necessary.

The film viewing distance should be that at which the observer passes the eyesight tes! bul
the maximum distance should be of the order of 40cm. The use of a lov/ power magnifying
lens ( x3 to x4 ) of reasonable area is strongly recommended and such a lens should always
be available.

Viewing of radiographs requires, beside the factors mentioned above, full concentration
and peace of mind. If possible it should be carried out in a separate, calm and quiet room
situated in a less noisy environment.

It would be preferable to have an illuminator of variable brightness to give both low and
high intensities at the discretion of the viewer.

<).2. EVALUATION OF RADIOGRAPHIC QUALITY

Radiographic quality may be defined in terms of contrasl, definition and graininess present
in a radiograph. These qualities in turn are influenced by a large number of factors
important among which are radiation energy, filtration, specimen thickness, density and
atomic number, size of the radiation source, geometric conditions of source-lo-f ilm (SFD)
and object-to-film (OFD) distances, scattered radiations, film-screen combinations and film
type and processing. Details of how these factors individually or collectively affect various
parameters of radiographic image quality have been discussed in Chapter 6. In general an
improvement in the radiographic quality can be brought about by the following :

(i) Energy of Radiation

The lowering of the energy in the case of X-ray, or the use of X-rays instead of relatively
simplcr-to-usc gamma radiation, produces for thin wall thicknesses a clear improvement
in contrast and thus image quality.
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(ii) Use of Finer-grained Film

The use nf fincr-graincd film also requires the extension of exposure periods. The gain in
image quality docs, however, allow finer imaging and so recognition of defects at the time
of the test and not only when the defect has grown to such an extent as to become subject
to a reclamation or even the cause of some damage.

(iii)rilm-lo-Screen Contact

The effect of a good or bad contact between film and screen on the radiograph, and thus
on image quality, has only been systematically examined during the past two years. Two
variables have made themselves apparent during this, namely that:

- the film density is appreciably lower when the screen has loo large a separation from the
film, because the intensifying effect of the screens is lost, and that:

- the loss of image quality, as evidenced by the image quality number, is measurable even
when the distance between screen and film is only a few tenths of a millimetre.

These two points indicate the necessity to use evacuable cassettes or film-screen
combinations vacuum-packed and scaled by the manufacturer.

(iv) Scattered Radiation

Although it is standard practice to use shuttering to limit the primary radiation at the tube
window, or from the source, in order to reduce undesirable irradiation of the areas of the
test object not being investigated, the practice of fixing a scatter radiation shield behind the
film is more difficult to promote. As is known, such a shielding cannot be simply held in
place with magnets and the use of sticky tapes is also similarly unsatisfactory. Despite
these difficulties one should still regard such shielding as being of value if scattering bodies
are in the near vicinity (distance < 1.5 m) which could be hit by primary radiation, generate
scattered radiation themselves and expose the film, reducing contrast. Control radiographs,
which can be relatively quickly produced, prove in an unequivocal manner the necessity of
this measure.

In practice it is very complicated and expensive to assess radiographic quality by making
on each radiograph measurements of contrast, definition and grainincss. What is done
instead is to use Image Quality Indicators (IQIs), of which there are different types, to get
an idea of the flaw detection capability. This is measured in terms of IQI sensitivity.

The values of IQI sensitivity desirable in good radiographic work range from 1 to 2%.
While assessing the radiographic sensitivity with the help of IQIs it should be seen that tbc
appropriate IQIs suited to the test specimen (according to type and thickness of the test
specimen) have been used. The method of their placement on the test specimen is the next
important thing to be noted. The sensitivity should then be calculated from the wire or the
step which is visible in the radiograph using the formula given in Section 6.2.

The procedure for processing the film should be investigated and the density of the
radiographic image measured. Knowing that the radiographic quality of especially contrast
is better at higher denilics, only radiographs having proper density should be accepted for
interpretation and evaluation. 1.5 to 3.0 is usually accepted as an acceptable range. The
procedure of film processing itself can produce some spurious indications on the radiograph
which can Vc confusing and there is a chance that these be mistaken for real defects. Such
spurious indications should therefore be carefully identified before undertaking
interpretation of radiographs for defects. These spurious indications which are also
sometimes termed as misleading images or artefacts have been explained in Section 5.9.
The films used should be as fresh as possible and should have a fog level which is
admissible. A fog density of up to 0.3 is treated as tolerable in many situations. The
sources of fog density, if suspected, should be known. If it is due to aging of the film the
slock must be replaced while if it is due to scattering or overdevelopment corrective
measures should be taken.
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Each radiograph should have an identification number to enable correlation of defects from
the radiographs with the size and location of these defects in the actual test specimen. This
is important both from the point of view of repairing the defective specimen as well as for
accepting or rejecting the specimen.

In addition all the other factors which have an influence on the radiographic quality should
be thoroughly understood and verified for proper assessment and ultimate control and
improvement of radiographic quality.

9.3. NATURE OF DISCONTINUITIES IN RADIOGRAPHY

A radiograph is a shadow picture of an object recorded on to a photographic film using X-
rays or gamma rays. To obtain a radiograph, therefore, we place the specimen between a
source of X or gamma radiation and a photographic film for a predetermined time. The
appearance of the shadow of a defect is influenced by the shape of the defect, orientation
of the defect with respect to the direction of radiation and the plane of the film and the
size of the source and its distances from the defect and the film. As regards the geometric
aspects of shadow formation only the rectilinear propagation property of the X or gamma
rays is important and, therefore, we shall discuss the shadow formation in terms of ordinary
light.

Defects of different shapes will give rise to different types of shadows. It is to be
remembered that a radiograph gives a two-dimensional picture of a three-dimensional
defect. For example a gas hole which is actually spherical in nature will show up as a
circular patch. A crack which actually has a length, width and depth, if detected, will form
a line. Pipes and other cylindrical defects will have different shapes in the radiograph
depending upon their orientation with respect to the beam direction.

If the beam direction is not perpendicular or if the plane of the defect is not parallel to the
plane of the film the shadow will be distorted as shown in Figure 9.1. Because of this
distortion sometimes a particular defect can produce a shadow which may be interpreted
as some other type of defect. A fine crack may be diffused altogether hardly leaving any
image behind. Although before taking a radiograph one may not have any idea abut the
orientation of the defects present, efforts arc usually made to place the film as parallel to
the specimen and as normal to the direction of radiation as possible.

The image sharpness or definition will depend on the source dimensions, the object-to-film
distance and the source to film distance. Better definition may be obtained by making the
focal spot size of the source as small as possible, by keeping the sourcc-to-film distance as

Film Film Film
Idl (b) (C)

Figure 0.1 Effect of (a) normal beam, (b) oblique beam and (c) inclined film on the shadow.

246



large as possible and by placing the film in contact with the specimen. The values of
unsharpness permitted for critical examination are of the order of 0.025mm while those
for general work arc 0.05mm. Based on these the minimum source-to-film distance
recommended for critical examination is given by

d(F + 1)

0.025

where d is the specimen thickness

and F is the diagonal cross-section of the focal spot.

For general work the minimum value of source-to-film is

d( F +1)

0.05
The defects closer to the film i.e. in the lower portions of a thick specimen will therefore
be better defined as compared to the defects located away from the film i.e. in the upper
portions of the specimen.

9.3.1. Typical defects of interest in radiogranhic inspection

Radiography is basically involved in the detection of all sorts of material discontinuities
which can influence the attenuation of radiation. In wcldmcnts these discontinuities arc
cracks, porosity, blow holes, metallic and non-metallic inclusions, lack of fusion, lack of
penetration, undercut, root and other cavities, excessive penetration, overlap, burn through
and misalignment etc. The typical defects associated with various casting processes and
which need to be detected by radiography are porosity, blowholes, piping, inclusions,
spongincss, shrinkage, hot tears, cold shuts, unfused chaplet, misplaced core, segregation
etc. The forging and rolling defects of interest are laminations, seams, forging laps, centre
bursts, clinks (thermal cracks) and flakes (hairline cracks), hot tears, stringers, overheating
and pipes.

The ability of radiography to detect planar type defects, such as cracks, lack of side wall
fusion and inter-run fusion in welds,and seams, laps and laminations in forgings,is limited.
It is not always possible to predict the location and orientation of a crack and if the defect
lies in a plane that differs substantially from that of the beam of radiation it will not be
revealed. The visibility of the radiographic image of a crack in such circumstances is also
influenced by the width and depth of the crack and by the irregularity of its path through
the section in which it lies.

9.4. INTERPRETATION OF RADIOGRAPHIC IMAGES

The objective of radiographic examination of a specimen is to detect and identify the
internal defects. Correct interpretation of radiographs, therefore, is of great importance.
Images in a radiograph may be due to one of the following reasons :-

(i) surface marks on the specimen
(ii) internal defects
(iii) artefacts

The outstanding requirement is that the causes of all the images in a radiograph must be
identified and images due to internal defects be sorted. It is also essential that all the
internal defects be identified in terms of their nature, size or extent and position. It must,
however, be made clear that it is not strktly the responsibility of the interpreter of a
radiograph to do any more than just report faithfully on the nature, size, location, etc., of
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the defects revealed by radiography, and the problem of acceptance or rejection of the
specimen is not normally within his scope. However in situations where the interpreter is
also expected to give his views on the acceptance and rejection of the test specimen then
the interpretation must be done aflcr correct understanding of the standards of inspection.

For effective interpretation of a radiograph a knowledge of ihe following is necessary.

(a) Radiographic technique employed and the sensitivity achieved (b) Characteristic
radiographic appearances of various defects, and the modification of these appearances by
various factors (c) Details about the specimen, its manufacturing process and the probable
defects associated with this process, (d) Details of radiographic procedures. These are
discussed briefly hereafter.

(a) Radiographic Technique

Factors such as the quality of radiation, geometry, films, intensifying screens and density
all affect the sensitivity of fault detection. Therefore, without a knowledge of the
technique employed, it is extremely difficult to interpret a radiograph. Sometimes it is
necessary to reconstruct geometrically the condition of radiography, to assist in the
identification of images in angled shots. The radiographic technique or procedure will
specify at least information such as

i. Type of material to be radiographed
ii. Material thickness range to be radiographed
iii. Type of radiation source, effective focal spot or source size. X-ray equipment voltage
rating, and manufacturer.
iv. Film brand or type, and number of films in cassette.
v. Type and thickness of intensifying screens and filters.
vi. Blocking or masking techniques, if used.
vii. Minimum source-to-film distance.
viii. Exposure conditions f or procedure qualification: voltage, milliamperc minutes, distance
of film to object, geometric arrangements for the radiographs (sketch), orientation of
location markers, description of the manner in which interval markers locate areas of
interest.
ix. Description of or reference to the welding procedure, when applicable.

(b) Characteristic radiographic appearances of defects

Reference radiographs and different standards provide considerable aid in interpretation.
These assist in recognising the nature of a defect and giving it standard nomenclature.
These standards, however, give radiographic appearances of defects in simple and usually
uniformly thick specimens. For the interpretation of more complex specimens, therefore,
there can be no substitute for experience.

Interpretation of a radiograph will be better and more effective when backed with a good
knowledge of the specimen and the method of its manufacture. With welds, for example,
it is helpful to know the welding technique employed, the plate preparation and the nature
of the expected defects. With casting it is advisable to have the history of the specimen,
nature of casting, orientation when cast, type of mould etc. The drawings of the specimen
may help considerably and the interpreter should, therefore, be conversant with engineering
drawing. Availability of specimen at the time of interpretation will avoid any confusion
between images due to surface defects and other images. If this is not possible the
specimen should be thoroughly visually examined and the findings adequately noted.

9.4.1. Interpretation of radiographs of welds

A variety of surface and internal defects occur in welds. These have been classified and
arc discussed below.
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<>.4.1.1. Internal defects

(a) Gas inclusions

Gas may develop during welding due to many factors like the quality of the parent metal,
the electrodes used, poor regulation of the arc current, etc. The gas may get entrapped and
take various forms.

Gas pore. It is a small bubble of gas entrapped within the molten metal. It has a
diameter usually less than 1.6mm(l/16 inch). A group of gas pores is termed
porosity. In a radiograph a gas pore appears as a sharply jefined dark shadow of
circular contour. Porosity appears as a bunch of dark spots situated close to each
other.

Blowhole. It is similar to a gas pore except that it is, a little larger in dimensions.
Its radiographic image is also a dark shadow of rounded contour.

Pipe or Wormhole. Some gas inclusions have an elongated form known as
wormholes or pipes. They are usually almost perpendicular to the weld surface.

They can result from the use of wet powdered flux or from inadequate regulation
of the welding current. Another typical form of pipe has the appearance of a
branch of a tree. These can be caused by use of wet welding electrodes.

(b) Slag inclusions

Some slag may be trapped in the deposited metal during its solidification, Micularly if the
metal fails to remain molten for a sufficient period to permit the slag to riae 10 its surface.
In multipass welding, insufficient cleaning between weld pass can leave portion of the slag
coaling in place to be covered by subsequent passes. A particular characteristic of slag
inclusions is the 'slag line', intermittent or continuous. Such slag lines are often
accompanied by » pronounced lack of fusion to the base metal.

These give dark indications on the radiograph. The shape of these dark images is generally
irregular. Often the image density is variable even approaching that of the sound metal.
The contrast of the slag images is lower than that of a gas cavity of the same size. Large
isolated inclusions appear as dark shadow of irregular contour. Cluster of small inclusions
appear as a group of dark ill-defined spots. Line inclusions appear as a dark shadow with
wavy edges along the weld. It is sometimes found along both edges of a run of welding in
roughly parallel lines.

Another discontinuity of different origin but of similar radiographic appearance, results
from irregular deposits on successive passes which leave voids between passes. Such lack
of fill can occur, for instance, in welds made in the overhead position.

(c) Tungsten inclusions

Tungsten inclusions are characteristic of the inert atmosphere welding methods. If the
tungsten electrode which supports the electric arc comes into contact with the weld metal,
some tungsten particles are trapped in the deposited metal.

These may be in the form of small splinters or even as the pieces of the tungsten wire. The
tungsten inclusions appear as very light marks in the radiograph.

(d) Lack of root penctralion

In butt welding a root opening is usually left at the bottom of the groove (in one-side
welding) or at the centre of the weld (in Iwo-sidc welding). If the opening between the two
plates is narrow, it is difficult to achieve complete penetration and fusion at the root of the
weld. A void remains in the root of the weld. Such discontinuities can arise from poor
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bevelling or preparation of (he weld groove. It appears in the radiograph as a continuous
or intermittent dark line at the centre of the weld seam. It may have both edges
straight or one edge straight and the other wavy.

(e) Lack of fusion

This is due to the lack of union in a weld between the weld metal and parent metal or
between parent metal and parent metal or between weld metal and weld metal. Lack of
fusion can be of the following types.

(i) Lack of side fusion

This is caused by a lack of fusion between the weld metal and the parent metal at
the side of a weld outside the root. In the radiograph it appears as a dark straight
line, of low intensity, with sharply defined edges.

(ii) Lack of root fusion

This is caused due to the lack of union between the adjacent faces of [he parent
metal at the root. In the radiograph it is revealed as a dark straight line of low
intensity with sharply defined edges.

(iiOLack of Intcr-run fusion

This is caused by a lack of union between adjacent runs of weld metal in a multi-
run weld. In (he radiograph il appears as a faint line with sharply defined edges.

if) Cracks

Cracks can be defined as a discontinuity produced cither by tearing of the metal while in
a plastic condition (hot crack) or by fracture when cold (cold crack). In the radiograph the
former is revealed as a fine dark line wandering in direction and tapered at the ends, often
discontinuous, when the segments arc roughly parallel but slightly displaced and possibly
overlapping. A cold crack generally appears as a very fine line, straighter, continuous and
free from bifurcations.

'>.4.1.2. Surface defects

These defects arc present on the surface and can be seen visually. As they also appear in
the radiograph and may lead to wrong interpretation, some of these are discussed below.

(a) Undercut

During the final or cover pass the exposed upper edges of the bevelled weld preparation
tend to melt and to run down into the deposited metal in the weld groove. The result is
a groove which may be cither intermittent or continuous, with more or less sharp edges
along the weld reinforcement. The radiographic image of undercut is a dark line of varying
width and extent with usually diffused edges occurring at the sides of the weld. The image
density indicates the depth of the undercut.

(b) Concavity at the root of the weld

A concave surface at the root of the weld can occur specially in pipe welding (without a
cover pass on the root side). In overhead welding this condition is a consequence of gravity
which causes the molten metal lo sag away from the inaccessible upper surface of the weld.
Il can also occur in the downhand welding with a backing strip at the root of the weld
groove if slag is trapped between the molten metal and the backing strip. This is shown
by a broad dark line at the centre of the weld image and having unsharp edges unlike the
edges of lack of penetration.
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(c) Change of electrode

Al points where the electrodes arc changed while making the cover pass, an unskilled
welder may choose the wrong position for starting the new electrode. Sometimes slag
inclusions occur at the point at which electrodes were changed. The radiograph shows a
crescent shaped image corresponding to the point of change of electrode.

(d) Excessive penetration

In welds, sometimes, molten metal runs through the root of the weld groove producing an
excessive reinforcement al the back side of the weld. In general this is not continuous but
has an irregular shape with characteristic hanging drops of the excess metal. Excessive
penetration will be shown as a line of lowered image density in the centre of the weld.

(e) Electrode spatter

If improper electrodes or long arcs arc used, drople's of molten metal arc spattered about
the weld region.These drops stick to the metal surface near the weld scam. Since they
correspond to local areas of increased thickness, a scries of light round spots appear on the
radiograph.

(f) Grinding marks

When weld reinforcements are not ground out smoothly, the resultant thickness varies
above and below that of the base metal. In the radiograph it may appear as extended light
or dark areas with diffused edges extended over the welded area or the parent metal.

9.4.2. Interpretation of radiographs of castings

A variety of defects may occur in castings. These may be classified in five groups namely
voids, crack, cold shut, segregation, inclusions. The terminology used is in accordance with
British Standard 2737. When supplemented with the general principles of interpretation
the following definitions and illustrations should be helpful in interpreting the radiographs
of castings. It must, however, be kept in mind that for the following reasons the
identification of defects can be more difficult than the illustration might suggest :-

(i) Defects of more than one kind often occur together.
(ii) Quality of radiographic image depends upon the density and thickness of the metal as
well as the radiographic technique used.
(iii) Illustrations arc made from simple specimens. Complex specimen or different
orientation may change the appearance of a defect in the radiograph.

').4.2.1. Void

Void is defined as a cavity produced by
(a) entrapped gas evolved from the metal
(b) entrapped air
(c) entrapped gas evolved from the mould
(d) shrinkage of metal. Voids have been classified depending on their shape and size. The
classes are described below.

Microporositv. A fine form of the defect due to shrinkage, or gas or both in which a
number of cavities occur cither around the grain boundaries (intercrystallinc) or between
(he dendrile arms (inter-dendritic), tnu radiograph this usually produces a general mottled
or cloudy effect (plate 1). In nonferrous alloys the fine cavities may occur in layers (layer
porosity) and produce dark streaks in the radiograph (plate 2).

Sponginess. A system of intcr-crystallinc or inlcrdcndritic cavities of a coarse and usually
localised form which appear in a radiograph as a group of dark interconnected images
which may be irregi'lar in outline and of varying si/c and blackness (plate 3).
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Pinhole porosity. Small cavities of less than about 1.6mm (1/16 inch) dia. occurring
throughout the casting or localised within a particular area, which appear as an assemblage
of small, rounded, widely distributed, dark images (plate 4). This defect occasionally arises
from the injection of air during pressure die casting.

Ciashole. A discrete cavity greater than about 1.6mm (1/16 inch) dia. due to gas evolved
from the metal, mould or core. In the radiograph the image appears as a dark area of
smooth outline which may be circular or elongated, (plate 5). A particular form of
wormhole occurs as a tube like cavity usually normal to and almost reaching to the surface
of the casting (plate 6).

Airlock. A cavity formed by air which has been trapped in the mould by the metal during
pouring. The defect appears in a radiograph as a dark area with a generally smooth outline
but may have discontinuities (plate 7).

Shrinkage cavity. A discrete cavity caused by contraction during solidification. The
radiographic appearance is similar to that of a gashole but usually shows a less regular
outline (plate 8) and may tend to taper.

Filamentary shrinkage. A coarse form of shrinkage defect in which the cavities arc
branching, interconnected and extensive. In the radiograph the images appear as
continuous, irregular, dark, usually branched or occasionally in the form of a network
(plate 9).

0.4.2.2. Crack

A crack is a discontinuity due to the fracture of the metal during or after solidification.
Depending upon the cause, cracks have been classified as follows:

Hot tear. This type of crack develops near solidification temperature when the metal is
weak. The defect occurs mainly, at, or near to, a change of section and may not be
continuous. Radiographically a hot tear is revealed as a wavy, ragged, dark line. It is often
discontinuous with parallel, slightly displaced and possibly overlapping parts (plate 10).
Generally the ends taper and become very fine.

Stress crack. A well defined and approximately straight crack, formed, due lo large stresses
after the metal has become completely solid. In the radiograph it appears as a clearly
defined smooth dark line (plate II).

'J.4.2.3. Cold shut

It is a discontinuity caused by the failure of a stream of molten metal to unite with a
confluent stream or with solid metal, such as a chaplct, internal chill or pouring splash.
This may often be caused if the pouring is interrupted. Usually it appears as a dark line
(plate 12 and plate 13). A cold shut arising from a splash in the mould may appear as a
dark crescent or circle.

0.4.2.4. Segregation

Segregation is a condition resulting from the local concentration of any of the constituents
of an alloy.

fiencral segregation. It extends over a considerable part of a casting. Radiographically it
appears as an assemblage of small light or dark areas (plate 14).

Local segregation occurs when the shrinkage voids or hot tears arc wholly or partially
filled with a constituent of low melting point. It appears in a radiograph as light or dark
areas coinciding with the original defect (plate IS).

BnnnVd segregation. This is mainly associated with centrifugal castings but can occasionally
occur in static casting also. Radiographically it appears as alternate light or dark bands.
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'1.4.2..S.

An inclusion is foreign matter entrapped in the casting. This may be of different types
i.e. sand. slag, flux or dross. It may appear radiographically either as a light or dark area
depending upon (he density of (he incision, e.g. slag inclusion in steel will appear as
rounded dark images (plate 16) and it is difficult to distinguish from a void.

: R A C K

POROSITY

LACK OF PENETRATION

LACK OF FUSION

BLOWHOLE

SPATTER

TUNGST INCLUSION

CRACK

P I P E

SLAG INCLUSION

LINE INCLUSION

PIPE

UNDERCUT

RESTART OF ELECTRODE
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10. CODES AND STANDARDS

10.1. QUALITY AND STANDARDISATION

10.1.1. Terminology

(i) Quality

Quality of an industrial product is defined as the "fitness of the product" to do the job
required of it by its user.

(ii) Quality Control

Quality control can be defined as the control? applied at each manufacturing stage to
consistently produce a quality product.

(iii) Standardisation

Standardisation of a process can be defined as the setting up of process parameters so that
it constantly produces a product of uniform characteristics.

(iv) Standards

Standards arc documents that govern and guide the various activities occurring during the
production of an industrial product. Standards describe the technical requirements for a
material, process, product, system or service. They also indicate, as appropriate, the
procedures, methods, equipment or tests to determine that the requirements have been met.

(v) Codes and Specifications

Codes and specifications are similar types of standards that use the verbs "shall' or "will"
to indicate the mandatory use of certain materials or actions or both. Codes differ from
specifications in that their use is mandated with the force of law by governmental
jurisdiction. The use of specifications becomes mandatory only when they are referenced
by codes or contractual documents. A prime example of codes is the ASME Boiler and
Pressure Vessel Code which is a set of standards that assure the safe desiim, construction
and testing of boilers and pressur vessels.

(vi) Guides and Recommended Practices

Guides and recommended practices are standards that are offered primarily as aids to the
user. They use verbs such ss "should" and "may" because their use in usually optional.
However, if these documents are referenced by codes or contractual agreements, their use
may become mandatory. If the codes or agreements contain non mandatory sections or
appendices, the use of referenced guides and recommended practices by them, arc at the
user's discretion.

(vii) Procedure

In non destructive testing, a procedure is an orderly sequence of rules which describe in
detailed terms where.how and in which sequence an NDT method should be applied to a
production.

(viii) Technique

A technique is a specific way of utilising a particular non destructive testing method. Each
technique is identified by at least one particular important variable from another technique
within the method (Example:RT method - X-Rays/Gamma Ray Technique

(ix) Examination and Testing

Examination and testing arc those quality control functions which are carried out during
the fabrication of an industrial product by a qualified person who is an employee of the
manufacturer.
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(x) Inspection

Inspections are the quality control functions which are carried out during the fabrication
of an industrial product by an "authorised inspector".

(xi) Authorised Inspector

AD authorised inspector is a person who is not an employee of the fabricator of an
industrial product but who is properly qualified and has the authority to verify to his
satisfaction that all examinations specified in the construction code of the product have
been made to the requirements of the referencing section of the construction code.

(xii) Report

A report of a non destructive examination or of testing is a document which includes all
the necessary information required to be able tc:

(i) take decisions on the acceptance of the defects revealed by the examination,
(ii) facilitate repairs of unacceptable defects, and
(iii) permit the examination or testing to be repeated.

(xiii) Records

Records are documents which will give, at any lime in the future, the following information
about a non destructive testing examination, (i) the procedure used to carry out the
examination, (ii) tbedata recording and data analysing techniques used, and (iii) the results
of the examination.

10.1.2. Some important international and national standardising bodies

10.1.2.1. International Standardisation Organisation (ISO1

Table 10.1 gives the list of standards relating to radiographic testing developed by various
ISO Committee,. Any one wishing to consult or purchase any of the above mentioned
standards should contact the national standard institution in his or her own country.

TABLE 10.1. LIST OF ISO STANDARDS RELATING TO RADIOGRAPHIC TESTING

Sr. Standard Title Year of
No. Number Publication

1. ISO/DIS 5576 Industrial radiology- 1982
Nondestructive testing-
Vocabulary (1SO/TC 135)

2. ISO/R 46 Surface roughness 1966
(ISO/TC 57)

3. ISO/R 41 Rules for construction 1968
of stationary boilers
(1SO/RC 11)

4. ISO/R 947 Recommended practice for 1969
radiographic inspection
of circumferential fusion-
welded butt joints in
steel pipes up to 50mm
(2 in) wall thickness
(ISO/RC44)
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TABLE 10.1. (cont.l

Sr.
No.

Standard
Number

Title Year of
Publication

6.

ISO/R 1027 Radiographic image quality
indicators-Principles and
identification (ISO/TC 44)

ISO/R 1106 Recommended practice for
radiographic inspection
of fusion-welded butt
joints for steel plates up
to 50mm (2in) thick
(ISO/RC 44)

7.

9.

10.

11. ISO 2437

12. ISO 2504

13.

14.

15.

ISO 2604

ISO 2919

ISO 3777

1969

1969

ISO 1677

ISO 1757

ISO 1758

ISO 2405

Sealed radioactive
sources-General
(ISO/TC 85)

Personal photographic
(ISO/RC 85)

Direct-reading
electroscope-type pocket
exposure meters (ISO/RC 85)

Recommended practice for

1977

1980

1976

1972
radiographic inspection of
fusion-welded butt joints
for steel plates 50-200mm
thick (ISO/TC 44)

Recommended practice for
the X-ray inspection of
fusion-welded butt joints
for aluminium and its
alloys and magnesium and
its alloys 5-50mm thick
(ISO/RC 44)

Radiography of welds and
viewing conditions for
film utilisation of
recommended patterns of
image quality indicator
(IQI) (ISO/RC 44)

(6 parts) Steel products
for pressure purposes-
Quality requirements
(ISO/RC 17)

Sealed radioactive
sources-Classification
(ISO/TC 85)

Recommended practice for
the radiographic
inspection of resistance
spot welds for aluminium
and its alloys (ISO/RC 44)

1972

1973

1975-
1978

1980

1976
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TABLE 10.1. (cont.l

Sr.
No.

16.

17.

18.

19.

20.

21.

10.1.2.2.

Standard
Number

ISO 3897

ISO 3925

ISO 3999

ISO 5655

ISO/DIS
1027

ISO./DIS
31/10

International Institnte

Title

Storage conditions for
silver image photographic
plates for record purposes
(ISO/TC 42)

Identification and
certification of unsealed
radioactive source
(ISO/TC 85)

Specification of apparatus
for gamma radiography
(iSO/TC 85)

Sizes, quantity,
packaging and labeling
of films for industrial
radiography

Radiographic image quality
indicators-Principles and
identification (ISO/YC 44)

Quantities, units, and
symbols Part 10: nuclear
reactions and ionising
radiations (ISO/RC 12)

of Welding HlWt

Year of
Publication

1976

1978

1977

1982

1982

The list of standards and documents published by IIW which relate to radiographic testing
is given in TABLE 10.2. In addition the IIW have also prepared the following collections
of reference radiographs :

(i) Collection of reference radiographs of welds in steel (1962) (86 radiographs)
(ii) Collection of reference radiographs of welds in aluminium and aluminium alloys (1965)
(51 radiographs)
(iii) Collection of reference radiographs and cross sections of welds in steel (34 radiographs
and 34 drawings/cross sections)

TABLE 10.2. LIST OF IIW STANDARDS RELATED TO RADIOGRAPHY

Sr.
No.

Standard/Document
Number

Title Year of
Publication

2.

IIS/IIW-183-65

IIS/IIW-184-65

Recommendations for the 1965
determination of the
focal spot size of X-ray
tubes

Recommendation concerning 1965
sensitometric test on
radiographic films without
screens or with lead
screens
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TABLE 10.2 (cont.)

Sr.
No.

Standard/Document
Number

Title Year of
Publication

3.

4.

IIS/IIW-185-65

HS/HW208-66

6.

7.

8.

9.

HS/IIW-275-67

IIS/IIW-412-72

IIS/IIW-423-73

IIS/IIW-424-73

HS/irW-492-75

10.

11.

12.

HS/HW-572-78

HS/HW-585-79

IIS/HW-636-80

Rules for the reading of 1965
the 101 recommended by
Commission V

Report on the investiga- 1966
tion into the influence
of plate thickness on the
visibility of weld defects
and on image quality in
radiography of welds

Draft recommended practice 1967
for the examination with
X-rays of resistance spot
welds on aluminium and it
alloys

The use and limitations of 1972
radiographic image quality
indicators

Recommended practice for 1973
the radiographic examina-
tion of fusion-welded butt
joints in steel plates
from 0.5 to 50mm ihick

Image quality indicators 1973
for use in the radiography
of aluminium and its alloys
in thicknesses up lo 50mm

Recommended practice for 1975
radiograpbic inspection
of fusion-welded circumfer-
ential joints in steel
pipes from lmm up to 50mm
thickness (Revision of
IIS/IIW-36-59)

Final report of the image 1978
quality indicator developed
by the CERL (Central
Electricity Generating
Board) (UK)

Recommendations relating 1979
to the training of non-
destructive testing
personnel

Inspection of welds when 1980
fitncss-for-purpose
criteria are applied-
preliminary recommendations
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TABLE 10.2 (cont.)

Sr.
No.

13.

0.1.2.3.

Standard/Document
Number

V-658-79

International Commission

Title

The probabilistic
forecasting of the real
defect detectability based
on the results of the
detecting standard defects
in welded joints by
radiography

on Radiological Protection (ICRP)

Year of
Publication

1978

This commission is regarded as the foremost body providing fundamental principles upon
which radiation protection measures can be based. The following publications are of
interest to NDT personnel involved in radiograpbic testing , TABLE 10.3.

TABLE 10.3 LIST OF ICRP STANDARDS RELATING TO RADIOLOGICAL PROTECTION

ICRP Publication 7

ICRP Publication 10

ICRP Publication 10A

ICRP Publication 12

ICRP Publication 14

ICP.P Publication 22

iC^P Publication 26

ICRP Publication 27

ICRP Publication 28

ICRP Publication 30

10.1.2.4. Amen an Society of Mechanical Engineer* (ASME1

Principles of environmental
monitoring related to the
handling of radioactive
materials.
Evaluation of radiation doses
to body tissuesf rom internal
contamination due to
occupational exposure.
The assessment of internal
contamination resulting from
recurrent or prolonged
uptakes.
General principles of
monitoring for radiation
protection of workers.
Radiosensitivity and spatial
distribution of dose
Implications of commission
recommendations that doses
be kept as low as readily
achievable.
Recommendations of the
iiHernationalcommission on
radiological protection.
Problems involved in
developing an index of harm
The principles and general
procedures for handling
emergency and accidental
exposures of workers.
Limits for intakes of
radionuclides by workers.

The American Society of Mechanical Engineers set up a committee in 1911 to formulate
standard rules for tbe construction of steam boilers and other pressure vessels. This
committee is now called tbe Boiler and Pressure Vessel Committee.
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The committee's function is to establish rules of safety governing the design, fabrication,
and inspection during construction of boilers and unfired pressure vessels; and to interpret
these rules when questions arise regarding their intent. The committee has published the
ASME Boiler and Pressure Vessel Code (BPV Code) as an American National Standard.
The first code was published in 1914 and revised and updated editions have been issued at
regular intervals since.

The ASME Boiler and Pressure Vessels Code contains the following sections :

(a) Section I : Power Boilers

This section includes rules and general requirements for all methods of construction for
power, electric, and miniature boilers and high temperature water boilers used in stationary
service. This section also includes power boilers used in locomotive, portable, and traction
service.

(b) Section H : Materials Specifications

Part A - Ferrous materials
Part B - Nonfcrrous materials
Part C - Welding rods, electrodes, and filler metals

This section is a service section to the other Code Sections providing material specifications
adequate for safety in the field of pressure equipment.

(c) Section III : Rules for Construction of Nuclear Power Plant Components

This section provides requirements for the materials design, fabrication, examination,
testing, inspection, installation, certification, stamping, and overpressure protection of
nuclear power plant items such as vessels, concrete reactor vessels, and concrete
containmects, storage tanks, piping systems, pumps, valves, core support structures, and
component supports for use in, or containment of, portions of the nuclear power system
of any power plant. This section contains the following two divisions :

Division 1

Subsection NB - Class 1 components
Subsection NC - Class 2 components
Subsection ND - Class 3 components
Subsection NE - Class MC components
Subsection NG - Core support structure
Appendices

Division 2 - Code for concrete reactor vessels and containments

(d) Section IV : Heating Boilers

This section covers minimum safety requirements for designing, fabrication, installation and
inspection of steam generating boilers, and hot water boilers intended for low pressure
service that are directly fired by oil, gas, electricity, or coal.

(e) Section V : Nondestructive Examination

This section contains requirements and methods for nondestructive examination which are
referenced and required by other Code sections. This section also includes manufacturer's
examination responsibilities, duties of authorised inspectors and requirements for
qualification of personnel, inspection, and examination. Examination methods included in
this section, arc intended to delect surface and internal discontinuities in material, welds
and fabricated parts, and components.
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(f) Section VI : Recommended rules for care and operation of heating boilers

This section covers the latest specifications, terminology, and basic fundamentals applicable
to steel and cast iron boilers limited to the operating ranges of Section IV heating boilers.
This section also includes guidelines for associated controls and automatic fuel burning
equipment.

(g) Section VII : Recommended rules for care of power boilers

In order to promote safety in the use of stationary, portable, and traction type heating
boilers, this section provides rules to assist operators of power boilers in maintaining their
plants as safe as possible.

(h) Section VIII : Pressure Vessels

This section is divided into two divisions. Division 1 covers the minimum safety
requirements applicable to the construction, design, and fabrication of pressure vessels
under cither internal or external pressure for operation at pressure exceeding 15 psig and
to vessels having inside diameters exceeding six inches. Pressure vessels made according
to the rules of Division 2 require closer inspection of the required fabrication details,
material inspection, welding procedures and welding and more nondestructive
examination,as the safety factor used for these vessels is less than the safety factor used
for vessels fabricated according to the rules of Division 1.

(i) Section IX : Welding and Brazing Qualifications

This section covers rules relating to the qualification of welders, brazers, and welding and
bra/ing operators in order that they may perform welding or brazing as required by other
Code sections in the manufacture of components.

(j) Section X : Fibreglass-Reinforced Plastic (FRP) Pressure Vessels

This section covers minimum safety requirements for construction of an FRP pressure
vessel in conformance with a manufacturer's design report. The production, processing,
quality control, and inspection methods are prescribed to assure the quality of the vessel.

(k) Section XI : Rules for In-service Inspection of Nuclear Power Plant Components -
Division 1

This section provides rules and requirements for in-service inspection of Class 1, 2 and 3
pressure retaining components and their supports, and in-service testing of pumps, valves,
and components in light-water cooled nuclear power plants. This Division categorises the
areas subject to inspection and defines responsibilities, provisions for accessibility,
examination method and procedures, personnel qualifications, frequency of inspection,
record keeping and reporting requirements, procedures for evaluation of inspection results
and subsequent disposition of results of evaluation, and repair requirements. This Division
provides for the design, fabrication, installation, and inspection of replacements.

10.1.2.5. Britiih SUndardi <BS)

A list of the British Standards which relate to radiographic testing is given in TABLE 10.4

TABLE 10.4 BRITISH STANDARDS RELATING TO RADIOGRAPHY

Sr. Standard Title Year of
No. Number Publication

1. BS 2597 Glossary of terms used in 1955
radiology
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TABLE 10.4 (cont.)

S r. Standard
No. Number

Title Year of
Publication

3.

6.

8.

9.

10.

BS 2600

Part 1

Part 2

BS 2737

BS 2910

BS 3385

BS 3490

BS 3510

BS 3664

BS 3683

Part 1

Part 2

Parl 3

Part 4

Part 5

BS3890

Methods for radiographic 1973
examination of fusion welded
butt joint in steel

5mm up to and including 50mm
thick Amendment AMD 1566
(October 1974) (Revised speci-
fication in draft August 1982)

Over 50mm up to and including
200mm thick Amendment AMD 2285
(June 1977) 1973

Terminology of internal defects 1956
in castings as revealed by radiography

Methods for radiographic examination 1973
of fusion-welded circumferential
butt joints in steel pipes

Direct-reading pocket-type 1973
electroscope exposure meters

Sizes of film for industrial
radiography and X-ray
crystallography

1972

A basic symbol to denote the 1968
actual or potential presence
of ionising radiation

Film badges for personnel 1963
radiation monitoring

Glossary of terms used in 1963
nondestructive testing

Penetrant flaw detection 1963

Magnetic-particle flaw 1963
detection Amendment PD 6369
(March 1968)

Radiological flaw detection 1964
Amendment PD 6370 (March 1968)

Ultrasonic flaw detection 1965
Amendment PD 6371 (March 1968)

Eddy current flaw detection 1965

General recommendations for 1965
the testing, calibration, and
processing of radiation
monitoring films
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TABLE 10.4 (cont.l

Sr. Standard
No. Number

Title Year of
Publication

11. BS 3971

12. BS4031

13. BS 4094

Part 1

Part 2

14. BS 4304

15. BS5230

16. BS 5288

17. BS 5566

18. BS 5650

BS 5868

20. BS 6090

21. BS6251

22. BS 6252

23. PD 3542

Specifications for image 1980
quality indicators for radio-
graphy (including guidance on
their use)

X-ray protective lead glasses 1966

Recommendations for data on
shielding from ionising
radiation

Shielding from gamma-radiation l%6

Shielding from X-radiation 1971

X-ray film cassettes (flat, 1968
rigid type)

Method for the measurement of 1975
speed and contrast of direct
type films for industrial
radiography. Amendment AMD 3503
(September 1981)

Scaled radioactive sources 1976

Recommendations for installed 1978
exposure rale meters, warning
assemblies, and monitors for
X or radiations of energy
between 80kcV and 3 McV

Specifications for apparatus 1978
for g<;mma radiography

Guide to ionising radiation 1980
thickness meters for materials
in the form of sheets,
coating, or laminates.

Specification for personal 1981
photographic dosimeters

Method for determining the 1982
luminance distribution of
eleclro-opncal X-ray
intensifies

Method for measuring the 1982
conversion factor of electro-
oplical X-ray intensifies

Operation of a company 1979
standards department

266



TABLE 10.4 (cont.)

Sr.
No.

Standard
Number

Title Year of
Publication

24.

25.

PD 6493

M 34

Guidance on some methods for 1980
the derivation of acceptance
levels for defects in fusion
welded joints

Method of preparation and use 1970
of radiographic techniques in
aerospace.

10.1.2.6 Japanese Industrial Standards

The Japanese Industrial Standards Committee is the recognised body in the Ministry of
International Trade and Industry for the preparation and promulgation of national
standards.

A list of the Japanese Industrial Standards relating to radiographic testing is given in
TABLE 10.5.

TABLE 10.5 JAPANESE INDUSTRIAL STANDARDS COVERING RADIOGRAPHIC
TESTING

Standard No.

JIS Z 3104

JIS Z 3105

JIS Z 3106

JIS Z 3107

JIS Z 3108

JIS Z 3109

JIS G 0581

JIS Z 3861

JIS H 0522

Title Year

Methods of radiographic test 1968
and classification of
radiographs for steel welds
Methods of radiographic test 1984
and classification of radio-
graphs for aluminium welds
Methods of radiographic test 1971
and classification of
radiographs for stainless
steel welds
Methods of radiographic test 1973
and classification of radio-
graphs for titanium welds
Methods of radiographic test 1986
for circumferential butt
welds of aluminium pipes and
tubes
Methods of radiographic lest 1980
for aluminium tee welds
Methods of radiographic test 1984
and classification of radio-
graphs for castings
Standards qualification proc 1979
-edurc for radiographic
testing technique of welds
Radiographic inspection
soundness requirements for
aluminium and magnesium
castings
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U). 1.3. Survey of NDT Standards

The following useful summaries and surveys of NDT standards have been published :

1. Specifications and standards for nondestructive inspection of steels. Journal of NDT of
the Japanese Society for Nondestructive Inspection. 19(9), 467 (September 1970).

2. Commonly used specifications and standards for nondestructive testing, Materials
Evaluation. 27(7), 13A, (July 1%9): 29(5), 17A (May 1971).

3. Bates, CC and Campkin, C. Nondestructive testing and standardisation in Great Britain.
Proceedings of the International NDT Conference, Montreal, 274 (1967).

4. Bales, C C, Progress report on the activities of ISO TC 135 (including list of national
standards). Proceedings of the 7th International NDT Conference Warsaw, Paper A03.

5. Hosokawa, T. List of MIL Specs for NDT, Japanese Journal of NDT, 24(10).
596(October 1975).

6. Campbell, H F, Standards of acceptance by NDI for raw materials and components, in
AGARD-AG-20/,1, 57 (October 1975)

7. Marguglio, B W, Quality systems in the nuclear industry (and in other high technology
industries), ATM Spec Tech Pub 616 (1977)

8. LaDonna Thompson. Bcckman. K and Ricci, P. Standards Cross Reference List, MTS
Systems Corp, Minneapolis (April 1977)

9. NDT specifications and codes of practice. Australian Nondestructive Testing Journal
(July, August, September issues 1979)

10. Specifications and standards issued in NDT, Materials Evaluation, 25 (May 1980)

11. American British Canadian Australian Armies Standardisation program Quadripartite
standardisation agreement 274 (certification of radiographic testing personnel)

12. NTIAC Handbook 79-1, edited by R E Engelhardt, NTIAC Southwest Research
Institute, San Antonio, Texas, USA.

10.2. INTRODUCTION TO NDT CODES AND STANDARDS

Nondestructive examination is very significant means to ensure reliability of equipment and
structural components. Quite often a product being designed and manufactured or
fabricated follows a certain reference standard, code, or specification. In relation to NDT
inspection, the purpose of standards and codes is to prescribe a lest method or procedure
which would give correct and uniform assessment of the quality of the product.

Competent NDT personnel arc required to assess the quality of the product. This can only
be achieved through proper training and education in NDT practices. This is why the
qualification and certification of NDT personnel is being standardised throughout the world
by drafting of an ISO standard.

The use and the performance of nondestructive testing in industry depends very much on
standards. Standards are used to compare results, to calibrate equipment, to ensure
uniform and reproducible results, and to help one to determine what is acceptable and what
is not. Generally standards and codes, are classified in the following manner:

(i) Standards or codes on the product. This standard will normally specify or recommend,
acceptable methods of manufacture and fabrication, requirements for test and inspection
and also the acceptance criteria for the test and inspection.
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Examples of such standards or codes are :

(a) ASME Boiler and Pressure Vessels (ode Sections I, II and III
(b) BS 5500 Specification For Unfired Fusion Welded Pressure Vessels.
(c) AWS D 1.1. Structural Welding Code - Steel, etc.

(ii) Standards or codes on the method or procedure of test or inspection. Some of these
lypes of standards specify general testing methods or procedures while others specify
testing methods for specific products, shapes or materials such as pipe welds, etc. Some
will also specify types, materials and shapes of the image quality indicators and sometimes
contrast meters as in the Japanese Standards. Generally this type of standard will specify
the radiographic arrangement, criteria for film selection, intensifying screen, selection of
radiation energy, quality or sensitivity level etc. Some examples of such standards or codes
art- as follows:

(a) ASME Boiler and Pressure Vessels Code Section V.
(h) BS 2600
(c) BS 2')H)

(iii) Standards for collection of reference radiographs. Depending on the purpose, there
are various collections of reference radiographs, such as those showing the correspondence
between designation and shape of defects, those classifying defects by their shape, si/e,
distribution, etc. and some even classify or grade the degree of severity of (he comparison
of radiographs of cast products whose judgment of the results cannot be easily determined
quantitatively.

Examples of such standards include:

(a) IIW Collection of reference radiographs for welds
(b) ASTM E 186 reference radiographs for heavy welded sleel castings.
(c) ASTM E 3W reference radiographs for steel fusion welds, etc.

The standards mentioned above, though basically similar, differ in their approach. The
difference is noticed in the design concept of the 101 and thus the sensitivity, and also on
the source to film distance. Thus to radiographically evaluate the quality of the products,
generally it is required to make use of or refer to all or part of those three types of
standards.

10.1. COMPARISON OF SOME IMPORTANT RADIOGRAPHIC TESTING STANDARDS

In this section comparison of some important technique parameters is made by considering
the following recommended practices for radiographic testing.
(a) ISO/DIS 5.S7') (1983)
(b) BS 2ť>00 (ll>73)
(c) ASME Code (Article 2 of Section V and SE ')4 (I<Í74), of Article 22 section V)

(d) JIS2 3104

10.VI. Classification of techniques

10.3.1.1. ISO/DIS SS79

Radiogruphic techniques are divided into the following two classes:
- Class A : a general technique
- Class B : a more sensitive technique intended for use where the usual method
may give unsatisfactory results or is unlikely to reveal the anomalies sought.

Many applications arc covered by the correct use of the rules given for class A.
Class B is intended for cases which require a greater degree of .sensitivity. It generally
requires longer exposure limes.
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In addition to having an adequate 101, some applications of radiography require the
radiographs to cover a range of specimen thickness. Several modifications of either class
A or B will produce an increase in thickness latitude.

The decision on which class is required for a particular application must be agreed in
advance between (he customer and the supplier, taking into account the 101 required, the
thickness latitude necessary, the equipment available, cost, accessibility etc.

10.VI.2, BS 2600

In this standard a different classification of techniques is adopted. This classification is
given in TABLE 10.6.

TABLE 10.6 : TECHNIQUE CLASSIFICATION ACCORDING TO BS 2600.

Radiation Technique
number

Type of film* Type ofFilm density of weld area
* inten- area under examination*

sifying
screen

X-rays

Gamma
rays

Ullra-fine-grain
high-contrast
direct-type
Fine-grain
direct-type
Medium-speed
direct-type
High-speed
high-contrast
direct-type
Screen-type
(high-
definition
Ultra-finc-grain
high-coniras!
direct-type
Fine-grain
high-contrasl
direct-type
Medium-speed
direct-type

Lead 2.0-3.0

Lead 2.0-3.0

Lead 1.7-3.0

Lead 1.7-3.0

Salt 1.3-2.3

Lead 2.0-3.0

Lead 2.0-3.0

Lead 2.0-3.0

* A density of 3.0 can be exceeded for direct-type film provided that a high intensity illuminator
is used.
* These techniques are not recommended for welds for Class I duties.
* The lerm 'non-screen' film is synonymous with 'direct- type' film.

10.3.1.3. ASME Code

No formal classification of techniques is given in this standard.

10.3.1.4 JIS Z 3104

In (his standard two classes of technique arc adopted. This classification is given in TABLE
10.7.
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TABLE 10.7 CLASSIFICATION OF TECHNIQUE ACCORDING TO JIS Z 3104

Class Ug In radiation angJc IOI sensitivity Density
to transverse crack

Special <0.2mm < 9° 0 < T <100 0<T<50
<1.5% 1.0-3.5
100<T
<1.3%

50<T<100
1.5-3.5

Ordinary <0.4mm < 14° <2.0% 100<T
2.0-3.5

where T = material thickness

10.3.2. Films and screens

10.3.2.1. ISO/PIS 5579

The classification of radiographic films according to this standard is given in TABLE 10.8.
Radiographic films which are used in combination with special techniques, e.g., fluorescent
screens are not included in this table. For class A techniques GUI or finer films can be
used while for class B techniques Gil or finer films can be used.

TABLE 10.8. CLASSIFICATION OF FILMS ACCORDING TO ISO STANDARD

Film classes Grain Speed

G I Very fine-grained film Very slow
G II Fine-grained film Slow
G III Film with medium grain size Medium speed
G IV Fiim with larger grain size High speed

The intensifying screens can be selected according to TABLE 10.9. For a double film
technique iNe use of an intermediate screen is recommended.

TABLE 10.9. CHOICE OF INTENSIFYING SCREENS ACCORDING TO ISO STANDARD

X-ray kilovoltagc Class A Class B
or gamma-source

< 400 kV (1) 0.02 to 0.25mm front and back screens of lead1

lr 192 0.05 to 0.25mm front and back screens of lc* j

Co 60 0,1 to 0.5mm front 0.4 to 0.7mm
and back screens of front and back
lead, steel2 screens of steel
or copper steel1 or copper

1 to 2 MV 0.1 to 1.0mm lead front and back : creens
2 to 6 MV 1.0 to 15mm front and back screens of copper or steel2

6 to 12 MV 1.0 to 1.5mm front of copper,
screen < 1.5mm back steel2 or
screen tantalum

More than 12 MV 1.0 to 1.5mm front screen of tantalum or tungsten
No back screen

1. For X-ray kilovollages below 100KV no front screen is necessary although a thin lead
screen is sometimes useful to reduce scattered radiation.
2. Alloyed or unalloyed.
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10.3.2.2. B.S. 2600

In this code radiographic films are classified according to the column "Type of film" of
TABLE 10.4.

The thickness of the lead intensifying screens to be used should be as follows:

Radiation

Below 120 KV
120 to250KV
250 to 6000KV
Gamma rays

10.3.2.3. ASME Code

Thickness of
front screen
0.02 to 0.05mm
0.02 to 0.13mm
0.10 to 0.15mm
0.10 to 0.25mm

Minimum thickness
of back screen
0.13mm
0.13mm
0.13mm
0.13mm

The classification of films adopted by ASME(SE-94) is given in TABLE 10.10. TABLE
10.11 gives a guide for selection of a proper film, taken from SE-94. ASME
recommends the use of front lead intensifying screens of thickness up to 0.13mm with
voltage up to 125KV wherever they improve radiographic quality. For voltages above
125KV the minimum thickness of front screen and the minimum thickness of back
screen for any voltage value should be 0.13mm.

TABLE 10.10 . CLASSIFICATION OF FILMS ACCORDING TO ASME CODE

Film
Tľpe

Speed

1 low

Description

Contrast Graininess

Characteristics

very high very low Extra fine grain and high contrast. Used
to obtain the highest quality from high-
voltage X-ray equipment or for light
metals like Al or Mg. Recommended
when the most critical radiography is
required. For use direct or with lead
intensifying scree.is.

2 medium high low Fine grain and high contrast designed for
the radiography of light metals at lower
voltages and for megavolt radiography of
heavier steel parts. Its grain is not quite
so fine as that of type 1 but its higher
speed makes it more widely useable. For
use direct or with lead intensifying
screens.

3 high medium high Highest speed available when gamma rays
or high voltage X-ray are used direct or
with lead intensifying screens.

4 very very high dependent Highest available speed and high upon
high contrast when used with fluorescent
fluorescent screens. Useful screen used
for examination of steel brass etc. with
radiation sources of limited kilovoltage.
Medium speed contrast and graininess
when used direct or with lead intensifying
screens. Records large range of thickness
in relatively small density range.
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TABLE 10.11. GUIDE FOR THE SELECTION OF FILMS ACCORDING TO ASME

Material thickness
in.

bO tc) OUtO
120k

iriiO
/ 130k

3 lbOtť
v2SCk\

3 I r id iun
/ 192

250to
400kv

1nev Ccfcalt
2rev Radiun

STEEL

0 to 1/4
1/4 to 1/2
1/2 to 1
1 to 2
2 to 4
4 to 8
Over 8

0 to 1/2
1/4 to 1/2
1/2 to 1
1 to 2
2 to i
4 to 8
Over 8

0 to t/4
1/4 to -1/2
1/2 to '1
1 to 2
2 to 4
4 to 8
Over 8

3
4

3
3
4

1
2
2
3
4

1
1
1
2
3
4

4 3
3
4

2
2
3

1
1
2
2
3

f

2
2
i
i

1
2
2
3
4

2
2
3

ALUMINIUM

1
1
1
2
3

1
1
2
4

3R0NZE

1
2
3
4

1

2
2
3
3

1
2
2
4
4

1
1
2
3

1
1
2
3
i

1
1
2
3

1
1
I
1
2
3

2
2
3

2
2
3
3

1
1
2
2
3

1
1
1
2
2
3

2
2
3
3

2
1
3

6to3i
rev

1
1
2
2

1
1
2
2

MAGNESIUM

0 to 1/4
1/4 to 1/2
1/2 to 1
1 to 2
2 to 4
4 to 8
Over 8

2
2
3

1

1
1
2
3

t
1
1
2
2

1
1
2
4

1
1
2
3

It is worth mentioning here that various commercially available films can be identified
according !o the above classification.

10.3.2.4. J IS Z 3104

No formal classification of film and screen is given in this standard.

10.3.3. Focus-Film Distance

10.3.3.1. ISO/PIS 5579

The minimum distance between the radiation source and the nearest surface of the
specimen is given in Figure 10.1. in terms of the specimen thickness t, and (he effective
optical focus size d. If the optical focal spot is similar to one of the forms in Figure
10.2 (idealised), in the calculation of the minimum source-to-object distance f the
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Figure 10.1 Required minimum values of ratio f/d in terms of thickness (

effective optical focus size of d is by convention :

i = a , for a square focus

d = a + b for a rectangular focus

d for a circular focus

d = a + b for an elliptical focus

2

The nomogram of Figure 10.3. is then used to determine the minimum source to-object
distance f in terms of material thickness t and effective optical focus size d in
accordance with Figure 10.1. for classes A and B (for example, d = 3mm and t =
37mm then f = 300mm in test class B. The corresponding geometric unsharpness U
can be calculated from the following formula and it should not be greater than 0.4 for
Class A techniques and 0.2 for class B techniques for specimen thicknesses up to 40mm

Where U, = d.t/f

d is the effective optical focus size in accordance with annex A in millimetres:
f is ihe source-to-object distance in millimetres:
l is the material thickness in millimetres.

For specimen thicknesses in the range of 40 to 100mm, (he source-to-object distance is
usually a compromise betweei. the technically desirable distance and an acceptable short
exposure time.

In this thickness range an increase in f will generally produce an improvement in flaw
sensitivity.
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Figure 10.3 Nomogram for calculation of f
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The cassette should be in close contact with the surface of the test object whenever
possible. When this is not possible and when the distance b between the film and the
test specimen is large compared to the thickness t, t should be replaced by (b + t) on the
abscissa of Figure 10.1.

10.3.3.2. B.S. 2600

The British Standard B.S. 2600 gives several curves to calculate the minimum values of
FFD, Figure 10.4.

V 2 O

Curve B also applies to high-definition
salt-screen technique for material up to
2 in (50.8 mm) thick

0 1 2 3

Material ihickncss-inches
Minimum values of focus-to-film distance (or source-to-film distance) Calculated for
7mm focal spot (Curves A and B) 4mm source (Curve C)

NOTE 1. For a focal spot of maximum effective dimensions s mm (other than 7mm) the
focus-to-film distance Fz should be equal to or greater than the value calculated from
the following formula :

Fz = sF, P

Where F, is the focus-to-film distance for a 7mm effective focal spot.

NOTE 2. For a source of diameter d mm (other than 4mm) the source-to-film distance
Fz sbould be equal to or greater than the value calculated from the following formula :

Fz = dF 2 /4

where F2 = source-to-film distance for a 4mm diameter source.

Figure 1 1.4. Curves for the determination of sfd values according to B.S. 2600
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10.3.3.3. ASME Code

The focus- film distance necessary to reduce geometric unsbarpness to a negligible
amount depends upon the film or film-screen combinations, focal-spot size and object-
film distance. Geometric unsharpness is given, Figure 10.5.(a), by the equation :

Vt = Ft/d.

where,
Uj = geometrie unsharpness,
F = size of the radiation source,
t = specimen thickness, and
d = source-object distance.

A nomogram for the determination of Ug is given in Figure 10.6.
For example:

Given :

Source-film distance (d) = 40in.,
Source size (F) = 5.0mm, and
Source side of specimen to film distanced )= 1.5in.

Draw a straight line (dashed in Figure 10.6) between 5.0mm on the F scale and l.Sin.
on the t scale. Note the point of intersection (P) of this line with the pivot line. Draw

Source

(a) Geometric UnBharpness, U, (b) Radiographlc Enlargement (c) Radiographic Distortion

Legend tor (a) end {b}

d0 - source to ob|ecl distance 'A enlargement - d/Lgx100
I • ob|«cl lo Him distance U - L/(l • tŕd^
lo « dimension of object
I, » dimension of Image

Legend lor (c)

L, • dimension of undlstoried image
l<, - dimension ol distorted Image
I* - L, . AL
*M) distortion • AL/L, x 100

Figure 10.S Effects of object-film geometry
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Figure 10.6 Nomogram for determining geometrie unsharpness.

a straight line (solid in Figuře 10.6) from 40in. on the d scale through point P and
extend to the U, scale. Intersection of this line with the U, scale gives geometric
utjsharpness in millimetres which in the example is 0.19mm.

In as much as the source size, F, is usually fixed for a given radiation source, the value
of U, is essentially controlled by the simple d/t ratio.

Because X and gamma radiation is divergent, the ra' graphic image of an object, or of
•\ structure within an object, will be larger than the object of the structure itself. The
degree of enlargement will increase with decreasing source-object (structure) distance
and with increasing object (structure)-film distance (Figure 10.5.(b).

If the film is not parallel to the object, the radiographic image will be distorted because
different parts of the radiographic image will be enlarged by diffemt amounts. A
measure of the degree of distortion is given by the ratio of the change in image size
caused by distortion to the size of the undistorted image (Figure 10.S. (c)).

Final acceptance of radiographs should be based on the ability to see the prescribed
pcnctramctcr image and the specified hole. The unsharpness formula is included for
information and guidance, and will operate within practical limits, but is of less
consequence as d/t ritic - increase.

10.3.3.4. US Z 3104

i) Figure 10.7 shows a radiographic examination set up in JIS Z 3104. The image quality
it divided into the ordinary class and the special class. The ratio of the source-
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pcnetrametcr distance L, to the IQI film distance L2 is denoted by m. The value m shall
meet the following equations for each class.

Ordinary class m 2 2.5f
Special class m 2 5f

where, in = L,/L2

f = focus size (mm)

Source

„ V

Transverse crack

Film

Contrast meter

Figure 10.7 Radiographic arrangement for determining the angle of radiation relative to
transverse crack

ii) JIS Z 3104 specifies the radiographic arrangement as follows so that the degree of
detection of planar defects such as cracks does not show a great difference between the
centre and corners of a radiograph of a butt weld of flat plates. The distance between
the source and the penelrameter L, shall as a rule be less than n times the effective
length of the tested part L3. The coefficient n shall be 2 for the common class and 3 for
(he special class. If a crack which is at right angles to the weld line and is present in the
thickness direction, is supposed to be formed , the radiation angle relative to the
transverse crack is given by the following equation as shown in Figure 10.7.

For the ordinary class (L, t 2 L3)

= tan '(2/L,) = tan ' (1/4) = 14°

For the special class (L, i 3 L3)

= tan '(Lj/2) = tan ' (1/6) = 9°

That is to say, this standard limits the effective length of the tested part so thai the
radiation angle to the transverse crack (hereinafter called the radiation angle) is
approximately 14 degrees or less for the ordinary class and approximately i degrees or
less for the special class.
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10.3.4. Radiation energy

10.3.4.1. ISO/PIS 5579

According to this standard the maximum kilovoltage (KV) that can be used for a
particular thickness is determined from Figure 10.8. Test ranges for high energy X-ray
equipments and gamma ray sources are given in TABLE 10.12.

450

250

i 200

í 150
D

í 12S

! too
I 80

i 60

50

40

30

20

yS its alloys ~ N ^

y

y S

yľ y*

^yS~

y.fS y~

^y

y S

y

yS

y^~
y

y

^Steel (alloyed and unalloyed),
u

Aluminiu

tx\, nickel and its alloys ^

y S ^

1S 20 30 1,0 50 too 300

Thickness, t, mm

Figure 10.8 Maximum kilovoltage for X-rays up to 450KV for different materials for classes A
and B in terms of material thickness.

TABLE 10.12 THE RANGE OF MATERIAL THICKNESSES (MILLIMETRES) FOR
WHICH DIFFERENT RADIATION SOURCES ARE SUITABLE

Class A

Radiation source

1, 192

Co 60

X lays
1 t o 2 M V

X ,ay more
lhan 2 MV

StPil, Iron, Nickel
and its alloys

20 to 100
110 lo 100)

40 to 200

50 to 200

50 and up

Coppei and its alloys

15 to 90

20 to 170

-

-

Lead and its alloys

5 to 40

15 to 125

-

-

Class B

Radial,on source

Ir 192

Co 60

Xrayt
1 to I MV

X ntyt mow
lhan2MV

Steel. Iron, Nickel
and its alloys

40 to 90
11010 90)

00 to 150

00 to 150

60 dm) up

Coppei and its alloys

35 to 80

50 to 135

-

-

Lead and its alloys

15 to 35

40 to 100

-

-
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in.3.4.2. B.S. 2600

Maximum X-ray lube voltages allowed by the B.S. 2600 are given in Figure 10.9.

Millimetres

25 75 100
-400

30C

S
3

200

100
A High-definition salt screen technique

• Medium speed film
- High-speed 1ilm

C Fine gram film
D Ultra fine-gram film

I I
I 2 3
Material thickness-inches

Figure 10.9 Maximum X-ray tube voltage according to B.S.2600

The curves for voltage arc not extended beyond 400 KV as there is no commercial X-ray
equipment in use in this country operating between about 400 and 1000 KV. For
thicknesses of material greater than 3in (75mm) experience has shown that satisfactory
radiographs can be obtained with any X-ray energy from 1 to 31 MeV provided thai due
attention is paid to the clauses on focus-to-film distance and density of radiograph.

The curves given on Figure 10.9. are used in the following way depending on the
exposure techniques. The minimum exposure in mAmin is as follows:

Radiographic technique Voltage curve Minimum mAmin

D
C
B
B
A

30
20
15
8
8

Recommended thicknesses for gamma-ray sources arc the following :

Cobalt 60
Calcium 137
Hdium 192
Thulium 171)

from 50 to 200mm
from 25 to 100mm
from 6 lo 90mm
up lo 13mm
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10.3.43. ASME Code

The maximum voltage used in the examination shall not exceed the value shown in
Figure 10.10 (a), (b) or (c) as applicable. The recommended minimum thickness for
which radioactive isotopes may be used is as follows :

Material

Sleel
Copper or High Nickel
Aluminium

Minimum thickness
Iridium 192

0.75 in.
0.65 in.
2.50 in.

Cobalt 60

1.50 in.
1.30 in.

3

ZO

15

10

B
7

> S
LU
S 5

4

3

1

1 MEV
900

800

700

000

soo

400

1 300
i

150 /

/

/

/

1

U
J

J

1 1
1

/

>* f
"J

i
j1

Vf1
f

í

O' O.IS 0.2 0.3 0.4 0.6 0.8 1.0 1.5 J 3 4 S í 7 B

Figure 10.10(a) Maximum voltage for .sivel.
10 ts 70
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Figure 10.10(b) Max.voltage for alloys of copper and/or high nickel.
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10.3.4.4. JIS Z 3104

No formal classif.cation of radiation energy is given in this standard.

10.3.5. Radiographic density

10.3.5.1. ISO /DIS S579

The recommended values of radiographic densities for various films are given in
TABLE 10.13.

TABLX '0.13. RECOMMENDED RADIOGRAPHIC DENSITIES ACCORDING TO ISO
STANDARD

Test class Film density Permissible fog
including fog density

GI, Gil, GUI GIV

A 1.5 or more 0.3 or less 0.4 or less
B 2.0 or more "

10.3.5.2. B.S.2600

TABLE 10.14 gives the recommended radiographic densities for various radiographic
technique.

TABLE 10.14. RECOMMENDED RADIOORAPHIC DENSITIES ACCORDING TO
B.S.2600

Radiographic
technique

1
2
3
4
5
ft
7
8

. ASME Code

Density
min

2.0
2.0
1.7
1.7
1.3
2.0
2.0
2.0

of radiograph
max.

3.0
3.0
3.0
3.0
2.3
3.0
3.0
3.0

Fog density
max.

0.2
0.2
0.3
0.3
0.3
0.2
0.2
0.3

The transmitted film density through the radiographic image of the body of the
appropriate penetrameter and the area of interest shall be l.S minimum for single film
viewing for radiographs made wilh an X-ray source and 2.0 minimum for radiographs
made with a gamma ray source. For composite set shall have a minimum density of
1.3. The maximum density shall be 4.0. for either single or composite viewing. A
tolerance of 0.05 in density is allowed for variations between densitometer readings.

If the density of the radiograph anywhere through the area of interest varies by more
than minut 15% or plut 30% from the density ilnough the body of the penetrameter,
within the minimum/maximum allowable density ranges specified in T-282.1, then an
Additional penetrameter shall be used for each exceptional area or areas and the
radiograph retaken. When calculating the allowable variation in density, the calculation
may be rounded to the nearest 0.1 within the range specified above.
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When shims arc used the plus 30% density restriction above may be exceeded, provided
the required penetramctcr sensitivity is displayed and the density limitations set above
are not exceeded.

10.3.5.4. JIS Z 3104

TABLE 10.15 gives the required radiographic densities for various material thicknesses.

TABLE 10.15 REQUIRED RADIOGRAPHIC DENSITIES ACCORDING TO JIS Z 3104

Material thickness (mm) Density range

Up to 50
over 50 up to 100
over 100

1.0 -3.5
1.5 - 3.5
2.0 - 3.5

t

10.3.6. Image quality indicators

10.3.6.1. ISO/PIS 5579

According lo this standard the design of the 10 ' shall be as given in Chapter 6 of these
notes. The sensitivity values required for the I.O.I- shall be agreed between the
contracting parties. These values merely provide a guide to the quality of the technique
used and do not necessarily bear any direct relation to sensitivity as regards the
detection of flaws.

10.3.6.2, B.S. 2600

The design of the IQI shall be according to that given in Chapter 6 of these notes. This
standard does not give a value of IQI sensitivity which can be regarded as universally
acceptable or desirable. It is stated that an acceptable value of IQI sensitivity should be
determined by mutual agreement between the contracting parties. For guidance,
however, the standard does give examples of I.O.I, sensitivity which can be excepted to
be obtained (TABLES 10.16 a and b). TABLE 10.16a is for more critical techniques
such as technique 1 and 2 and TABLE 10.16b is for techniques such as 6,7 and 8.

TABLE 10.16. GUIDE TO THE SELECTION OF 101 SENSITIVITY ACCORDING TO
B.S.2600

Specimen
Thickness

mm

3
6
12.5
25
40
50
75
too
150

in

1/8
1/4
1/2
1
1 1/2
2
3
4
(.

I.O.I. Sensitivity
per cent

Wire
type

2.4
1.6
1.4
1.2
1.1
1.0
0.')
0.8
0.7

Step/hole
type

5.1
3.6
3.0
2.5
2.1
1.8
1.6
1.4
1.3

Specimen
Thickness

mm

3
6
12.5
25
40
50
75
100
150

in

1/8
1/4
1/2
1
1 1/2
2
3
4
6

I.Q.I. Sensitivity
per cen

Wire
type

-
2.4
1.7
1.5
1.3
1.1
1.0
O.'J

t

Step/hole
type

»

4.6
3.0
2.5
2.2
2.0
1.8
1.8

(a)
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10.3.6.3. ASME Code

The design of the I.Q.Í. (penetrameter) is given in Chapter 6. The essential hole size
and designated penetrameters are as specified in TABLE 10.17. A smaller hole or a
thinner penetrameter than listed for each range may be used, provided all other
requirements for radiography are met.

TABLE 10.17. SELECTION OF IQI ACCORDING TO ASME CODE

Nominal
Single-Wall
Material thickness
Range, in.

Up to 0.25, inclusive
Over 0.25 through 0.375
Over 0.625 through 0.75
Over 0.75 through 0.875
Over 0.875 through 1.00
Over 1.00 through 1.25
Over !.25 through 1.50
Over 1.50 through 2.00
Over 2.00 through 2.50
Over 2.50 through 3.00
Over 3.00 through 4.00
Over 4.00 through 6.00
Over 6.00 through 8.00
Over 8.00 through 10.00
Over 10.00 through 12.00
Over 12.00 through 16.00
Over 16.00 through 20.00

10.3.6.4. JIS Z 31M

Source
Designation

10
12
17
20
20
25
30
35
40
45
50
60
80
100
120
160
200

Side
Essential
Hole

4T
4T
4T
4T
4T
4T
2T
2T
2T
2T
2T
2T
2T
2T
2T
2T
2T

Film Side
Designation Essential

7
10
15
17
17
20
25
30
35
40
45
50
60
80
100
120
160

Hole

4T
4T
4T
4T
4T
4T
2T
2T
2T
2T
2T
2T
2T
2T
2T
2T
2T

The design of IQI is given in Chapter 6 of these notes. This standard gives two values of
IQI sensitivity for two classes of radiographic techniques as shown in TABLE 10.18.

TABLE

Class

Special

Ordinary

10.18 IOI SENSITIVITY

Material thickness

Up to 100
Over 100

ACCORDING

(mm)

TO JIS

IOI

1.5
1.3

2.0

Z 3104

Sensitivity (%)

10.4. GENERAL RULES FOR RADIOGRAPHIC TESTING

Besides the technical parameters discussed in the preceding section, the following rules
are given as a guide for carrying out a good quality radiographic inspection. Most of
these rules are taken from ISO/DIS 5579 but some of these rules are modified by
considering B.S. 2600, B.S. 2910 and ASME Code.
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10.4.1. Protection

Exposure of any part of the human body to X-rays or gamma-rays can be highly
injurious !<> health. It is therefore essential that, whenever X-ray equipment or
radioactive sources are in use, adequate precautions should be taken to protect the
radiographer and any other person in the vicinity. Safety precautions to be taken
against X-rays and gamma-rays are those in force in each country.

10.4.2. Surface preparation

In order to obtain the best flaw sensitivity, it is always advisable to remove surface
imperfections before taking radiographs. In general, surface preparation may not be
necessary for radiography, but where surface irregularities might cause difficulty in
detecting internal discontinuities, the surface should be ground smooth.

10.4.3. Identification and marking

Letters or symbols should be affixed to each section of a test object being radiographed.
The image of these markers should appear in the radiograph to ensure unequivocal
identification of the section. The use of a film imprinter or other means prior to
development is also permitted.

In general, permanent markers on the test object will provide reference points for the
accurate re-location of the position of each radiograph. Where the nature of the
material and its service conditions render stamping impossible, other suitable means for
re-locating the radiographs should be sought. This may be done by paint marks or by
accurate sketches.

If the position of the area to be examined cannot be recognised from the shape of the
work piece, markers should be placed so that the position of the area can be identified
on the radiograph.

10.4.4. Overlap of films

In radiographing a continuous length of weld, the separate radiographs should overlap
sufficiently to ensure that no portion of this length remains unexamined.

10.4.5. Use of gamma sources instead of X-ray equipment

If the use of X-ray equipment with respect to accessibility is technically impossible or if
there exists larger probability of flaw detection due to a more advantageous direction of
radiation beam, it is recommended that radioactive sources are used instead of X-ray
tubes in the thickness ranges given in TABLE 10.11, although image quality of
radiographs taken with X-ray equipment in these thickness ranges may be better than
lhal with gamma rays.

10.4.6. Thickness latitude

For some applications, where the thickness or the absorption of (he specimen changes
rapidly over a small area, it is desirable to use a modified or a special radiographic
technique to ensure that the range of "thickness" required to be examined falls within
the useful film density region.

Precise rules cannot be formulated for a general case, but any of the five techniques
listed below may be used:

(a) Use a higher X-ray kilovollagc than shown in Figure 10.8. together with a filter at
the X-ray lube window. Suitable filter thicknesses are:

• for 2(M) KV X-rays : 0.25 to 0.5mm lead;
- for 400 KV X-rays : 0.8 to I mm lead:
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(b) expose two films of the same speed in one cassette, each to have a density at the
minimum value specified in TABLE 10.13 under the thinnest part of the specimen.
Superimpose the two films to examine the thicker region;

(c) expose two film of different speeds in one cassette, using an exposure suitable for
producing acceptable film densities on the image of the thickest part of the specimen on
the faster film and on the thinnest part of the specimen on the slower film;

(d) use a special single emulsion film, for example line copying film;

(e) reduce the minimum permissible density to 1.0 for class A and to 1.5 for class B.

The techniques mentioned in (d) and (e) lead to a poorer flaw sensitivity than would be
obtained with a normal technique.

10.4.7. Precautions against scattered radiation

Scattered radiation reaching the film is an important cause of reduced image quality,
particularly with X-rays between 150 and 400 KV. Scattered radiation can originate
from both inside and outside the specimen. In order to minimise the effect of scattered
radiation, the area of the field of radiation should be masked, so that it covers only the
area of interest. This is normally done by collimating the primary cone of the radiation
beam, either with a physical cone or with a diaphragm on the tube head. The film must
also be shielded from radiation scattered from other parts of the specimen or from
objects behind or to the side of the specimen. This can be done by using a back
intensifying screen of extra thickness or by using a sheet of lead behind the film screen
combination; this extra sheet may be inside the cassette or placed immediately behind
the cassette.

Depending on the set-up, typical lead thicknesses are in the range of 1 to 4mm.

If the edge of the specimen is within the radiation field, a method of reducing
undercutting scatter is generally necessary. Figure 10.11 shows two typical methods.

With X-rays of 6MV energy or more used without back intensifying screens, shielding
against scattered radiation is not necessary, unless there is scattering material close
behind the film.

Lead sheet

Figure 10,11 Methods of reducing the effect of scattered radiation
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In general, with X-rays between 150 and 400 KV and with gamma rays, if a beam
restrictor cannot be used, such as when panoramic exposures are being made, the
exposure should be made in as large a room as possible, so that extraneous scatter is
attenuated by distance; the specimens, when ever possible, should be well above floor
level and the floor near the specimen should be covered with lead.

10.4.8. Cassettes

Films and screens (if used) should be contained in cassettes. Rigid cassettes arc
recommended, but flexible cassettes may be used. In either case, adequate precautions
should be taken to ensure a good film-to-screen contact.

10.4.9. Processing

Film should be processed in accordance with the recommendations of the film
manufacturer. Particular attention should be paid to temperature and developing time.
The radiographs should be free from artefacts, due to processing or other causes, which
would interfere with interpretation.

10.4.10. Viewing

The radiographs should be examined in a darkened room on an illuminated diffusing
screen and the illuminated area should be masked to the minimum required for viewing
the radiographic image. The brightness of the viewing screen should preferably be
adjusted so as to allow satisfactory reading of the radiographs.

10.4.11. Test arrangement

The test arrangement consists of the radiation source, test object and the film or film-
screen combination in a cassette. It depends on the size and shape of the object and the
accessibility of the area to be tested. Generally one of the arrangements illustrated in
Figure 10.12 to 10.14 should be used. The sketches in these Figures are suggested
techniques. Other exposure arrangements may be used provided they comply with the
requirements of the applicable standard. The beam of radiation should be directed at
(he middle of (he section under examination and should be normal to the surface at that
point except when it is known that certain flaws are better revealed by a different
alignment of the beam.

When radiographs arc taken in a direction other than normal to the surface, this should
be indicated in the test report.

Double-wall techniques should only be used if single-wall techniques are technically nol
practical.

10.4.12. Size of area examined per exposure

The area to be taken into consideration at each exposure should be such that the
thickness of material at the extremities of the exposed area, measured in the direction
of the beam incident at that point, docs not exceed the actual thickness at that point by
more than (>% for high sensitivity techniques ((SO class B and Techniques 1 and 2 of
B.S.-26Q0) and 10% for general purpose techniques (ISO class A and Techniques 3 to 8
of B.S.-2600).

A more practical way, especially for pips radiography, is to determine the si/e of (his
area by the intcrpretablc area from the first radiograph taken.

10.4.1.1. Back-icattcr radiation check

As a check on back-scattered radiation, a lead symbol "B""wilh minimum dimensions of
I2inm in height and 1.5mm in thickness, should be attached to the back of each film
holder.
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Figure 10.12a Single wall radiographic tcsl arrangements

10.4.14. Soarce size

The equipment manufacturer's or supplier's publications, such as technical manuals,
decay curvet, or wrillen slatemenls documenting the actual or maximum source si/c or
focal spot, should be acceptable as source size verification. For X-ray machines 320 KV
and leu, the focal spot li/e may be determined by the pinhole method.
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Figure 10.12b Single wall radiographic test arrangements

10.4.15. Step wedge film and deniitoucter

The density of step wedge comparison films and densilometer calibration should be
verified by comparison with a calibrated step wedge film traceable to a national
standard.

10.5. RADIOGRAPHIC TESTING PROCEDURES

A radiographic testing procedure is an orderly sequence of rules which describe in
detailed terms, where, how and when a radiographic technique should be applied to a
product. Radiograpbic procedures are normally formulated to meet inspection
specifications. Inspection specifications are defined is :

(a) Cutlnmcr Specifications

Imped ion specification Utued by the customer to the manufacturer when ordering.
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(b) Approved Specifications

Inspection specifications submitted by the manufacturer to the customer.As an example,
the following section gives inspection specifications for the radiographic testing of welds
in a pressure retaining iron tube.

10.5.1. Intpcclioa specifications for radiographic testing of bull welds in a pressure
retaiaiag iron tube

10.5.1.1. Geaeral

In addition to radiographic testing, non destructive examination of the welded joints
shall be carried out using ultrasonic testing to inspect for internal cracks and magnetic
particle testing to inspect for surface cracks.

10.5.1.2. Hadingraphic tcs l i f

This requirement applies lo the bull-welded joinls of u pressure retaining iron lube. The
inspection shall conform lo ISO/DIS 5579 (1983) "Non destructive testing Radiographic
examination of metallic materials by X-and gamma rays-Basic rules" and be carried oul
under the following conditions.
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10.5.1.2.1. Scope and conditions of radiography

(1) Longitudinal joints and circumferential joints of tube cylinder.

Material/joint Longitudinal joint Circular joint

SM 580 20% or more 15% or more

HT 80 100% 100%

Notes : (a) For HT 80, the scope of radiography is subject to change through
agreement between the customer and the manufacturer according to the progress of
work.

(b) When sampling inspection is carried out, the above mentioned values shall be
satisfied.

(c) Test arrangements shall be specified by the customer's inspector.

(2) Time of examination

The radiographic test shall be conducted within 24 hours of completion of welding.

(3) Criteria for acceptance or rejection

Judgment shall be made by the customer on the acceptance or rejection of radiographs
and weld lines, based on the following criteria:

(a) Criteria for acceptance or rejection of radiographs: Radiographs shall be compared
with IIW reference radiographs and defects of level 'Green' and above shall be rejected.

(b) Criteria for acceptance or rejection of weld lines: If films used in radiographing the
same weld line contain no rejected film, this weld line shall be accepted.

10.5.2. Preparation of procedures

As with the approved specifications, procedures shall, as a rule, be approved by the
customer. However, this approval can be omitted by agreement between the customer
and the manufacturer. The approval by the customer is necessary when the procedure
is used in place of the approved specifications.

The procedure will be developed on the basis of the following outline :-

1.0. SCOPE. Identifies the type of test, inspection and examination, its application i.e.,
welds, formed materials, etc, and a statement that the procedure is in accordance with
the specification for which it was written.

2.0. REFERENCES. This section will list the specifications and codes that the
procedure complies with and will consist of 2.1 and 2.2 as described below:

2.1. The following documents, of the issue in effect, as referenced on the purchase order
or contract arc made a part of this procedure to the extent specified herein.

2.2. As required, a listing of reference material used in preparation of the procedure,
i c , manufacturer's operating manual, lefts, contract requirement!, safety manuals,
personnel certification procedure, equipment calibration or certification procedures, etc.

3.0. PERSONNEL QUALIFICATIONS. TbU section will invoke the applicable
personnel certification procedure, and slate the required level of certification for
individual* performing (he process of pans for which the procedure •< written.
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4.0. EQUIPMENT. This section will describe the equipment used in the method; if
possible it will be a detailed description, however, it may be general. This section will
also state calibration or certification procedure, if needed.

5.0. PROCESS. This section will delineate the process, preferably in a step by step
manner. This section will cover surface requirements, process requirements, i.e.
sensitivity, amperage, dwell times, coverage, etc., and interpretation environment.
Whenever possible, the format of thi.. section will be standardised for each method, i.e.,
penetrameter requirements will be specified by the same paragraph number in all
radiographic testing procedures, etc.

6.0. REPORTS. This section will list the information required on reports and technique
sheets, and may include examples of typical report forms.

7.0. ACCEPTANCE STANDARDS. This section shall contain genera] interpretation
criteria and state the acceptance criteria of each applicable specification listed in
Section 7.0.

The following section gives an example of radiographic testing procedure for welds in
pressure retaining iron tubes.

10.5.3. Radiographic testing procedure for a pressure retaining iron tube

10.5.3.1. Scaac

10.5.3.1.1. Applicable standards

These requirements apply to the radiographic test of welded portions of a water
pressure retaining iron tube in accordance with the following standards:

(1) Ordinance for Establishing Technical Standards Pertaining to Hydraulic Equipment
for Power Generation.
(Ordinance No. 59 of the Ministry of International Trade and Industry, 1965).

(2) Technical Standards for Water Gate Iron Tubes (Water Gate Iron Tube Association,
November 1981)

(3) Supplement to Commentary of Water Pressure Iron Tube in Technical Standards for
Water Gate Iron Tubes (Water Gate Iron Tube Association, June 1974).

(4) Regulations for the Prevention of Ionising Radiation Hazards : (Ordinance No. 41
of the Ministry of Labor, September 30, 1972).

10.5.3.1.2. Purpose of examinations
Radiographic test shall be conducted to detect internal defects of welded portions.

10.5.3.1.3. Time of examinations

The radiographic lest of HT 80 welded portions shall be carried out more than 24 hours
after the completion of welding.

10.5.3.1.4. Personnel qualifications

Engineers engaged in radiographic testing shall have the qualifications given in TABLE
10.19.

10.5.3.1.5. Object to be letted

Figure 10.15 and TABLE 10.20 show the object to be radiographed. The scope of test
can be reduced through mutual agreement.
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Longitudinal joint
(shop welding) Unit pipe

19.000)

Circumferential (field welding)

Circumferential joint (field and shop weldingl

Figure 10.15 Object to be tested.

TABLE 10.19 CONTENTS OF WORK AND PERSONNEL QUALIFICATÍON FOR
PERFORMING RADIOGRAPHIC INSPECTION

Contents of work Required qualification
(Note 1)

(1) Planning and implementation of tesl according
to ISO standard
(2) Preparation of specifications and procedures.
(3) Interpretation of related standards.
(4) Drafting of work standards.
(5) Guidance of test engineers.
(6) Calibration of equipment necessary for its use.
(7) Evaluation of test results and grade classification.
(8) Preparation or approval of records.
(9) Preparation of reports.
(10) Decision of criteria.
(11) Comprehensive judgment.
(12) Preparation or approval of reports.

Level-3 personnel

(1) Execution of lest work according to
ISO standard.
(2) Evaluation of lest results
(3) Preparation of records
(4) Instructions lo Level 1 personnel

Level 2 personnel

(1) Execution of test work according to
ISO standard.
(2) Recording of lest results

Level 1 personnel

10.5.3.2. Equipment ind matcrii l i uicd

(1) Portable X-ray unit.

The following portable X-ray unit shall be used

Type: Andrex-300 (made by Andrex, Denmark).
Ruled lube voltage: 300 kVp.
Rated lube current: 5mA.
Focal spol si/c: 2.3 * 2.3mm

(2) Xr«y film:

Type: Slructiirix IJ7 (made by Agfa (ieavrrl I.Id.).
Si/v: M » 40cro



TABLE 10.20 DATA ABOUT THE WELDS TO BE TESTED

Place Type of joint Material

Shop Longitudinal SM 58Q

HT80

Plate Inside Number of
thickness mm diameter mm joints

26 43 4000 3500 196
and 2100

30 49 3500 2100 124

SM 58Q
Field
Shop Circumferential

26

45

43

46

4000
3830
3670
3500
2100

HT80 30 49
3500
2800
2100

64
1
1
14
4

80
1
0

(3) Intensifying screen:

Type: Lead foil intensifying screen
Thickness: For X-rays 0.03mm

For gamma rays O.ltJmm
Size: 10 x 40cm

(4) I.O.I.

101 Type l()/!6 and lype 7/12 as specified in ISO 2504.

(5) Film viewer.

Type: KS-3 (made by Scikosha)

(6) Densilomcler

Type: PDA-81 (made by Konishiroku Photo Industry Co., Ltd.).

10.5.3.3. Method of radiography

10.5.3.3.1. Effective range of test zone

The effective range of a test zone per radiograph shall be as shown in TABLE 10.21.

TABLE 10.21. EFFECTIVE RANGE OF TEST ZONE

Type of Inside diameter Number of Effeclive Effective
joint (mm) divisions of length or width of

one joint lest zone (mm)test zone

Longitudinal 9 334

4,000 36 350
3,830 34 354

Circumferential 3,670 32 361
3,500 32 344
2,800 24 367
2,100 18 367
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(1) Longitudinal joint

The lest arrangement for longitudinal joints is shown in Figure 10.16.

Effective length
of the test zone

Figure 10.16 Test arrangement for longitudinal joints.

(2) Circumferential joint

The test arrangement for circumferential joints is shown in Figure 10.17.

Figure 10.17 Test arrangement for circumferential joints.

10.5.3.3.2. Radiographic conditions

Radiographs shall be taken under the conditions mentioned below in 10.S.3.4.

10.5.3.4. ReqaireMenU of radiographs

1Í/.5.3.4.1. Minimum wire diameter of 1OI perceptible in test zone

In a radiograph, wire diameters as small as the values given in TABLE 10.22 shall be
clearly perceptible in the effective range of a test zone.

TABLE 10.22 MINIMUM WIRE DIAMETER OF IQ1

Plate thickoets (mm) Minimum wire diameter oflQI(mm)

24 or more and leki Iban 28
28 or more and leu than 36
36 or more and leu than 46
46 or more and not more than 49

0.40
0.50
0.64
0.80
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When the plate thickness differs in a butt-welded joint, the smaller thickness shall be
adopted as the plate thickness.

10.5.3.4.2. Density range of radiographs

The radiographic density of parts of the test zone except defects shall be 2.0 or more
but not more than 3.5. When the plate thicknesses differ in a butt-welded joint, the
larger thickness shall be adopted as the plate thickness.

10.5.3.4.3. Others

In the effective range of a radiograph, there shall be no irregularity of development,
stain or scar that may be mistaken for a defect.

tO.5.3.5. Judgment of acceptance or rejection of radiographic testing results

Radiographs shall be compared with IfW reference radiographs for welds. Welds
having radiographic results of level'Green', 'Blue' or 'Red' shall be rejected.

10.5.3.6. Jndgment of acceptance or rejection of welded joints

When all welded portions tested in the same welded joint are accepted by the judgment
on acceptance or rejection in 10.5.3.5. above, this welded joint shall be accepted. When
a welded portion is rejected by the judgment of acceptance or rejection, the following
measure shall be taken.

10.5.3.6.1. Correction

The rejected portion shall be corrected. After ascertaining that this welded portion is
accepted by a retest, it shall be accepted.

10.5.3.7. Frequency and method of repairs

Repairs shall be made in accordance with the procedure for repairs.

10.5.3.8. Recording

Results of the classification of radiographs and of the judgment of acceptance or
rejection of welded joints shall be recorded in a list of records of radiographic testing.

10.5.3.9. Report

Non-destructive testing reports shall be prepared and submitted together with
radiographs for approval.

10.6. FORMULATION OF INSTRUCTIONS FOR RADIOGRAPHIC TESTING

The use of written instructions in radiographic testing is to ensure that all jobs are
performed according to and conform to radiographic testing procedures and
specifications. A written radiographic testing instruction can be classified into a few
parts. The general classification can be done as follows :

1. Instructions for warming up the X-ray machine, if used.
2. Date about the test specimen.
3. Test arrangement.
4. Equipment and devices.
5. Identification plan for test specimen.
6. Exposure conditions.
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7. Requirement for radiograph.
8. Rjdiographic prucessing.

To .vrite radiographic testing instructions one should fully understand the technical
requirements for executing a specific radiographic job. This requires detailed
information on radiographic testing procedures and practical experience.

The general content of radiographic testing instructions can be derived if the method of
executing the job is understood. This includes all necessary steps to be carried oiu by
(he operators. The format of NDT procedures may vary from one job to another
depending on the application and requirements needed for a particular job.

10.7. PERFORMANCE OF TEST IN ACCORDANCE WITH WRITTEN INSTRUCTIONS

10.7.1. Records of operating conditions

The operation conditions of a radiographic test is to be recorded on a "Data Record
Form". The data record form may be of any desirable format but should as a minimum
include the following information.

1. Instruction sheet number, title, date of issue, and revision number.
2. Data about the specimen.
3. Sketch of test arrangement.
4. Operating exposure conditions.
5. Area of interest.
6. Markers used lo mark the area of interest.
7. Radiographic density and IQI sensitivity obtained.
8. Interpretable length of radiographs.
9. Total number of radiographs taken.
10. Other remarks if any.

10.7.2. Evaluation of task of Level 1 personnel

The task carried out by level 1 personnel can be evaluated by checking the following
factors.

I. Quality of Radiographs

All radiographs should be free from mechanical, chemical, or other blemishes to the
extent that they cannot mask or be confused with the image of any discontinuity in the
area of interest of the object being radiographed. Such blemishes include, but are not
limited to :

(a) fogging.
(b) processing defects such as streaks, water marks, or chemical stains.
(c) scratches, finger marks, crimps, dirtiness, static marks, smudges, or tears.
(d) loss of detail due to poor screen-to-film contact.
(e) false indications due to defective screens or internal faults.

2. Density of the radiograph

The density of the radiograph obtained should be within the range specified in the given
instruction sheet.

3. IOI Sensitivily

The 101 sensitivity obtained should be within the range specified in tbc given instruction
sheet.
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4. Placemenl of IOI

The IOI should be placed in such a way (hat (i) its identification numbers are clearly
visible on the radiograph and (ii) these marks are not masking any portion of the area
of interest.

5. Identification marking

Identification marking should be according to the instruction sheet, and the markers
used should be clearly visible on the radiograph and they should not mask any portion
of the area of interest.

6. Marking of area of interest

The area of interest should be marked according to the instruction sheet and the
markers should be clearly visible on the radiograph and shuuld not mask any portion of
the area of interest.
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11. RECORDING OF TEST, INTERPRETATION AND EVALUATION OF RESULTS

11.1. DOCUMENTATION OF TEST RESULTS

The results obtained from non-destructive examination can be recorded automatically or
manually. In (he case where recording has to be done manually, a system of documentation
or recording of test results has to be formatted. The documentations are normally divided
inlo two following pans:

1. Mapping
2. Reporting

In the case of radiography, mapping of the defects is not required because these arc
permanently recorded on radiographic film. But mapping of film (location, position, etc.)
can be done as part of identification requirements. An example of radiographic mapping
is shown in Figure 11.1.

A radiographic report is normally documenting information about identification and
interpretation. Identification reports can be done by level 1 personnel and in this case, the
interpretation report (include material quality, defects type/location, etc.) is completed by
Level 2 personnel. Usually, the radiographic report is recorded by using a standard form.
A typical example of radiographic report form is shown in Figure 11.2.

11.2. INTERPRETATION AND EVALUATION OF TEST RESULTS

The final parts of radiographic process are evaluation and interpretation of a radiograph.
A good quality radiograph will give significant and meaningful results only if the completed
radiograph is interpreted intelligently.

To be an interpreter, one should have good eye-sight. For radiography and other NDT
methods, human eye is the actual detector of radiographic process. Radiographic
interpretation is the most important phase of radiography. It is during this phase that an
error in judgment can produce disastrous consequences. The efforts of the whole
radiographic process are centred in this phase whereby the material is either accepted or
rejected. The conditions of unsoundness, or other product defects are overlooked, or
misunderstood, in an improper interpretation.

The ever changing materials and processes which arc subjected to radiograpbic testing,
make it impossible to make radiographic interpretations as a standard reference.
Radiographic inspections cannot easily or completely be learned by book study. Even
guidance in interpretation available in literature by itself, is never sufficient to enable the
'uninitiated' to undertake interpretation with confidence and reliability.

Reliability and confidence in interpretation can be acquired through training, and
continuous practical experience on the job. Among other things that can be of help in
making good interpretations arc understanding the procedure used to produce the
radiograph and knowing tbc materials under investigation or examination.

Note that the presence of some defects or flaws docs not mean the item cannot serve its
intended purpose. Therefore, the person who interprets radiographs must exercise some
judgment as to the degree of imperfection or discontinuity that exists and whether the
ditconlinuily or imperfection will prevent the item from being used or fulfilling its purpose.
However, it is very difficult for the interpreter to decide with confidence and reliability
without any guide or specifications of quality level required. For this matter, scientific
group (scientist, engineers, etc.) designing the product should establish an acccpt-rejcct
criterion for such a product. In many cases, (he manufacturer may use certain radiographic
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codes, standards and other reference in setting up the accept/reject criterion for his
product. The interpreter must, therefore, familiarise himself with the standard being used
in order to make proper judgments for the product evaluation. The code, specification or
standard upon which the interpretation of radiographs is based may serve two functions as
follows :

(1) As a guide for identifying types of discontinuities.
(2) To specify or indicate acceptable and unacceptable soundness conditions for products.
Some of the important codes and standards for the accept-reject criteria for welds are
given in the following section.

11.3. ACCEPTANCE STANDARDS

In general two methods are used to give the acceptable quality of defects in welds. The
first refers to the reference radiographs, the other gives maximum dimensions of acceptable
defects. Both methods have this in common that they are based on radiography.

11.3.1. Reference radiographs

The application of the ASME E-390 Standard Reference Radiographs for Steel Fusion
Welds is as follows: To arrive at acceptance standards in the application of ASTM-390
Standard Reference Radiographs for Steel Fusion Welds to film interpretation, the
following rules should be observed :

(i) The graded reference radiographs may be used in whole or in parts as applicable to
particular requirements.

(ii) The length of the welding to which the selected standard applies shall be established.
These designated lengths shall not contain any discontinuity whose severity exceeds that in
the reference.

(iii) When the production radiograph is interpreted as showing equal or less severe
discontinuities than the selected standard, the weld shall be judged radiographically
acceptable. When the production radiograph is interpreted as showing greater severity than
the selected standard, the weld shall be judged unacceptable and shall be repaired in
accordance with contractual agreements.

(iv) If more than one type of discontinuity occurs in the same radiograph, the
predominating type alone governs acceptability unless the severity represented by the
combination of discontinuity types is such as to make the overall condition unacceptable
for the intended application.

(v) When two or more discontinuity types are present in the same radiograph to an extent
equal lo I he maximum acceptable for two of these types the weld shall be judged
unacceptable, with repair welding lo be done according lo contractual agreement.

(vi) When repair welding is permitted, I he repair need only be lo that extent which will
bring the weld quality to within the acceptable reference.

I 1.3.2. Acceptance ttandardi for pressure vends

In the ASME Boiler and Pressure Vessel Code, the following acceptance standards are
given. Sections of weld Ibal are shown by radiography lo have any of the following types
of imperfections shall be judged unacceptable and shall be repaired and the repair
radiographed:

1. Any lypc of crack, or Mime of incomplete fusion or penetration.
2. Any elongated iilag inclusion which has length greater than :

• (>.35mm for thickness i up lo 19mm
• 1/3 I for 19 t = 57mm
• I'Jmm for t > S7mm
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3. Any group of slag inclusions in line that has an aggregate length greater than I in a
length of 12 t, except when the distance between the successive imperfections exceeds 6L
where L is the length of the longest imperfection in the group.

11.3.2.1. Acceptance cri terion for rounded indications

The following criterion is given in ASME Code Sections I, III and Vílí (1983 Edition) for
fcrritic, austenitic and nonferrous material:

A. Terminology

A-l Rounded Indications

Indications with a maximum length of three times the width or less on the radiograph are
defined as rounded indications. These indications may be circular, elliptical, conical, or
irregular in shape and may have tails.

When evaluating the size of an indication, the tail shall be included. The indication may be
from any source in the weld, such as porosity, slag, or tungsten.

A-2 Aligned Indications

A sequence of four or more rounded indications shall be considered to be aligned when
they touch a line parallel to the length of the weld drawn through the centre of the two
outer rounded indications.

A-3 Thickness

t is the thickness of the weld of the pressure retaining material, or of the thinner of the
sections being joined, whichever is least. If a full penetration weld included a fillet weld,
the thickness of the fillet weld throat t shall be included in t.

B Acceptance Criteria

B-l Image Density

Density within the image of the indication may vary and is not a criterion for acceptance
or rejection.

B-2 Relevant Indications (See TABLE 11.3 for Examples).

Only those rounded indications which exceed the following dimensions shall be considered
relevant:

1/101 for t less than 1/8 in;
1/64 in. for I cqua< to 1/8-1/4 in., inclusive.
1/32 in. for I greater than 1/4-2 in., inclusive.
1/16 in. for I greater than 2 in.

B-3 Maximum Si/c of Rounded Indication

The maximum permissible si/e of any indication shall be 1/4l or 5/32 in., whichever is
less: except that an isolated indication separated from an adjacent indication by I in. or
more may be 1/31 or 1/4 in., which ever is less. For t greater than 2 in., the maximum
permissible si/c of an isolated indication shall be increased to 3/8 in.

B-4 Aligned Rounded Indications

Aligned rounded indiculions arc acceptable when the summation of the diameters of the
indioiiionti ir> Ictis than I in a length of 121 (sue Pig.11.3a). The length of groups of aligned
rounded indication* ,ind the spacing between the groups shall meet the requirements of
Figure I M b.

.108



TABLE 1 I.I. MAXIMUM SIZE OF NON RELEVANT INDICATIONS AND ACCEPTABLE
ROUNDED INDICATIONS ( EXAMPLES ONLY )

Thickness t in. Maximum
acceptable
indication

Random

1/4 t
0.031
0.047
0.063
0.078
0.091
0.109
0.125
0.142
0.156
0.156
0.156
0.156

size of
rounded
in.

Isola

1/2 t
0.042
0.063
0.083
0.104
0.125
0.146
0.168
0.188
0.210
0.230
0.250
0.375

Maximum size of non relevant
indication in.

< 1/8
1/3
3/16
1/4
5/16
3/8
1/16
1/2
9/16
5/8
11/16
3/4-2 inclusive
> 2

1/10 t
0.015
0.015
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.063

B-5 Spacing

The distance between adjacent rounded indications is not a factor in determining
acceptance or rejection, except as required for isolated indications or groups of aligned
indications.

Hk-

Sum of L, to Lt shall be less than l in a length of 12t.

Figure 11.3 (a) Aligned rounded indications

The sum of (he group lengths shall be less than I in a length of 12 t.

Maximum Group Length Minimum Group Spacing

L - l/4in. for I less than 3/4in.
L - i/3l for I equal to 3/4in.

to 2 l/4in.
I. - 3/4in. f'" • K r Ľ J l t r t n a n

2 l/4in.

.3L where L is the length of
the longest adjacent group

being evaluated.

Figure 11.3 (b) Groups of aligned rounded indications.
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B-6 Rounded Indication Charts

(a) The rounded indications as determined from the radiographic film shall not exceed that
shown in the charts.
(b) The charts in Figures 11.4 a through 11.4 f illustrate various types of assorted, randomly
dispersed, and clustered rounded indications for different weld thicknesses greater than
1 /Kin. These charts represent the maximum acceptable concentration limits for rounded
indications.

la) Random Rounded Indications
(Typical concentration and size permitted

in any 6 in..length of weld)

* : >
1 .n

r

i m.

'•" •• v • • • • j
(cl Cluster

(b) Isolated Indication
(Maximum size per Table 11.1)

Figure I1.4(a) Charts for t equal to 1/8 - 1/4 in. inclusive.

(a) Random Bounded Indications
(Typical concentration and size permitted

in any 6 in..length of weld)

(c) Cluster

(b) Isolated Indication
(Maximum size per Table 11.1)

Figure 11.4(b) Charts for t over 1/4 - 3/8in. inclusive.

(al Random Rounded Indications
ITypícal concentration and sue permitted

in any 6 in length of weld)

• * É

Jt I Ic) Cluini

Ib) lietam) Indication
IManimum sue par Tabla 1111

Figure l l . 4 ( c ) Churls for t over ^/H • 3/4in. inclusive.
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(al Random Rounded Indications
(Typical concentration and size permitted

in any 6 in..length of weld)

* / • 4 '

(b) Isolated Indication
(Maximum size per Table 11.11

Figure 11.4(d) Charts for t over 3/4 - 2in. inclusive.

(c) Cluster

* • •

* * * *
4 •

$

. '

t

•

9

t

*

• •

. <* '

*

*
*

• * #

1a} Random Rounded Indications
(Typical concentration and size permitted

in any 6 in..length of weld)

«

r

#

1 ,n.

*

•

•

«

J

'/.'/••.
• • / - ' » : .

(c) Cluster

(b) Isolated Indication
(Maximum size per Table 11.1|

Figure I1.4(c) Charts for I over 2 - 4in. inclusive.

(c) The chart fur each thickness range represents full-scale 6in. radiographs and shall not
he enlarged or reduced. The distributions shown are not necessarily the patterns that
may appear on the radiograph, but are typical of the concentration and size of indications
permitted.

B-7 Weld Thickness t Less Than l/8in.

For I less than 1/8 in. the maximum number of rounded indications shall not exceed 12in.
a 6in. length of weld. A proportionally fewer number of indications shall be permitted in
welds less lhan 6in. length.
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(b) Isolated Indication
(Maximum size per Table 11.1)

(c) Cluster

Figure 11.4(f) Charts for ! over 4in.

B-8 Clustered Indications

The illustrations for clustered indications show up to four times as many indications in a
local area, as that shown in the illustrations for random indications. The length of an
acceptable cluster shall not exceed the length of lin. or 2t. Where more than one cluster
is present, the sum of the lengths of the clusters shall not exceed lin. in a 6in. length of
weld.

11.3.3. Acceptance/rejection criteria of BS SSOO (1982)

Acceptance/Rejection criteria given in BS 5500 "Specification for unfired fusion welded
pressure vessels" is as follows.

n.3.3.1. Ssnsul

Subject to the requirements of appendix C, the following suhclauses apply to the main
constructional welds of pressure vessels. Other joints such as tube/tube plate welds may
be the subject of special requirements agreed between the contracting parlies.

11.3.3.2, Quality Control level of acceptance

The defect acceptance levels given in TABLE 11.2 shall he imposed during fabrication as
a means of quality control.

11.3.3.3. Atieiiment of dcfeoU

Delects may be assessed according to one or other of the following alternatives. Defects
which arc ur«<"'cplablc shall be rejected or repaired.
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TABLE 11.2 ACCEPTANCE LEVEL FOR DEFECTS

Defect Type Permitted maximum

Crack and lamellar tears Not permitted

Lack of root fusion
Lack of side fusion Not permitted
Laď. of inter-run fusion

Lack of root penetration Not permitted

(a) isolated pores (or Dia.< e/4 and
individual pores in a Dia.3.0mm for c up to and
group) including 50mm

Dia.4.5mm for e over 50mm
up to and including 75mm
Dia. 6.0mm for e over 75mm

(b)uniformally distributed 2% by area *(as seen in a
or localised porosity radiograph) for e <50mm and

pro rata for greater thickness

(c) linear porosity Linear porosity parallel to
the axis of the weld may
indicate lack of fusion or
lack of penetration and is
therefore not permitted

(d) wormholes isolated I < 6mm, w < 1.5 mm

(c) wormholcs aligned As linear porosity

(0 crater pipes As wormholes isolated

(g) surface cavities Not permitted

(a)individual and parallel Main bull welds 1 = e < 100mm
to major weld axis w or h = e/10
NOTE: Inclusions to be < 4mm
separated on the major weld
axis by a distance > the Nozzle and Inner Outer
length of the longer and the branch 1/2 of 1/4 of
sum of the lengths of the attachment cross cross
inclusions shall not exceed welds section section
the total weld length

w or h = w or h =
e/4<4mm e/8<4mm
l=c/4< l = c/8<
100mm 100mm

(b) individual and randomly As isolated pores
oriented (not parallel lo
weld axis)

(v) Non-linear group As localised porosily
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TABLE 11.2 ( contd)

* Area = length X width of an envelope enclosing the affected volume of we'd metal measured
on a plane substantially parallel to the weld face( i.e. as seen on a radiograph)

Tungsten inclusions
(a) isolated As isolated pores
(b) grouped As uniformly distributed or

localised porosity

Copper inclusions

Undercut

Shrinkage grooves and root
concavity

Excess penetration

Not permitted

Slight intermittent under-
cut permitted, depth should
not exceed approx. 0.5mm.

As for undercut, depth
should not exceed 1.5mm.

h < 3mm . Occasional local
slight excess is allowable

Reinforcement shape The reinforcement shall
blend smoothly with the
parent metal and dressing
is not normally required
provided the shape does not
interfere with the specified
NDT technique

Overlap Not permitted

Linear misalignment See clause for assembly
tolerances

Abbreviations used:
e is the parent metal thickness. In the case of dissimilar thicknesses e applies to the
thinner component
w is the width of the defect
I is the length of the defect
h is the height of the defect
Dia. is the diameter of the defect
c is the mean nozzle circumference

NOTE 1 The simultaneous presence of more than one type of allowable defect within a
given length of weld is permitted and each type should be individually assessed.
NOTE 2 The significant dimension of a defect in terms of its effect on service
performance is the height or through thickness dimension. If ultrasonic flaw detection is
employed , it is probable that defect indications of very minor cross section will be
obtained. In interpreting the requirements of this table , such indications having a
dimension b of 1.5mm or less, should be disregarded unless otherwise agreed between
the manufacturer, the purchaser and the Inspecting Authority.
NOTE 3 Inner half of cross section refers to the middle region, (he remainder being the
outer quarters.
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11.3.3.4. Category 1 and Category 2 constructions

If any defects present do nol exceed the levels specified in Table 11.2, the weld may be
accepted without further action. Details for vessels intended for operating in the creep
range may require special consideration.

11.3.3.5. Category 1 Constructions

When acceptance levels different from those given in TABLE 11.2 have been established
for a particular application and are suitably documented, they may be adopted by specific
agreement.

Particular defects in excess of those permitted in TABLE 11.2 may be accepted by specific
agreement between the purchaser, the manufacturer and the Inspection Authority after
consideration of material, stress and environmental factors.

11.3.3.6. Category 2 construction (see Figure 11.3)

If any defects classified in TABLE 11.2 as 'not permitted' are present in the samples
examined, the total length of welded seam represented by the original examination shall
be examined by the same non-destructive testing method(s) and assessed in accordance
with 11.3.3.5 (Note that the acceptance levels in 11.3.3.5 permit some relaxation of
'permissible' defect size for components in construction category 2)

Alternatively if there are no defects classified as 'not permitted' but other defects in
excess of the maxima permitted by Table 11.2 are present in the original examination
two further random checks representative of the weld length for the type of weld under
consideration shall be made and assessed. If these checks indicate that the two
additional areas are acceptable, then the original area inspected shall be assessed and if
outside of these requirements repaired , re-examined by the same NDT method and re-
assessed. If one or both of the additional areas are unacceptable , the total length of
weld represented by the original examination shall be examined by the same NDT
method(s) and assessed in accordance with 11.3.3.5.

Table 11.3 Acceptance levels (reassessment of Category 2 construction)

Defect type Permitted maximum

(*) Isolated pores (or individual Dia. < e/4 < 6mm
pores in a group)

(b) Uniformly distributed or 2% by area* (as seen in a
localised porosity radiograph)

(c) Slag inclusions, individual Main butt welds I = 2c
parallel Co major weld axis w or h - e/4< 4mm
NOTE Inclusions to be separated
on the major weld axis by a Nozzle and Inner Outer
dislaocc > lbe length of tbe attachment welds 1/2 of 1/4 of
loager inclusion and aggregate cross cross
length not to exceed the total section section
length

w or h - w or b -
e/2<4mm e/4 < 4mm

l<e/2< l«e /4<
100mm 100mm

(d) Slag or tungsten non- 4% by area*(as seen on a
linear group radiograph)

* Area j i the product of length and width of an envelope enclosing*the affected volume of weld
metal measured on a plane substantially parallel to the weld f»cc( i.e. at seen on a radiograph)
NOTE ; The symbols are at defined in TABLE 11.2
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11.3.3.7. Acceptance levels re-assessment of Catceorv 2 Construction

The acceptance levels given in TABLE 11.2 except as modified by TABLE 11.3 shall be
applied.

TABLE 11.3 PARTIAL NON DESTRUCTIVE TESTING (NOT) CATEGORY 2
CONSTRUCTIONS

10% NDT

Assess against TABLE 11.2

Pass

Accept

11.3.3.8. Renaif of weldi

Fail Fail
Non-planar defects Planar and/or other

non-permitted defects

Examine two
additional areas

Assess against
TABLE 11.2 -

Pass

Assess
original
defects
against
11.3.3.6

Fail

Pass Fail Examine 100%

Accept Repair all planar and/or other non-
permilted plus non-planar defects according to
11.3.3.8.

Accept

No rectification, repair or modification shall be made without the approval of the
purchaser.

Unacceptable defects shall be rejected or repaired . Repair welds shall he carried out to
an approved procedure and subjected to the same acceptance criteria as original work.
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12. PERSONAL SAFETY AND RADIATION PROTECTION

12.1. INTRODUCTION

The public and professional anxiety about the ill effects of radiation dates all the way back
to 1895 when Roentgen discovered X-rays. The discovery not only presented man with a
tool to diagnose and cure diseases, but it also resulted in providing evidence of the
potential hazards of these rays. Just two years after its discovery, 69 cases of skin injuries
due to over exposure to X-rays were published. The large number of cases are attributed
to the fact that 20 years before man knew about X-rays, it had been used in research in the
form of the Crookes High Vacuum Tube. In 1895 when Becquerel discovered radioactivity
it gave man yet another source of ionising radiations. By 1900 the first skin injury from
overcxposure to radioactive material was observed. It was also known that ionising
radiation in sufficient quantities could cause sterility, loss of hair, anaemia, reduction in
the white cells count, produce illness and sometimes death. The first X-ray fatality in the
US was reported in 1904. A dramatic demonstration of radiation hazards occurred in 1920s
when luminous watch dials came into production. Workers who painted the numbers on
the dials followed their customary practice of dipping brushes in the paint and then
pointing the lips with Iheir lips. The small amount of radium in the luminous paint got into
their bodies and lodged in bones. Years after their work of dial painting ended, those
personnel began to die mysteriously. An investigation showed that their death was due to
the bone cancer which most of them had developed. The atomic bombing of Hiroshima &
Nagasaki demonstrated the havoc that radiation can play to man. As time advanced, with
the development of power reactors, high energy particle accelerators and the large scale
application of radioisotopes in medicine, agriculture and industry, it became clear that
radiation hazard is no more a matter of concern for doctors, radiologists and research
workers only. It has damaged the life of many individuals in the general population. It
therefore demands that to derive maximum benefits from the new tools employing
radiation and radioisotopes, the hazards associated with their use are well understood. This
is specially true in the case of industrial radiographers who are known to be among the
most highly exposed group of persons who arc occupationally exposed to ionising radiation.

The various sources from which human beings can receive radiation include cosmic rays,
naturally occurring radioisotopes, radioactivity released by some industrial processes,
atmospheric testing of atomic bombs, medical diagnosis and treatment using X-ray
machines and radioisotopes, industrial uses of radioisolopcs such as radiographing and
radiotracing etc and the nuclear industry. In radiography the sources are radioisotopes, the
variety of X-ray equipment and nuclear reactors (when doing neutron radiography).

Different definitions and units describing the characteristics and use of radiation such as
radioactivity, roentgen, rad, rem, half life etc. have already been explained in a previous
Section. Here it should suffice to summarise and say that roenlgcn is the unit of radiation
exposure or intensity and it applies to X-rays and gamma rays and their interactions with
air. Rad is the unit of radiation absorbed dose. Biological effects are usually related to
radiation absorbed dose and therefore the rad is the unit most often used when describing
the radiation quantity received by a living organism be it an experimental animal, a patient,
a radiation worker or a radiographer. The use of rad allows a quantification of the
amount of ionising radiation energy transferred by any type of radiation to any target
material, not just air. Rem (rad equivalent man) is I be unit used when analysing personnel
monitoring device* such as. film badges. The rem is the unit of dose equivalent or
occupational exposure. Some lypes of radiation produce more damage than X-rays. The
rem account! for thetc differences in biologic effectiveness. The curie it a unit of
radioactivity related to the three preceding units of radiation. It is a unit of tbc quantity
(if radioactive material and not tbc radiation emitted by that material. Electron volt (cV)
is ihi- unit in which the energy of X-ray* and gumma rays is measured.

Pur mint practical purpose* when the problems of protection against X-rays and gamma
uy» arc to hi- eonsidereil, u IK HUKkicntly accurate to take the rocntgen, rad and rtro as
numerically equal. With other type* of radiation* (hit generalUation is not true.
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A table describing the older customary units and the SI units is given below as TABLE
12.1. Also TABLE 12.2. helps to convert the older and conventional units to modern SI
units.

TABLE 12.1 CONVENTIONAL AND SI UNITS OF RADIATION

Quantity Customary Unit SI Unit

Name Symbol Name Symbol

Exposure roentgen R Coulomb C/kg
per
kilogram

Absorbed dose rad rad gray Gy

Dose rem rem sievert Sv
equivalent

Activity curie Ci becquerel Bq

TABLE 12.2. INTERCONVERS1ON OF VARIOUS RADIOLOGICAL UNITS

Divide number of C by B to obtain number of A
Multiply number of A by B to obtain number of C

R
rad
rem
Ci

12.1.1. Effect! of radiation

Gamma rays and fast neutrons can penetrate deep into the body; beta rays can penetrate
a few mm of the body tissue. Bremsstrahlung radiation sometimes produced by high energy
beta particles constitutes a greater hazard than the primary electrons. Positrons are very
short lived but their annihilation is accompanied by the emission of two gamma photons.
Alpha particles have very weak penetrating power such that they can be stopped by a sheet
of paper or by the outer layer of the skin. However, alpha particles have high specific
wnhalioa and arc most hazardous when their source is inside the human body.

Nuclear radiations are harmful to living tissues because of their direct or indirect ionising
properties. The damage done by radiation is sinister as human senses are not capable of
delecting even lethal doses of radiation. The human body bas an instinctive defence against
heal and lo some extent, against ultraviolet rays, but unfortunately not against radiation.
Severe damage may be produced by radiation in the body before Che subject ~T wha( oas
happened. No dclecluble sign and symptom is revealed until the damage has been done.

For example if » man hat been exposed lo a radiation dose of 1000 rem which is fatal when
the whulc body U exposed, the heal produced in the body would be 0.0022 calorics/gm of
littue. Hifi body would develop a temperature rise of about 0.002 C. This is not
perceivable by human sense*.

The overall outcome of cxpnturc to laniiing radiation is initialed by damage lo ihc cell
whiťk U the basic unii of any organUm, The effects of radial ion arc of two types namely
Sunula and Cicnclic and Ihete will be considered here separately.
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12.1.1.1. Somatic effects

The somatic effect cannot be fully understood without some notion of the factors beside
the actual dose which combine to produce the final reactions. The first of these factors
is the rate at which the dose is administered. The living tissues of the body usually begin
the repair processes as soon as some degree of damage by whatever means has been
received daily. When the body is able to keep up with the damage, no visible damage or
change will be seen in the irradiated individual. However, the same amount of radiation
given all at once would produce a violent reaction. It is thus the rate of exposure that is
the first factor to be considered when assessing the effects of radiation. The second is the
extent and part of the body irradiated. It is known that certain cells are more sensitive to
radiation than others. Hence, the overall effect of radiation depends on the extent and
part of the body irradiated. In general radiosensitive cells are those dividing actively and
not differentiate. These include the white blood cells formed in the tissues of the spleen,
lymph nodes, bone narrow etc.; the cells of gonads, skin and the digestive tract; the cells
that absorb oxygen from the inhaled air and release CO2 in the exhaled air. Lesser
sensitive areas arc the cells of the heart, kidneys and blood vessels and the cells providing
important enzymes for digestion, while the muscle and nerve cells are quite resistant to
radiation.

Although the radiosensitive tissues are damaged at intermediate doses (tens to few
hundreds R of gamma), their very generative nature enables the surviving cells to divide
and repopulatc the organs and become fully functional within months. However, when
muscle or nerve tissue which are exposed to radiation due to negligence, though the
required dose is high (thousands of R) permanent disability will result as the cells are fully
differentiated and no replacements are possible.

The part of body irradiated refers to whether the whole body or part of the body is
irradiated. Partial body irradiation will usually result in mild effects on the whole body
except in cases where the most vital organs are affected such as heart, lungs and brains
which can lead to death. For local irradiation permanent scars may be observable. But the
same dose or even lower if given uniformly to the whole body especially the upper
abdomen will result in severe reaction and ensuing illness. This is attributable to the fact
that most of tiic vital organs arc situated in the upper abdomen.

The third important factor is the age of the affected individual. Persons growing physically
are in an accelerated stage of cells reproduction and most of the cells in the body arc
dividing and hence sensitive to radiation. For this reason an exposure of a given amount
should be considered more serious for a young person than for an adult. As a rough guide
persons below the age of 18 are supposed to have a zero level of radiation dose.

The somatic effects can cither be immediate or delayed. Given below is a summary of
immediate effects when (he whole body is irradiated with a range of X-ray exposures.

(J-2SR. No detectable injuries and no clinical effects. Probably no delayed effects.

25-SO R. Slight transient blood changes. No other clinically delectable effects. Delayed
effects arc possible, but serious effects on an average individual are very improbable.

SO-100 R. Nausea and fatigue with possible vomiting. Marked changes in blood count
picture i.e. reduction in lymphocytes and neutrophils with delayed recovery. Delayed
effects may shorten life expectancy. No disability.

100-200 R. Naunca/aiiguc, vomiting within 24 hours. Latent period about one week.
Following the latent period, cpilalion, loss of appetite, general weakness, sort' throat and
diarrhoea. Other injuries and ditabllitiet poniblc. Possible death in 2 to 6 weeks in a
trnuli fraction of (he cxrmaed individual*. Recovery is very likely in most cases unless
complicated by previous poor health, injuries or infections.

itHI MHI H N«u»ca, Ufiguc *nd vomiting within 2 hours. Latent period of one week where
the victim M=cm» related and recovering. The critical period follow* with cpilalion, lot* of
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appetite and general weakness accompanied by fever, severe inflammation of the mouth
and throat, diarrhoea, nose bleeding and rapid emaciation (loss of weight). Death due to
infections could occur in 0-80% of the exposed individuals within 2 months.

600-1000 R. Nausea, fatigue and vomiting within 1 hour. Serious depletion of leucocytes.
After a latent period diarrhoea, vomiting, inflammation of mouth and throat will appear.
Purplish discolouration of skin due to haemorrhage (purpura) can also be seen along with
fever, infection, rapid emaciation. Death occurs within 2 months in 80 - 100% of the
exposed individuals due to haemorrhage and infections. Possible therapy is in she form of
blood transfusion and bone marrow transplantation.

1000 R. Lethal range. Organs affected are gastrointestinal tract for exposure of 1000-1500
R and central nervous system for exposure 1500 R.

1000-1500 R. Severe nausea, fatigue and vomiting within 1 hour, followed by fever and
diarrhoea and haemorrhage. Rate of survival is very poor and death occurs within 2 weeks
in 90-100% of exposed individuals.

1500 R. Damage on the central nervous system, characterised by cramps, involuntary
movements of the muscles (ataxia) followed by coma (lethargy). Death occurs within 2
days due to irreversible circulatory cerebral oedema and probably heart failure.

Exposure to ionising radiation may not produce immediate consequence but some delayed
effects may appear a long time after the exposure. These types of effects are called
delayed somatic effects and are outlined below ;

i. Local scars or chronic damage to the skin. May be ulcerous or cancerous.
ii. Cataract of the eye-lens.
iii. Bone cancer due to irradiation of bone tissue
iv. Lung cancer
v. Aplastic anaemia caused by radiation damage of bone marrow.
vi. Leukemia, tumours.
vii. Shortening of life span and premature aging.

12.1.1.2. Geaelic effect*

U is a fact thai children inherit characteristics from their parents such as appearance,
strength, resistance to disease, temperament, etc. The reason for the similarity of parents
and their off spring is that in tbc production of a new member of the species, each parent
supplies a sel of plans for the new addition lo the family. The result is a combination of
these two supplied plans. The plans arc not the plans that we are familiar with, such as the
plan when a new house is being buill, but a set of plans which control the development of
the species. They arc known as 'genes'. The genes arc contained in the sperm and egg
cell* of (be parents producing lbem. Radiation can damage or destroy these genes. This
is an important long term effect of low level radiation exposure. When a change occurs in
the genes of a new member of the species, this genetic change is permanent and is passed
on to subsequent generations just as a blue eyed per«>n can pass on the tendency for blue
eyes to his children.

An importiinl point to be always kept in mind is lhal genetic effects are significant only if
gonad* receive radiation exposure because the sperm and (he egg cells are contained in it.

Therefore, one of (be means of keeping lbe radiation induced genetic changes down in the
population U u> restrict radiation exposure of ihe ganadt to as few people in the community
»t, puitiblc and if ihc*e few people arc beyond the age of production, no genetic effect!,
h l d i



12.1.2. Radiation exposure

(i) External and inlernal exposure

When the human body is subjected to radiation exposure from sources outside the body
itself, the exposure is termed "External Exposure". Conversely when the human body is
subjected to radiation exposure from sources inside the body itself, the exposure is termed
"Internal Exposure". Since there is little chance of internal exposures in industrial
radiography, only external exposures will be discussed.

(ii) Acute and chronic exposure

If a human hody is exposed to high levels of radiation in a short period of time, the
exposure is termed Acute Exposure. On the other hand if a human body is exposed to a
low level radiation for a long period the exposure is termed "Chronic Exposure". One
hundred rent received in one hour is an example of Acute Exposure and the same amount
of radiation received during thirty years is an example of "Chronic Exposure". It must be
remembered that Acute Exposure is more hazardous than the equivalent amount of
"Chronic Exposure".

(iii) Natural background exposure

Man has always been exposed to radiation from natural sources. These natural sources
comprise cosmic rays, the K-40, U-238 and Th-232 decay series, and C-14, H-3 and other
radionuclides in low concentration. The total exposure of the human body due to these
natural sources varies from region to region. On the average a person receives 100 mrcm
exposure per year due to these natural sources. In regions where radioactive deposits are
present, exposure due to natural sources is as high as 800-900 mrem/year (Monazile region
in India). Any significant departure from the environmental condition in which man has
evolved may entail a risk of possible deleterious effect. Thus any exposure beyond the
natural background cannot be considered safe in the absolute sense.

(iv) Medical exposure

Man of modern age is exposed to radiation during medical diagnostic tests.

Type of Exposure Exposure

Chest X-ray best conditions 40 mrem
Average Chest X-ray 100-2000 mrem
Dental X-ray I.S - IS re m
Fluoroscopic lests 5 - 50 rcm
Pregnancy lests 20 - 65 rem
Trciilmenl of malignani tumour 3000 - 7000 rem

12.2. MAXIMUM PERMISSIBLE DOSE

In accordance with the recommendations of the International Commission on Radiological
Protection, (ICRP), tbc permissible dose is a dose of ionising radiation lhat, in Ihe light of
present knowledge and in the opinion of competent medical authorily.is not expected to
utuiv appreciable bodily injury to a person at any time during his lifetime and carries
negligible probability of genelic malformations. Moreover I he ensuing effects muM be
acceptable to I he individual exposed and lo (he society of which he is a parl. Maximum
|>crinifiMhlt <lo>ic levels in cake of external exposures for occupational and non-occupational
worker ii are ditcuit*cd below

U) Occupational Worked,

(i) The mniimum pcrmiiikible occupational dose of whole body exposure in the f orly yearn
tť winking lifetime of M n individual it 200 rcm* which includes all occupational exposure*
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bul docs not include medical and denial exposures. The maximum accumulated dose to a
radiation worker of age N years is given by (N-18) x 5. This means that no person less
than 18 years of age can be employed for radiation work.

Taking 40 hours a week and fifty weeks a year, the permissible levels can be easily derived
to be 5 rems/year, 100 mrem/week and 2.5mrem/hour and this is the dose-rate to be
applied to all areas surrounding radiographic installations which are accessible to only
classified workers.

(ii) Doses up to 3 rems may be incurred in any quarter (13 weeks) of a year provided it
happens only once a year and the condition of 5rems/year is maintained. The above
recommendations i & ii apply to gonads, bone marrow, and whole body exposures. For
other parts of the body the following table must be used.

S. No.

1.
2.
3.
4.
5.
6.

Organ

Skin
Bone
Thyroid
Hands & Feet

Rems/year

30
30
30
75

Fore arms & ankles 75
Other organs 15

Rems/quarter

15
15
15
37.5

37.5
7.5

(iii) Permissible neutron fluxes, which give a dose of 100 mrem over a 40 hour week, are
given in a tabular form as follows.

Neutron Energy Max. Permissible Neutron Flux

Thermal to 10 ev 666 neutrons/cm /sec
10 KcV 333
0.1 MeV 66
0.5 MeV 26
1.0 MeV 20
2.0 MeV 13
3 to 10.0 MeV 10

(b) Non-occupational workers

For all non-occupalional workers and members of the public being exposed to external
radiation, the above mentioned permissible doses and doses rates must be reduced by a
factor of 10.

12.V RADIATION MONITORING AND MEASUREMENT

Radiation workers such as radiographers arc subjected to ionising radiation while
performing their work. The amounl of radiation dose received depends on various
parameters and conditions tuch as time, distance, shielding and working procedure. Thus,
to ensure the safely of radiographers, it is important for higher level personnel to
continuouily observe and record the amounl of radiation received by each radiographer
working under him. Such an activity h called personnel monitoring.

In general, the main purpotei of personnel monitoring arc to ensure that the maximum
permintible dote in not exceeded, to limit the exposure of the individual radiographer, to
aititl the medical authority in making analysif in (he cane of accidental over exposure and
lo provide information about work practices and personal dose history. The other type of
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monitoring is area monitoring in which the environment around the workers is monitored.
This includes checking the radioisotopic equipment, the exposure making enclosures and
the correctness of the exposure procedures. Personnel monitoring devices include film
badges, pocket dosimeters and thermoluminescence dosimeters (TLD). These are briefly
described below.

12.3.1. Film badge dosimeter

The discoverer of X-rays very quickly discovered that photographic films exposed (o X-rays
turned black when developed. Gamma rays also have a similar effect on photographic films.
This properly of X and gamma radiation to produce blackening of films is used in X and
gamma dositnetry. The principle is very simple. The amount of blackening that appears on
the film, depends on the radiation dose it has received. The higher the radiation dose, the
blacker the film becomes. By measuring the amount of blackening on the film, the radiation
dose it bas received can be estimated. The badge dosimeter employing this principle is
called the film badge dosimeter. A film badge measures the total dose received during the
time it was worn. A particular advantage of the film badge is that it provides a permanent
record which can be checked and verified at any later stage. The photographic film is
wrapped in a paper-cover to protect it from ordinary light. The film is generally worn in
a film holder on the person's body attached to the belt of the trouser or front pocket of the
shirt. A film is normally used for a period of four weeks and then replaced by a new film.
The used film is returned for processing and dose assessment. Usually a film badge
contains much more than a film. Some of these materials are for additional dose
measurements by foil activation and thermoluminescence but there are small strips of metal
(Cu, lead) covering a part of the film. These metallic strips are known as filters. It has been
found that a film exposed to 1 re m of X-rays is blackened more than a film exposed to 1
rcm of harder gamma rays and the low energy X-rays produce more blackening than high
energy X-rays. A combination of metal filters of varying thickness arc used to correct for
the above mentioned non-linear response of the film. Figure 12.1 shows a typical film badge
dosimeter.

The X and gamma dose received by a person wearing a film badge is assessed from the
blackening of the film under the filters. A part of the film is usually left without any

(a) Cassette: inside front
cover

(b) Cassette: inside
back cover

1. 0.3mm copper
2, 0.03mm copper
V 1.2mm copper
4. open window
5. (I.Kmm lead
d. aperture through which number til (he film packet >»

vikiblc.

Figure I- I A typical film badge.
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covering filters. This open window helps to find whether the user of the film badge is
being exposed to beta radiation, which would be completely absorbed by the filters. The
blackening of the open part of the film along with the reading under the metal filters,
enables the beta dose of the film wearer to be estimated. The films worn by workers along
with a set of standard films exposed to a scries of known amounts of radiation, are
developed under similar conditions and their density measured with the help of a
transmission densitometer. With the help of standard films a dose-density calibration curve
is drawn, which in turn is used to assess the dose received by an individual. The dose
assessment is dependent on the processing conditions which must be strictly controlled and
the set of films to be used should be from the same emulsion batch. The film badge has
wide range from 20mrem to 20 r em.

12.3.2. Pocket dosimeters

The personnel monitoring devices using the ionisation produced by radiation as an indicator
may be either a complete electroscope or simply an ion chamber, each of which is about
the size of a fountain pen. One is directly readable and the other is read with the help of
a reader charger unit. Both of these types of dosimeters arc briefly described here.
Pocket ionisation chamber dosimeters consist of an ionisation chamber which is charged
and read on a separate charger reader unit containing an electrometer and a voltage .source.
This is considered to be a less convenient arrangement, since the chamber must be carried
to the charger-reader unit before the exposure can be determined. The dose range covered
is from 40 m r err. to 200 mrem. These chambers especially with perforated walls, provide
an extremely good response to low energy X, gamma and beta radiations.

The other type namely the pocket quart/ fibre electroscope dosimeter is based on the
working principle of the Gold Leaf Electroscope. When the electroscope is charged the
two eleclrodesigold leaves ) arc in the farthest position. As the discharge takes place the
two electrodes come nearer to one another. In this dosimeter one electrode is fixed and
the other is movable. A small compound microscope is a part of the dosimeter which helps
in viewing the movable fibre electrode. A separate battery charger places an initial
electrical charge on the system. In this position the fibre is at zero of the scale calibrated
in mrem. Ions (produced by radiation) collected in the collecting volume decrease the total
charge on the system, thus changing the position of the quartz fibre on the scale. Light for
viewing the fibre through the microscope comes through a window on one end of the
dosimeter. The dosimeter can be read with the help of an eye piece fixed within the
instrument. The scale is visible when the dosimeter window is exposed to light and read
through the eye piece. The dosimeter has a range of 0-200 mrem and il can be used over
and over again after recharging. Other ranges cover 0-500 mrcrn, 0-5 rcm, 0-SO rem.
Pockel (Quartz fibre) dosimeters have the advantage that their reading can be checked
directly at any time and place during the work. Figure 12.2 shows a pockel dosimeter.

lellckt tlmi tjuirlj I

Figure 12 2 The cut away drawing of a pockel dosimeter
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12.3.3. Thermolumincsccnt dosimeter

This is a relatively new method of measuring radiation dose. The principle of this device
is embodied in its name, "thermo" meaning "heat" and "luminescent" meaning "light
producing". Certain materials when exposed to radiation undergo slight structural changes.
These changes are not obvious to and observable by the naked eye; but if the irradiated
material is heated gently, it gives oul a flash of light. The higher the dose it has received,
the bigger the light flash it will emit when heated. The size of the light flash can be
measured using pholomultiplier light detector and thus the dose that the thermolumincscent
material has received can be estimated. LiF and CaF are the two used among the many
useful materials with LiF being the one usually used as a thermoluminescent dosimeter.
This dosimeter can cover a wide range of radiation doses from a fe.v mrem to many
thousands of rem and is useful in measuring X, gamma and beta doses. It is being used
as a personal dosimeter. It measures the total dose a person has received during the period
he has been wearing it.

12.3.4. Area monitoring

Area monitoring is done with the help of survey meters which arc either the ionisation
chamber type or the Oeiger-Mullcr type. These have already been explained in Section
2.5.

12.3.5. Factors affecting radiation dose

The factors affecting the dose from a radiation source at a place are distance, time and
shielding and these are separately explained as follows:

12.3.5.1. Distance

The intensity of radiation (and therefore radiation dose rate) of an isotopic source, is
inversely proportional to the square of the distance from the effective centre of the source.
The above statement is called the inverse square law which has already been explained in
Section 2.1.6. This means that the radiation hazard (dose rate) decreases rapidly as we
move away from the radiation source. As an example, the dose rate due to a radiation
source at a distance of 10 meter from the source would be only one hundredth of the dose
rate due to the same source a< 1 meter. This is the simplest practical way in which a person
working with external radiation sources can keep his radiation dose down. Practically while
handling radioisolopcs, the distance can be increased by the use of long tongs and remote
handling devices. For radiography the cables between the control consoles and the X-ray
machine should be long enough. The distance between the operators and the radioisotope
position in field gamma radiography should be adequate. We may recall that this adequate
distance can be defined keeping in view the maximum permissible doses.

12.3.5.2. Jims

ll is rather obvious that if the lime of exposure is reduced, the radiation dose would also
be reduced by the same factor. For example if the dose rate at a work location is 500
mrcm/hour, then reducing the work time from 1 hour to 30 minutes would half the
radiation dose (i.e. from 500 mrem to 250 mrem). This reduction can be achieved by
prof * planning of experiments and distribution of work among workers. The best means
of reducing man-hours on a particular job is to preplan the job carefully, making sure that
all the tools which may be required are on hand and then carrying out the j"b quickly. In
cases where radiation levels are high, it is useful if lbe work can be practised on a "mock
up" (rehearsal basis) with no radiation field present.

12.3.5.3. Shicldi»|

II distance and time factors can not reduce the radiation dose rale level to acceptable low
values, íl it mill possible \t> reduce Ihc radiation level by .shielding the radiation source.
Any material can be used us a shielding material but the effectiveness of the material used

325



for shielding depends upon its physical properties and also on the characteristics of the
radiation in question. Shielding presents protection to worker by maintaining effective
barriers between the radiation source and the worker. The process of reduction of
radiation intensity (dose) in a barrier is called attenuation. Attenuation is the result of
complex interactions between the radiation and the shield materials. The concepts of
absorption mechanism, the law of radiation attenuation, linear attenuation coefficient and
the build up factor have been given in Sections 2.2 - 2.4. The detailed procedure for
making shielding calculations will be described in Section 12.4.4. For the moment it should
suffice to say that the most common materials used for radiation shielding are lead,
concrete, loaded concrete and depleted uranium etc.

12.4. SPECIFIC SAFETY REQUIREMENTS FOR X AND GAMMA RADIOGRAPHY

12.4.1. Radiation monitoring and recording

In any radiographic set up where radiography is to be performed whether it is a fixed
installation in a well designed laboratory or it is under field conditions a radiation survey
must be undertaken before starting work. This survey can be undertaken using any of the
radiation detectors explained in Section 2.S. The detectors or survey meters should be
properly calibrated. The importance of properly using a survey meter cannot be
overemphasised. It is desirable that the accuracy of any instrument used for this purpose
should be reasonably independent of radiation energy, since it must be capable of detecting
and measuring soft, scattered radiation intensities up to 200-300 millirads per hour. A
single scale micro-ampere meter is employed for this purpose, the basic range of the
selector switch. It is usually arranged that the basic scale range can be increased by a
factor of 10 or 100 as necessary. It is most important, however, that the instrument should
be able to measure accurately intensities up to only 3.0 millirads per hour in view of the
maximum dose rates permitted by the regulations.

An initial survey of the radiographic exposure device should be made upon removing the
exposure device from storage. This initial survey will verify that the source is in its proper
storage position in the exposure device and that the survey instrument is working properly.
It will also provide a baseline value of intensity for comparison with later radiation survey
results. Next a survey should be made with the source operating at its maximum output and
pointing in all directions. It is essential that the area to be surveyed should be
systematically scanned for any leakage of radiation. The speed of scanning should be slow
enough to allow the instrument to respond to any local variations in the general radiation
level. Areas of particular importance are those that are continuously occupied by
personnel. Leakage of radiation is most likely to occur at the base of walls and barriers,
at the bottom and sides of door openings, and at open cable ducts and ventilators. Roof
areas over exposure rooms should not be neglected, particularly if these are likely to be
used by workmen engaged in maintenance and repairs. Warning notices should be placed
in such regions where an excessive leakage of radiation is found if the frequency of
occupancy does not warrant the erection of permanent shielding of roof areas. The
monitoring of a control room serving more than one x-ray set should be carried out with
all the sets working at full power. An annual survey should be made of all permanent
radiographic departments and sites and this should be supplemented by additional tests
after any alterations or repairs have been made to the protective arrangements, or when
a significant change has occurred in the type of equipment in use, or in its location and
manner of use.

Particular attention should be paid to screening cabinets, and all lead rubber curtains and
observation windows must be checked at frequent intervals. It is equally important that all
safely switches and relays should be tested at the commencement of each day's work.

If possible the indication of the radiation level which is expected to be present should be
made on the radiation signs. If there arc restrictions in (he possible beam directions which
are not physically controlled by mechanical or electrical limiting devices, permanent notices
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explaining these arc necessary. The radiographer should also observe his survey meter
while exposing the source during a radiographic operation. A survey of the high radiation
area boundary should not be made as this would lead to unnecessary radiation exposure to
the operator. While retracting the source, tbe operator should also observe his survey
meter. The operator should then survey the exposure device on all sides and the entire
length of the guide tube to the source stop or collimator to assure that the source is
properly shielded. The proper use of a survey meter can avoid any accidental radiation
exposure.

Some x-ray sets can continue to emit X-rays for a few seconds after the HT has been
switched off. This should be kept in mind and the x-ray room should be surveyed if there
is a need l<> enter it immediately after the machine is switched off. With very high energy
x-ray equipment short life radioactivity can be induced in some materials by photonuclear
reaction. Therefore after long exposures with such high energy sources it is desirable to
monitor the level of any activity before handling the specimens.

While making a survey of the area surrounding the radiographic exposure rooms the sky-
shine radiations from the source should also be kept in mind. High energy x-ray equipment
produces radiations which have great penetrating power. These can also travel upwards
and outwards and if the laboratory has a relatively thin roof it can spread outside the
laboratory. It is usually not feasible to build a roof of the same thickness as the side walls
of the building, so that account must be taken of the radiation extending into the air above
the laboratory which is absorbed and scattered back to regions outside the laboratory at
ground level. Sky shine is at a maximum at a distance from the building wall
approximately equal to the wall height.

Monitoring and surveying should include all the rooms adjacent to the exposure room.
Similarly the personnel working in and around the radiation area should be monitored for
the amount of radiation received by them.

This is usually done through the use of film badges or radiation dosimeters which are worn
on the body of the concerned individuals and provide the record of doses received.

All radiation dose as determined by various individual monitoring methods should be
recorded. The accumulated dose of radiation received should be regularly compiled and
updated. A health record including any results available from medical examination, in a
form to be approved by the competent authority should be kept for every worker exposed
to ionising radiation. It is always advisable for each radiographer to have a record of the
amount of radiation dose received by him (monthly). With this record available, the
radiographer will be kept aware of the dose received by him so that necessary action can
be taken to reduce the exposure.

12.4.2. Radiographic eipocurc rooms

The following considerations must be taken into account when designing an x-ray exposure
room :
(a) provision of adequate shielding against the primary beam
(b) control of leakage of scattered radiation;
(c) manner of use of the equipment, and
(d) convenience and accessibility of the room.

In the light of these considerations the specific requirements for X-ray and gamma ray
exposure rooms will be described separately.

12.4.2.1. X-r»y cipoiiirc room

In duMitning the exposure room for x-rays, the following points must be considered :

(i) ll thould have enough space to house the equipment. The equipment planned to be
purchased in future anil which arc to he placed in ihis room may also be kept in view.
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(ii) It should have water and electric connection within it.

(iii) If pipes, ducts, conduit or cables must pass through walls of an exposure room, then
passages must be designed properly so that no significant radiation will escape through.
Figure 12.3. illustrates the methods of designing this passage.

LEAD

LEAD

\

LEAD

DUCT

DUCT
LEAD

WALL

Figure 12.3 Methods of shielding when pipes, ducts, conduits or cables must pass through
walls of exposure room.

(iv) There should be a separate place lo house the control/console so thai the operator is
not exposed lo the radiation. This should be outside the room in which the x-ray lube is
placed. If due lo any reason Ihe control console is to be located within (he exposure room
il should be within a well shielding cabinet or enclosure.

(v) The thickness and Ihe material of the walls should be sufficient to reduce Ihe dose
below the maximum permissible level when a direct beam hits the walls. Usually dense
concrete walls of suff icienl thickness arc used for ihis purpose. Occurrence of voids during
construction should be avoided. The use of concrete blocks can present some streaming
problem and therefore should be kept in mind. Lead lining of the walls is common
specially when the concrete walls arc thin. The thickness of shielding is calculated keeping
in view the direction of the primary beam and the occupancy factor of the adjoining area.
If for example, the primary beam is permanently restricted lo fire vertically downwards to
irradiate ihe floor, the walls of the exposure room will require a considerably lesser
thickness of shielding Ihan would be required if Ihe beam were capable of manipulalion
into any direction.

In the Utter inuunce, il is necessary to assume that all ihe walls may, as a result of the
ordinary use of lbe equipment, be irradiated by the primary beam from time to time, and
ihcy would ihcn he required to be fully shielded. The wall shielding should be extended
below the floor level or a narrow apron of lead added to on the turf ace of the floor close
to the wall.
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(vi) It should have a door that provides adequate shielding against radiation. A switch may
be used so (bat the lube does not operate unless the door is properly closed. The shielding
layer on the door and that on the wall should overlap by at least 5 cm. In the instance of
sliding doors the two protective layers must be immediately adjacent to each other and not
separated by the thickness of the door.

(vii) The door of 'Lc x-ray room should be such that it can easily be opened from inside.

(viii) It should be possible to switch off the X-ray generating unit from inside the room.
This is helpful in case a person gets locked up inside accidentally. Similarly all means of
exit should be so constructed that such a person can leave the enclosure without delay.

(xi) A blinking light or a sound alarm should be used to indicate the operation of the X-
ray machine.

12.4.2.2. Gamma -r»v exposure room

For a gamma ray exposure room , the following considerations must be taken into account:

(i) The shielding walls of the room should depend on the types of radioisotopes to be
used. The dose rate outside the room should not exceed the permissible level.
(ii) There should be a shielded apartment within the room preferably underground where
the radioisotopes along with their containers can be stored while not in use. The key to this
enclosure should be kepi with care and responsibility.
(iii) There should be a facility to load and unload the radioactive sources.
(iv) A survey meter which is required for checking the dose level before entering the
room should be made available in the laboratory.
(v) The flooring and the ceiling of the room should be such as to give the minimum back
scatter, (see Fig. 12.4 ). An ideal situation would be lead lining of the wall, floor and
ceiling. The method of lead lining the floor is illustrated in Fig. 12.S.

WALL

WALL

Figure 12.5 Method of lead lining the floor

(vi) The room tbould hive i shielding door which can be easily manipulated from lbe
inside and outside. The door tbould have a permanent lock and the key to it should always
be wilb lbe authorised person.

12 4 1 Calculation of ibiclding ihickacit

To calculate the shielding thickness fur a certain iotlallalion the information required it
• t follows:

(i) Tbe minimum energy uf ibe Xray net. or the type and strength of the gamma ray
source.

JJO



(ii) Dose rate in roentgens per unit time for the maximum tube current and kilovoltage at
a known distance from the focal spot of the X-ray tube. With gamma ray sources the dose
rate will be known from their RHM value if the information in (i) above is known.

(iii) Distance between the source of radiation and the area to be shielded.

(iv) The maximum permissible dose rate for the shielded area, i.e. 2.5 mr/h for classified
workers or 0.25 mr/b for unclassified workers.

Some simple methods of making shielding calculations will be briefly described here:

12.4.3.1. H»lf-v»l»e layer (HVL) Method

Half - value layer (HVL) is the thickness of the shield material which reduces to half the
intensity of radiation at a point. Mathematically H V L - 0.693/n. Similarly Tenth-value
Layer (TVL) * 2.303/n. By knowing the value of |i for the particular energy and the type
of shield material proposed we can calculate the shield thickness required to reduce the
intensity to half or to one tenth of its original intensity without a shield. Values of u are
available from curves for different materials such as lead, concrete, iron, uranium and
water etc.
Sometimes the values of n„ • the mass absorption coefficient, are given which when
multiplied by the value of density, p , of the shield material will result in the desired value
of u. TABLE 12.3 gives the values of HVL and TVL for various sources and materials of interest.

TABLE 12.3. APPROXIMATE TVL AND HVL VALUES FOR SHIELDING MATERIALS
(VALUES SHOWN ARE DM MILLIMETRES)

Source Lead

TVL

100KV (Peak) 0.8
750KV (Peak) 2.5
400KV (Peak) 7.6
lOOOKV(Pcak) 25
2000KV(Peak) 38

gimma - rays
Co-60 41
Cs-137 21
lr-192 16

HVL

0.25
0.8
2.2
8
13

12
6.3
4.8

Steel

TVL

8
30
84
203
267

74
57

HVL

2.5
10
25
64
89

22
17

Concrete

TVL

58
91
109
152
203

229
180
157

HVL

18
28
33
46
62

68
53
48

The rclttionthip between half value layer and intensity is 2 n « I , / l where n is the number
of half value layers, !„ it the intensity at a point without • shield and I is the intensity at
the tame point after n number of half value layers of shielding material have been
interposed between the source and the point.

Calculate me dote from a 37 GBq Co-60 source at 1m with the beam pastini through SO mm of lead.
Given thM 37 GBq of Co-60 produce* • radialion dote of 1.32 R/h at I m and the HVL - 12.5mm for
lead.

No. i * H V L used » SO • 4

J2.5

liven ibu I, - 1.23 R/b I • I, • 1.23 = 1.23

2* 2* 16

0.0823 RA

331



Example

Find the thickness of concrete required to reduce the radiation level from 2000 mR/h to 2 mR/h given
that the TVL for the radiation in question is 225 mm of concrete.

^ - 10"

or 10° = 2000 = 1000. Therefore n = 3

2

As 1 TVL = 225mm, therefore 3 TVL = 675mm of concrete

TABLE 12.4. CORRESPONDING THICKNESSES FOR THE SAME ABSORPTION
(EOUIVALENT THICKNESSES IN MILLIMETRES)

Lead Steel Brick Concrete
(density (density
= 1.6) = 2.4g/cm3)

lOOkV X-rays
20ukV X-rays
300kV X-rays
400kV X-rays
1MV X-rays
5MV X-rays
20MV X-rays
Iridium-192
Coball-60

1 17
1 14
1 8
1 7
1 4
1 1.5
I 1.5
1 4
1 1.6

120
110
60
45
-

-
_

75
65
25
28.5
6.2
5
4.7
8.8
5.4

12.4.3.2. Atlcnyalion factor Method

The attenuation factor can be calculated knowing the dose from the source of radiation and
the dose which is required through the use of shielding. The attenuation factor is the ratio
of desired to actual dose. Curves are available relating the values of these attenuation
factors to the thickness of various shielding materials for various energies of radiations.

Figures 12.6 • 12.') show some of these curves.

Example

400 KV, 10mA X-ray set with an output 50R/min at Im To determine the thickness of
concrete needed at 3m distance for lbe dose rale lo be reduced to 2.5mR/h. By the inverse
oquarc law, the dose-rale at 3m is

50 x 60/') - 33R/h.

Thus, the attenuation factor needed is :

2.5 » ItJ*
- IMMMKM7S

V»3

I m m tigurc 12 ri thin aticnuaiiun it provided hy Slfcm of ctinuctc Alternatively, 6mm lead
will provide an attenuation of U.04 and IRe additional attenuation will be provided by 43cm
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Attenuation of X-rays in concrete
broad beam conditions.
a) I00KV X-rays, b) 200KV X-rays
c) 300KV X-rays, d) 400KV X-rays.
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Figure 12.7

Absorption of gamma rays in
concrete at Ir- 192,b) Cs-137
c) Cs-1>4, d) Co-60

The attenuation factor when multiplied by 100 gives percent transmission. Curves are
available which relate the percent transmission through various shield materials with
different types of sources of radiation (Figure 12.10 - 12.14)

Radiation energy : ISOKV
Dose rule *< I m from focal *pol : 3S0R/h
Distance between focal spot and area
to he shielded : 5m

Manimum permissible dote rale : 2.5 mR/h
Uking the inverse square law. dote rate
(unshielded) at im: ISi)

= l4R/h
S » S

To reduce this lo 2 Smi/h. the required allcnualinn factor is

2. S

14 « I.(MH1

- I) IMMMMM7 or 0017 iM.ii.cnl lrt«n<>mi»«itm

r row ttiť curve for I'M) KV in Figure 12 10 it t«n IH. found ihm » ihuknco irf 2 Smm
un<Ľ»|>niiJa to n tirtne.mi'.biiin of 0.017 percent
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TABLE 12^. INDUSTRIAL X-RAY SHIELDING REQUIREMENTS FOR CONTROLLED AREAS*

KV

100

150

200

250

30U

WH ••

40,000
20,000
10,000
5,000
1,250
525
310
155

HVI. « *
(mm)

15.2

22.9

27.9

27.9+

30.5

TVL

50

76

91

96

101

* *#
(mm)

.0

.2

.4

.5

.6

Distance from

150
-
-
_
_
_
_
-

Type of
harrier

Prim.
Sec.
Prim.
Sec.
Prim.
Sec.
Prim.
Sec.
Prim.
Sec. 34

210
150
-
_
_
-
-
-

234
168
330
231
429
307
490
320
551
340

the tube to occupied

300 420
210 300
150 210

150
-
-

-

600
420
300
210
150
-
-
-

Thickness of Concrete

218 203
147 113
395 292
208 105
401 376
277 249
457 427
290 262
521 490
310 279

185 168
117 102
269 246
163 140
348 323
221 193
397 366
234 206
460 429
249 223

area I

840
600
420
300
210
150
-
-

(cm)

1200
840
600
420
300
210
150
-

(density 2.

152
86
226
117
295
168
335
178
399
198

140
76
206
94
269
142
305
152
360
173

1200
840
600
420
300
210
150

36gm/cc)

117
58
183
74
244
117
274
127
338
147

-
1200
840
600
420
300
210

****

102
46
165
56
216
91
244
102
307
122

-
-

1200
840
600
420
300

(mm)

84
33
147
47
191
66
213
102
277
97

-
-
-
1200
840
60D
-

71
20
128
30
162
41
104
51
246
77

* For a design level of 100mr/weak. Add one tenth-value layer (tVL) for environs to reduce radiation to 10mr/week
•* W r work load in MA-min/weak., li=use factor., T=occupancy factor. T i s equal to 1 for controlled areas.

••• These values are approximate and are obtained at high f i l t ra t ion .
•••• For other densities p , the tabular value should be multiplied by 2.36



ABLE 12-6. COBALT-60 SHIELDING REQUIREMENTS FOR CONTROLLED AREAS*

«lir«« Cur i e s*" ( Approx.) Distance from source to occupid area (cm)

80,000
40,000
20,000
10,000
5,000
2,500
1,250
625
510

2,000
1,000
500
250
125
60
30
15
7

150 210
150
-
-
-
-
_
_

300
210
150
-
-
-

_
_

420
300
210
150
-
-
_
_

600
420
300
210
150
-
-
-
_

840
600
420
300
210
150
_

1200
840
600
420
300
210
150
_
_.

-
1200
840
600
420
300
210
150
_

-
-
1200
840
600
420
300
210
150

-
_

1200
840
600
42D
300
210

-

_
_

1200
840
600
420
300

HVl(nra) TVL(mni)
approx. approx.

Thickness of lead (mm)Type of
barrier

Primary 12 40

Secondary
Leakage ••••

o.ts
0.055

Scatter •••••
30°

45°
60°
90°
120°
150°

12
12

10.2
8.7
7.5
4.3
2
1.4

40
40

34
29
25
14.
6.
4.

5
5
5

225 213 201 189 177 165 153 141 129 117 105

105
93

122
97
77
->6
15
9

93
82

111
88
69
32
13
8

82
71

101
79
62
27
11
7

71
60

91
70
54
23
9
5

60
47

80
62
47
19
7
4

47
34

70

53
39
14
5
2.5

34
20

60
44
32
10
3
1.5

20
6

50
35
24
6
2
.8

6
0

40

27
16
3
.5
.2

0
0

30

18
9
.3
0
0

0
0

20
9
3
U
0
0

for a weekly design level of 10flmr. Add one tenth-value layer (TVL) for environs to reduce radiation to

10nr/week.
••' - work load in r/week at I i>; il : use factor; I = occupancy factor.
Assuming use factor U and occupancy factor T equal to one.
Refers to leakage radiation of source housing; may l)e iijnoied if leas than 2,5ror per hour at 1in in CN position.
for large field (20 cm dia) and a source-skin distance of 40 to 60 cm.



TABLE 12.7. COBALT-60 SHIELDING REQUIREMENTS FOR CONTROL AREAS*

WJÍ* Curies***(Approx.) Distance from source to occupied area (cm)

BO,000
40,000
20,000
10,000
5.000
2.500
1.250
625
310

2,000
l.ODD
50U
250
125
60
30
15
7

150 210
130
-
-

_
_
_

300
210
150
-
-
_

_
_

4zo
300
210
150
-
-
-
-
_

60U
420
300
210
15Ú
_
_
_

B40
600
420
300
210
150
_
_

1Z0O
840
600
420
300
210
150
_
_

-
1200
84Q
60S
420
300
210
150

-
_
1200
840
600
420
300
210
150

-

1200
840
600
420
300
210

-
_

1200
840
600
420
300

Type of
barrier

HVL (ran)
approx.

TVL(mm)
approx.

Ihickness of conc re t e (dens i ty 2.36gm/cc) (mm)

P r unary
Secondary
Leakage"**

0.15
0.055

Scatter*****
30°
45°
60°
90°
120"
150°

66

66
66

64
61
58
46
43
38

218

218
218

208
203
193
157
147
127

1207

587
526

777
606
610
429
381
239

1146

526
465

714
625
551
381
338
201

10B5

465
396

653
564
493
335
295
163

1024

396
329

589
503
434
290
251
\1A

960

329
259

523
442
376
244
208
86

899

259
185

462
381
312
198
165
46

836

185
112

401
320
254
152
119
8

775

112
36

338
259
196
104
76
0

711

36
0

277
198
137
53
30
0

650

0
0

213
137
76
3
0
0

587

0
0

150
76
13
0
0
0

• For a weekly design leve l of lOOmr. Add one ten th-va lue layer (IVL) for regions in the environs to reduce
rad ia t ion t o 10mr/week.

*• W = work load in r/week at In ; U = use factor; 1 = occupancy factor.
• • • Assumes use factor U and occupancy factor I are equal to one,

• • • • Refers to leakage radiat ion of source housing; may be ignered i f less than 2.5mr per hour at 1m in "ON" posit ion
f o r large f i e l d (20cm dia) and a source-skin distance of 40 to 60cm.



TABLE 12.S. CESIUM-137 SHIELDING REQUIREMENTS FOR CONTROL AREAS*

win**

24,000
12,000
6,000
J.OQO

750
J75

2
1
.000
,000
500
238
125
60
Ml

.) Ulst iinct: from sumce to occupied area (cm)

150 210 300 420 600 840 1200
150 210

150
_
_
_
_

300
210
15U
_
-
_

420
300
210
150
_
_

600
420
300
210
150

840
600
420
300
210
150

1200
840
600
420
300
210

_
1200
840
600
420
300

_
1200
840
600
420

1200
840
600

lype of
barrier

H V L ( M )
approx.

TVLOnn)
approx.

Thickness of lead' (mm)

Primary 6.5 21 105 99 93 86 80 74 67 61 55 48 41

Secondary
Leakage"**
0.15
0-05S

Scatter
35"
56°
90°
119°

6.5
6.5

4.5
5.8
2.2
1.3

21
21

15
13
7
4

42 35 29 23 16
3"- 29 23 16 10

10 4 0 0 0 0
4 0 0 0 0 0

53
41
20
10

49
37
18
9

44
33
16
8

39
29
13
7

35
25
11
6

30
21
9
5

26
17
7
3

22
14
5
2

17
10
4
2

13
7
2
1

8
4
1

0.3

* Tor p weekly design level of 100mm. Add one tenth-value layer (TVL) for regions in the environs to reduce
radiation to lOar/week.

•• M : work lead in r/week at 1 m; I) - use fa- \.or\ I - occupancy factor.
*** Assumes use factor U and occupancy factor I are equal to one.
••• Refers to leakage radiation of soured housing; may lie ignored if less, than 2.5mr per hour at 1m in "ON" posil :on.
••• For large field (20cn dia) and a source-scatterer distance of 50cm.



12.5. SAFETY PROCEDURES FOR RADIOGRAPHIC TESTINO

12.5.1. Operational Procedures

12.5.1.1. Introduction

Radiography is widely used in the inspection of boilers and pressure vessels, buildings, oil
and gas pipelines, bridges, aircraft, ships and many others. In general, these applications
can be classified into two categories, i.e. radiographic works performed in enclosed areas
(exposure rooms) and radiographic works performed in open sites. Since the use of
radioactive sources or X-ray equipments pose a potential health hazard to radiographic
personnel and members of public, safety precaution must be observed at all times.

12.5.1.2. Preparation prior to commencement of work

The following jobs must be done before commencing any radiographic work,

(a) Duties of responsible user

The person who will supervise and be responsible for the use of radioactive sources or X-
ray machines should:

(i) be aware of the hazards associated with the presence of radiation in the installation and
if necessary obtain the advice of a qualified expert,
(ii) provide instructions concerning radiation hazards .sale working practices and
emergency procedures (o employees who operate the radiographic equipment and also to
those who may occasionally be exposed to radiation,
iii) ensure that all employees working with radiographic devices and all authorised visitors
lv areas where radiation may be present arc supplied with necessary personnel monitoring
devices,
(iv) ensure that radiographic devices are not handled by unauthorised personnel,
(v) follow and enforce all the requirements of any regulations and the conditions under
which the radioisotope license is issued.

(b) Operating procedures manual

Each company or department should have an operating procedure manual for routine
operations as well as emergency procedures. The tianual should include:

(i) the name of (he responsible user and bis alternate, including the telephone numbers
where (hey can be contacted,
(ii) routine operating procedures with particular reference to health and safety to be
observed during all radiographic operations in the radiography rooms and in lbe field or
other temporary locations,
(iii) procedures for the proper use, care and maintenance of radiography equipment
through regular maintenance schedule and leak tests and of monitoring devices such as
survey meters, dosimeters and film monitors,
(iv) source changing procedures,
(v) procedures for storage of sources and radiographic equipment,
(vi) transportation requirement* for sources and radiograpbic equipment.
(vii) list of emergency equipment (hat should be available at every radiographic operation,
(viii) emergency procedure*
(i«) method* <if maintaining records

(ť) j

All nertonnel working with radiographic uiurceo muM wear appropriate personnel
monitoring badge* HI all lime* during radiography. The film badge should he worn on lbe
i.hul In addition ( depending un the operation ) the worker may alto wear <t wmi badge.
The film i* normally worn for a period of four week* and then replaced. The u&ed film it

343



returned for processing and dose assessment. The film badges should be stored in a
radiation free area when not in use and must never be brought back home. Any accidental
exposure or damage to the film badge due to mishandling shall be reported immediately
to the safety officer in charge.

(d) Radiation survey meter

The following points shall be checked regarding the use of radiation survey meters.

(i) The response of the instrument should be appropriate to the type of radiation.
(ii) Only calibrated instruments for which a certificate of calibration has been issued by a
competent authority shall be used
(iii) The instrument should cover a suitable range such that dose rates from 2 mR/h to
lR/h can be measured within ±20% of the true intensity.
(iv) The most important thing to remember is to ensure that the instrument's battery is in
good working condition.

(e) Warning signals

Signals arc used to warn people around the area about the presence of radiation.This
should be in the form of lamps or audible signals or both. The light or audible signal shall
be distinguishable for the following situations:

(i) When a sealed source is about to be exposed or when an X-ray machine is about to be
energised and
(ii)While a sealed source is exposed or an X-ray machine is energised.

(f) Warning signs

Warning signs of adequate si/e and with appropriate radiation symbols must be made
available. These signs are used to identify and define restricted areas. It is suggested that
the name , address and telephone number of the person responsible for the site should be
included on each warning sign.

(g) Equipment and facilities

(i) All radiographic devices must be conspicuously and permanently marked with the
approved radiation warning signs.
(ii) The model number.serial number and source rating for the radioisotope contained in
each camera should be stamped on the camera. When loaded (be camera should bear a lag
showing the type of radioisotope, its date of procurement and strength in curies at that
lime.
(iii) A camera should be so de&igned lhal :

1. numerous and elaborate precautions do nol have to be observed to avoid
execttive exposures lo ionising radiation.
2. at no time during normal operation should il be necessary ' o r » radiographer lo
expose any part of bis body (excluding extremities) to a radiation field of more than
MHImR/h
i. the source capsule is fixed so that under no circumstances can it drop out of ihc
camera.
4. the shielding in i«.h thai at no point on (he surface of camera containing a
radioactive source docs the radiation level exceed 200mR/h with the camera in the
closed, position.
V the outer taking will prevent Ihc shielding material ( -.uch a* lead ) from -.hilling
in escaping in Ihc case of fire or acddcnl
t< it is capable t if hcing lint ť d preferably with ihc lock fined on Ihc body of ihc
camera
7 if it weigh* 4 H K OI less il is provided with tarrying handled) lhal madle ihc
pcrki)n(t) carrying il lo remain fanner than IMmni from its surface.
M if ii weight, mure lhan 4Skg, il i» mounted on a carriage of adequate strength and
nubility

HA



iv) A camera should be provided with coliimalors to limit the beam of radiation to the size
of the area being radiographed.
(v) A radiographic camera in which the source is manually positioned by means of a sliding
rod should not be used.
(vi) When the source is extended by means of a teleflex cable the coupling of the source
capsule to the cable should be such that the source will not detach itself if the camera is
properly used and cables and couplings should be tested to withstand a tension of at least
450N.
(vii) Provision for electrical or mechanical signals to indicate the position of the source is
a desirable feature.
(viii) A hose or tube through which the source moves pneumatically or mechanically should
be capable of withstanding repeated flexures without suffering permanent distortion.
(ix) Source capsules or pencils designed and approved for use in one type of camera must
not be used in any other type.
(x) The type and activity of the radioactive substance used should be selected in relation
to the job lo be performed.
(xi) The camera must be tested for proper mechanical function of shutter mechanism,
source coupling , source positioning plungers, locking mechanisms and cleanliness of hosj
or tube through which the source moves.

12.5.1.3. R»diof raphic works in cxposnrc room.!

Every radiographer must understand the working principles and operation of each
radiograpbic unit that he will be using. The equipment should be checked before taking ii
out to the field and before using it lo ensure that it is functioning satisfactorily. This will
enable the radiographer to deal with emergencies with minimum delay and so limit
personal radiation exposure.
(a) Before starting any radiograpbic work the radiographer must obtain the permission of
the person responsible for ths exposure room and shall inform him on the ;

(i) Type and strength of the radiation source ( X or gamma ray :mA or C"i)
(ii) Model and serial numbers of the radiograpbic equipment
(iii) Number and names of radiographers involved
(iv) Period of work

However in practice the radiographer will be asked lo provide all this information in a
special log book issued by the person in- charge of the exposure room.

(b) Before performing the inspection a radiation survey must be made around tbc exposure
room ctpccially at the door and cable boles to ensure chat there is no radiation leakage.
The area must be cleared and tome person designated to prevent unauthorised entry into
the controlled area. A plan must be prepared to direct the beam toward* the ground ,
unoccupied areas ot areas that are adequately shielded. The radiographs- set up must be
completed before the shutter is opened,

(c) During radiation exposure ensure that the dour it tightly closed. Occasional radiation
survey must be carried out to caiure that the radiation level anywhere outside room does
nut exceed the permissible limit. The survey should also be made before entering lne
exposure room.

(d) After completion of work check with the survey meter whether the source has relumed
it* iu proper shielded position, remove the radiographic equipment and other accessories
imd store them la their proper storage area. For fixed installations (e.g. X-ray mat-dines )
the equipment only need* 10 be switched off. The warning liga* «»d barrier* should be
icmovcd. Inform the DCISIHI in charge of lac txomurc room regarding (he completion ní
tn« job Carry out » careful inspection <4 equipment for any defect* with special alieniim
in ('k«nlii«ns «nd lubrication of source guide*, coupling* etc. If anything tt defective it
taovM b* repaiictf immediately without postponing it The wy>ey meter sniwtd he checked
*ad batteries replaced n* necessary
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12.S.1.4. Radiof r»phic work in open «ite«.

12.5.1.4.1. Duties of radiographer

(a) Transportation of radioactive sources

The transportation of radioactive sources whether by public or private carrier must be in
accordance with control regulations and is governed by the requirements of the agency
having jurisdiction by statute over that particular mode of transport. Most radiography
sources require approved packaging and for all modes of transport (including a radiography
vehicle ) must be approved. In addition to the above requirements the following conditions
should be observed for in-use (radiography vehicle ) transportation.

(i) The vehicle must be conspicuously marked with radiation warning signs
(ii) The source container must be conspicuously marked with radiation warning signs. The
nature and amount of radioactive material present and the company's name and address
must also be shown.
(iii) The source container must be placed securely in the interior of the vehicle or securely
in a steel box.
(iv) Radiation levels at readily accessible places around the vehicle should not exceed
2.5mR/h.
(v) Radiation levels in any normally occupied position in the vehicle must not exceed
2mR/h.
(vi) Only radiation workers should travel in a vehicle carrying a radiograpbic source.
(vii) Emergency equipment and written procedures must be available to all personnel
travelling with the source.

(b) On arrival at site the radiographer must obtain permission from the person responsible
for the area and inform bim on the :

(i) Type and strength of radiograpbic source.
(ii) Model and serial number of radiograpbic equipment.
(iii) Name of radiographer.
(iv) Type of radiation safety equipment to be used.
(v) Period of work.
(vi) A sketch of the site plan indicating the location of the work and intended boundary.

(c) After lbe location of the radiograpbic work has been identified the following
requirements shall be satisfied:

(i) Boundaries shall be clearly defined with barriers of rope or other materials e.g.limber
(ii) Warning lights shall be displayed to indicate that radiograpbic exposure is underway,
(iii) Warning signs sbalí be prominently displayed,
(iv) Tbc area sbalí be kept under surveillance at all limes during an exposure.

(d) ľting M survey meter the radiographer shall check ibe cipoiurc rale a! the t>iic
boundary at frequent intervals to ensure lhal lbe boundary is correctly placed. If the dose
rale encccds the permissible limit ihc barrier should be adjusted.

(c) When operating riiiiilion equipment the radiographer must take every effort m
minimise the risk of over ciposurc. This can be achieved uy observing ibrcc important
parameter*:

(i) Time (as shun as postihle ).
(it) Uistanrc ( as far as possible )
(iii) Shielding (uvc rt>llimtlt>r ur shielding materials whenever possible >

(f) ()• ikt t,i>mp4rlliH* n# work the radiographer mwsi entitle that all ladiiliitn equipment
and radialitw warnings ui signs ate removed from ihv site before leaving. The prison m
charge \4 ibc area shall be informed abiwi (he completion «f Ike job
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12.5.1.4.2. Types of open sites

(a) Fully open sites (field sites)

A fully open site (or field site) refers to the radiographic site where the radiation is not
obstructed by any object except by those being radiographed. In other words the distance
from the source is the only parameter to be considered. Warning lamps shall be used all
along the previously determined circular boundary for permissible radiation levels.
Unauthorised persons shall not be allowed to enter this barrier and notices bearing words
such as 'DO NOT PASS THIS BARRIER< RADIOGRAPHY IN PROGRESS' must be
displayed.

(b) Partly open sites

A partly open site refers to the radiographic sile where the path of radiation is obstructed
by foreign objects or materials acting as shielding. In Ibis case the boundary is not
necessarily circular as in field sites. The shape of the boundary is dependent upon the
thickness and position of the obstruction.

12.S.I.5. Safely req»ire»c«l« for X-ray»

12.5.1.5.1. Equipment specifications

(a) The control panel of an X-ray unit should be marked with a suitable warning sign, e.g.
'Caution - X-rays. This equipment will produce X-rays when energised'
(b) Effective means should be provided to prevent and unauthorised use of the equipment.
(c) There should be some easily discernible device on the control panel to give positive
information as to whether or not the X-ray tube is energised.
(d) The tube housing should provide adequate protection to personnel. At the maximum
specified rating the leakage radiation at a focal distance of lm should not exceed 1 R/h.
(c) Tbc unit should be provided with a cone or diaphragm to restrict the useful beam to
the area of interest.
(f) An X-ray lube which can be continuously energised should be provided with lead
ihuttcrt. The protection afforded by these devices should be al least equal to lbe lube
housing and arranged so that it can be opened and closed only from (be control panel.

12.5.1.5.2. Auxiliary protection devices

(ii) all protection devices .appliances and apparatus should be adequate for the purpose for
which they are intended.

(h) protective lead-sheeting or mobile screens should be mounted in a manner so as lu
avoid -creep* and U> protect them from mechanical damage.

12.5 I.S.I. Byiljip^ jpqd in|^llqlio

(«) In determining barrier thicknettet (be protection provided should be tuch that :

(i) in area* mi u pic J by radiation workers the radiation level duct not exceed
lUOmR/week
(II) in area* iH,iU|il<-d by m>3 radiation worker* or the general public lbe radiation
level duet nut exceed lOmR/wcek

(h) IM plaHNÍnu »n X t»y ituim careful (.oftttderalitin ibuultt be give* in reducing lu a
mmmum lbe nuinhei »nú »t/e «if all )<tf tuatum* i» tdc piotciiive N u k u and upcnt«g»
«4 the mum

it) PiKift min X-ray rttt'Wt thuutti he m arfanned lhát no one K«n enter *w<.h fimnu timing
the i>f*;r*lt>f'» knowledge
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(d) Warning lights and/or audible signals should be provided outside the X-ray room access
doors 10 indicate when the X-ray tube is about lo be energised.

(c) All doors or panels into an X-ray room should be provided with interlocking switches
preventing operation of the X-ray tube unless the door or panel is closed.

(f) All mean-, of exit should be so constructed that any person accidentally locked in can
leave the enclosure without delay.

(g) If the operation of an X-ray machine has been interrupted by the opening of a door to
the X-ray room, it should not be possible to resume operation by merely closing the door
in question. To resume operation it must be necessary to reset manually a suitable device
provided for this purpose and located at the operator's station.

(h) Effective means which can be reset from outside should be provided within the X-ray
room for preventing or interrupting the operation of lbe X-ray machine.

Special precautions for open installations

(a) The control panel should be placed and operated from behind a fixed or temporary
barrier of adequate protective thickness.
(b) During X-ray exposures all persons other than the control operator should be :

(i) shielded from direct and / or scattered radiation by a barrier of adequate
protective thickness, or

(ii) excluded from the area around the radiographic site. (This area lo be
determined by a qualified person)

(c) The area as determined by I he above procedure should be demarcated by roping off by
suitable means.

(d) Audible signals should be provided and operated immediately prior to radiographic
exposure.

(c) Visible warning signs should be provided and operated during radiographic exposure.

(f) Wherever practicable the useful beam should be diiected away from the occupied spaces
and the beam crots-scctiun should be limited lo the smallest area necessary for the work.

12.S. 1.6. IÍU«hlithMC«( of

(a)

A preliminary boundary can be estimated if the radiation intensity al a certain distance
from the source U known. The safe working ditlancc tan Ihco be determined by Ihc invent
•xjuarc law. This law it cipre^ed as ihe equation :

f ./I, - r,'/','

I, - inlentily at a (JiiUnii; i,
It - inlcntily al a dUtamc it

\ t*mpW I , It Ihť dote ralv at t mcler from a tourcv is S R/h, whal it the i luuntc Írom
Ids ••Mtrfr mkkk lorieijmniU in a tlowi rale «f 1 S mR/M

l i t I, - * K/h-MMMJmH/h
», - I mrlcr
I, - * UM/k
h - '
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Substituting into the equation,

O = ryOi/lj) = W (5000/2.5)
r2 = 44.7 = 45 meters.

Example 2 : A 40 Curie source of Iridium 192 is used in a radiographic work. Given that
Ihe dose rale of Iridium 192 is 0.5R/h/Curie at a distance of 1 meter from the source.
What is the dose rate received by a radiographer if he stands 30 meters away from Ihe
source?
The dose rate of Iridium 192 is 0.S R/h/C at I meter: thus the dose rate of a 40 Curie
source al 1 meter is 0.5x40R/h or 20 R/h.

I, = 20 R/h = 20.000 mR/h
r, - I m
r2 = 30 m. l2 = 20,000/900 = 22.2 mR/h

Example 3: In example 2 if the radiographer wishes to be exposed to a dose rate of 2
mrcm/hr how far from the source should he stand?

r2 =i/(200O0/2) WlOOOO = 100 meters

(b) After the safe working distance has been determined make a preliminary boundary and
place radiation warning signs at (be boundary.

(c) Energise ihe X-ray machine or expose the radioactive source.

(d) Check the dose rale al the boundary using a survey meter and adjust the boundary if
necessary. The safe boundary is now established.

(c) For a fully open site, the boundary is circular.

(f) For a partly open site a preliminary boundary is calculated as described in (a) bul the
final boundary must be cross checked wilb a survey meter.

12.V 1.7. Storage of rp^iof faphic eq» ip»e«l o i t i le

Sometime* radiography is conducted al site for a long period of lime. In Ibis case
radiographers are resident in lbe area and Ihe source or X-ray machine must be properly
tlorcd.

(*) Sl(irflgť for radioactive sources

ff radioactive tiources arc to be used a specially constructed storage pil is necessary and this
thai) be prepared before ihe sources are brought lo silc.

The rctpoatihllily over the safety of this pit shall be assumed by authorised persons.
Sufficient radialiun warning noiicet thall be displayed al ihe fence at lo be dearly visible
from all direction*. The namet and telephone numbers of ibe responsible persons should
be included together wild ibe company'i name, addrett and telephone number.

(b) S|ofjMC filt '^''řy ^ " ' P P f U

Storage facilities for X-ray equipment are Ictt complicated ihan those for radiation source*.
A imall lockable tture room i% sufficient. Thit it becaute once lac machine U twitched off
ihere will be no radiation ^milled. Frotcrlion it only required againti incfl or vandalism.

i- v ; i

radii^raphy i> <m important imlututal utc <rf iuniiiaf r«tlijnio«« and i*f »i<tr
MÍ a.«(i4enU whwh havt; incur red illHtiraie why #1) tmn MNM ririnv* pinpci t«ir

in m n í t ihal no unH«iri:M«ry i»4t*ťum utptnnte latvt platu Aliliin*|» vaiio^t wfrty ruin



and regulations have been imposed on the user of radioactive materials or X-ray sources,
there is always the possibility of accidents. Thus it is very important fur the employer or
his appointed representatives (e.g. safety officers) to design emergency procedures which
can help minimise radiation exposure of persons in the event of any unexpected accident.

In many cases radiography may be performed many miles away from the base. In such cases
immediate contact with the supervisor may not be possible or even if possible the time
required for the supervisor to reach the site may be quite long. Therefore radiographers
must be fully trained and equipped to take immediate action to prevent unnecessary panic
should an accident occur. For this matter radiographers must familiarise themselves with
all emergency procedures outlined by their employer. It is the responsibility of the
employer to ensure that each radiographer must have a copy of these emergency
procedures. These procedures if possible should be detailed .however, they may be in the
form of general principles since the detailed procedures will depend on (he actual
conditions of each accident.

Emergency situations are most likely to arise when ionising radiations are actually being
used. For this matter different actions are required for situations involving X-rays (which
can be switched on and off) and gamma rays ( which cannot be switched on and off.)
Emergency procedures should be laid down to:
(a) ensure that external exposure to members of the public and emergency crew are kept
to the lowest practical amount.
(b) ensure that during emergency operations there is no possibility of ingestion of
radioactive material by any person.
(c) he specific in relation to the equipment, radioactive substance in use and possible
modes of accident.

I2.S.2.2. Administrative retpnatibililv

The responsible user named on the licence must ensure that :

(a) ('upics of the emergency procedures are distributed and explained to the operating
personnel.
(h) All groups who use and/or store potentially hazardous amounts of radioactive
substance should periodically meet to review the emergency procedures and modify them
in the light of experience gained.
(c) Emergency equipment is readily accessible to all concerned.
(d) Names and telephone numbers of health authorities are available to operating
pcrnonncl.
(Ľ) Emergency measures taken in each accident arc documented.

12-52.3.

The lime IK think about a radiation accident with radiographic equipment i» before it
happen* Thit it why detailed emergency procedure* should be prepared in advance and a
copy thould bť available 41 the site of every radiographic operation. In handling any
emergency tilualinn the fint rule i» never in attempt to correct it unlet* a radiation
detector in proper operating condition in available. If a suitable radiation detector in not
available a restricted area thould be wi up and warning tign* potted. The extent of ihit will
depend upon the tlrcnuth of the source and other faclort tuch at shielding available. No
further* action thiiuld lie take* until proper inttrumenu become available. Tfcc tccond rule
it think of tient that mutt he taken to remedy the trouble and thoutd rctult in the minimum
perttmal radiation eipmuie; for thit the fat'lort of lime , ditlance and thiddiag mutt be
UHti if the betl

.4. j}>KfMHM Mf

if tilt;

.ISO

i may In- atdd^nially C»|>UHJ to 1* tiaiitm ŕrum the X-uy machine Thitcan happen
matkiitp it unimcMially encigited while pcrtttnt arc within the 'no entry' farncr



Accidental exposure may also occur if persons entering the "no entry" barrier are unaware
that the machine is in operation. As soon as the accident is realised the following actions
must be taken :

(a) Action hy radiographer

(i) SWITCH THE MACHINE OFF immediately
(ii) LEAVE EVERYTHING as it is until it can be seen by the supervisor or other
higher authority.
(iii) ASK ANY PERSON WHO MAY HAVE BEEN EXPOSED TO REMAIN AT
THE SITE. This will allow the competent authority to interview the persons
involved and establish the extent of exposure received by them. If they cannot
remain on site obtain their full names, addresses and telephone numbers so that
they can be contacted later if necessary.
(iv) INFORM THE PERSON IN CHARGE OF THE AREA of the accident so that
measures can be taken lo restrict entrance to the area. This will ensure that the
situation under which (he accident occurred can be preserved.
(v) CONTACT THE SUPERVISOR OR THE SAFETY OFFICER AND INFORM
him of the accident. If they cannot be contacted advice may be obtained from other
competent authorities.

(b) Action by supervisor

As mentioned earlier in accidents involving ionising radiation the most important thing lo
do is to establish the extent of the exposure received by persons involved. As a matter of
fact this is the reason why the X-ray machine and its surroundings should be left as it was
as soon as the accident is realised. By knowing the exact position of the persons al the time
of the accident and for how long the dose received by them may be estimated especially in
cases where no personnel monitoring devices are worn. This estimation can be found hy
irradiating a film badge placed at the position of the person during the accident al exactly
the same KV and exposure lime. The following actions must be taken by the supervisor:-

If it is suspected that RADIOGRAPHERS ARE ACCIDENTALLY EXPOSED lo
radiation.

i. REMOVE THEM FROM WORKS involving ionising radiation until their exposures have
been established.

ii. ASK THE COMPETENT AUTHORITY CONCERNED FOR ASSISTANCE IN
ASSESSING THEIR DOSE.

iii. SEND THEIR FILM BADGES TO AN APPROVED LABORATORY.

in all cases :•

iv Make full investigation of the incident, taking written statements from the radiographer
or any other member* of public including details of where they were in relation lo the X
ray machine and for how long. If it appears that ihc radiographer may have been
ifvcreinoted, notify an employment medical adviser or appointed doctor immediately so
lhal ncccttary medical oaminalion can IM: carried out.

I? VJ! S I hWMHt IB MK

In tmially breaking, an nun)ittity tiluallnn arúet when the »ouuc it jammed m tit
lubc (ftii a projector iyp« umlainerl or (he tiiurtc it accidentally *cf<*i*lcd from
M

n- wink »hnul<41* ttinduricd withm a (ifedeUfmim d hanicr and ionium
>4 tkr dutc it earned t»ul wtiag a turvey meter the pretence of any
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should he apparent immediately. In the event of this incident, the following action should
be taken :-

(a) Action hv radiographers

i. Using a survey meter, MEASURE THE DOSE RATE AROUND THE AREA
AND ESTABLISH A NEW SAFE BARRIER (e.g. beyond which the dose race is
less than 0.25 mrcm/hr.). The survey meter used should be capable of reading high
radiation doses.

ii. RESTRICT ACCESS TO THIS BARklFR AND DISPLAY A WARNING
LIGHT around it together with a radiatit n warning notice. If barrier materials arc
not available 'sentries' should be posted to ensure that no one passes through the
barrier except those engaged in rescue operations. Detain any persons who may
have been inside the barrier during the accident. If this is not possible, obtain their
names, addresses and telephone numbers so that they can be contacted later if
i ccessary.

iii THINK AND PLAN CAREFULLY A COURSE OF ACTION while outside the
barrier. Prepare all equipments required for the rescue operation, e.g long
handling longs, shielding materials, etc.

iv. INFORM THE PERSON IN CHARGE OF THE AREA WHERE THE WORK
IS CONDUCTED, of the mishap and the proposed action to be taken.

v. ATTEMPT TO PLACE THE SOURCE INTO ITS CONTAINER OUICKLY if
possible by using long handling tones. NEVER TRY TO rMCK THE SOURCE
WITH BARE HANDS. The recommended maximum permissible limes Tor rescue
operation involving lr-ľ>2 and Co-60 sources are given in Table 12.9. A second
person must stand at the barrier to lime the operation and sh"ut when the
permitted time is up.

vi. TRY TO ATTENUATE the radiation intensity using whatever materials are
available (e.g. concrete block, sand, wood, etc.).

vii. CAI L FOP ASSISTANCE FROM THE SUPERVISOR who will summon any
other necessary help. In case he is not available, advice may be obtained from the
competent authority (e.g. The Atomic Energy Licensing Authority)

TABLE I2.«) MAXIMUM PERMISSIBLE TIMES FOR RESCUE OPERATION INVOl \. SNG
Ir l')2 AND Co-oi' SOURCES

Source Activity Done Rale al Time allowed
in ( i I mclcr (rem/hr) in mii.ulc (•>)
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(b) Action hv supervisor

Upon arrival at Ihc scene, the supervisor's action depends on whether or not (he source has
been returned to its container.

If (he source is already returned into its container :-

Ai. CHECK THE SHIELDING AND ITS FASTENER.

Aii. REMOVE PERSONNEL involved in the recovery operation from the radiation work
until ihcir doses have been established.

Aiii. SEND THE FILM BADGES WORN BY THE PERSONNEL INVOLVED to the
approved laboratory (e.g. SSDI.) for urgent examination.

Aiv. Repeat the procedure outlined in Section 12.5.2.4 (b)(iv).

If THE SOURCE IS STILL OUTSIDE ITS CONTAINER-

Bi. CHECK THAT THE BARRIER, warning signals and notices are satisfactory, and the
access to (he radiation area is under control.

Bii. MAKE FURTHER ATTEMPTS TO RETURN THE SOURCE into its container. If
this fails, a decision musl be made either to continue the rescue operation or obtain an
other container as a temporary shield for the source.

Biii. WHEN THE SECOND CONTAINER IS AVAILABLE, PLACE THE SOURCE
INSIDE IT. The container must have adequate shielding properties so thai it is capable
of attenuating the radiation down to a permissible dose. At this stage, a decision must be
made either to return the source to its original container with the aid oť handling facilities
at the base or to take disposal actions. In the latter case, it will be necessary to contact the
Licensing Authority to obtain further advice.

Biv. The series of actions Ai - Aiv should now he set in motion.

12.5.2.5.2. Source not in use

(aI Accidents involving possible damage to a source container

This situation may ucur as a result of road .>r other accidents. Before commencing any
source rescue operation, efforts musl be made to rescue any injured or trapped persons.
The rescuers must be told about the presence of radioactive materials. Until measurements
have been made with a survey meter, it should be assun ed thai the source is unsealed.
Then carry out necessary actions as slated in Section 12.5.2.5.1,

(b) Fire involving radioactive sources

In the event of a lire, try lo remove the container away from the scene. However, if this
is not possible, .it wild on il, and tell the Fire Service of the presence of radioactive materials
as quickly as possible. Then commence the series of actions mentioned in Section
12.5.2.S1. (a) and (hi.

(c) Mľi*>mii or stolen so c.

In this case, the following action should be taken :

i BEGIN AN IMMEDIATE SEARCH using whatever detectors are available.

n If il cannot be found. INFORM THE poliic.THF. SUPERVISOR, AND THE MAN IN
CHARGE Oľ THE AREA If a vehicle containing a source is missing the police am) die
supervisor musl lie informed immediately.
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(d) Source lost in transport

If a source container has been loaded into a vehicle for transport and at the end of the
journey it cannot be found, the police and the supervisor must be informed immediately.
It may be necessary to retrace the exact route taken by the vehicle, making both a visual
search for the source container and an instrumental search for the radiation from the
source.
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13. TOTAL QUALITY CONTROL

13.1 TOTAL QUALITY CONTROL

Total quality control is a system for defining, controlling and integrating all company
activities which enable economic production of goods or services that give full customer
satisfaction.

In the phrase , total quality control, 'quality' docs not mean best or excellent, it means
meeting the customer's requirements of suitability for the task at an economic price e.g.
a different standard of performance is expected from a steel washer compared with a
galvanised washer.

The word 'control' represents a management tool with four basic steps:

1. Setting quality standards.

2. Checking conformance with the standard.

3. Acting when the standards arc not met.

4. Assessing the need for changes ir the standards.

The objective of quality control is to provide the customer with the best product at
minimum cost. This can be achieved by improvements in product design, consistency in
manufacture, reduction in costs and improved employee morale. The factors affecting
product quality can be divided into two major groups:

t. Technological - machines, materials and processes.

2. Human - operators, foremen and other personnel.

The later is the more important.

13.2. HISTORY OF QUALITY CONTROL

Quality control has its roots in the guilds of the Middle Ages where quality was assured by
long periods of training. This training instilled in workers pride for the workmanship in
their product.

Specialisation of jobs, as industry grew, meant workers no longer made the entire product.
This resulted in a decline in workmanship and alienation of the work force. As products
became more complicated it became necessary to inspect them after manufacture.

In the 1920S statistics were applied , initially at the Bell Laboratories in the USA, in !he
development of acceptance sampling as a substitute for 100% inspection. General
acceptance of the techniques occurred during World War 2 when the early Military
Standards containing quality control clauses were developed.

Subsequently Quality Control Institutes and Standards Associations were formed. The
Institute* promoted the use of quality control techniques for production and service,
through publications, conference* and (raining.

Standard* Association* have promoted the development of universal standards which may
be adopted at part of the quality control proceu,

IV J. THE NEED FOR QUALITY CONTROL

Uualily Control it required because ní changing buyer-producer relationships and majur
marketplace demand* for quality. These change* can be seen in mounting product and
service liability trends and cuntumer pretturci which impact strongly on producers.
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The social and economic demands for effective use of materials and production processes
to turn out higher technology based products assure the r.̂ ed for quality assurance.
Similarly the changing work practices in factories and offices and the need to compete in
international markets require total quality control of all products and services.

Because the human factor is of great importance in the quality control operation, special
attention must be paid to the personnel in the organisation. They need to be educated to
the benefits of quality control, they need to feel involved in the quality control process and
they must be able to communicate with other personnel on quality control. This allows
them to develop a quality control spirit and improved morale necessary to the success of
any quality control program.

Quality Circles have been developed in many factories to oversee the quality of products.
These involve staff representatives at all levels who meet for short periods of lime e.g. an
hour, every week to discuss the quality control of (heir product and any changes necessary.

13.4. RESPONSIBILITY FOR QUALITY

The departments responsible for quality arc listed in Figure 13.1. Quality is not the
responsibility of any one person or department: it is everyone's job. It includes the
assembly line woikcr, the typist , the purchasing officer and the managing director.

The responsibility for quality begins when marketing determines the customer quality
requirements and continues through to the satisfied customer.

As can be seen from Figure 13.1 the responsibility for quality is delegated to all
departments. Each has the authority to make quality decisions. Figure 13.1 shows the ideal
place for an effective Quality Control department: independent, reporting directly to upper
level management.

13.4.1. l a i p e c l i m »«d Test Dcp»rl»c«l

Inspection and test has the responsibility to appraise the quality of purchased and
manufactured items and to report the results. These results can be returned to other
departments so that corrective action can be taken when necessary.

In order to perform inspection , accurate equipment is necessary. This means it must be
maintained and regularly calibrated.

Jl is necessary to continually monitor the performance of inspectors. Some defects arc more
difficult to find and require more paliebte. Inspectors vary in ability and the defect level
affects Ihc number of defects reported. Samples with known defects should be used to
evaluate and improve the inspector'* performance. Tbc reliability of inspection can usually
be quantified and is most often affected by the operator not the possible defects in the
component presented for inspection. Education (training) is the most effective way of
improving reliability.

13.4.2. QnMly {JBllfnl PiBMITllMEll

The Qualily Control Department does not have direct responsibility fur quality. It assists
ur supports the other departments as they carry out their responsibilities. The relationship
between Ike departments and qualily ion I rol is similar to a line --ufí organisational
relationship.

Quality Control appraises the current qualily, determine* quality problem areas am) as»tsi»
in ike correction nr minimisation of these problem areas. The overall objective is ihv
i of ihe product quality in co-operation wiih ihc responsible departments

JS6
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Figure 13.1 Departments responsible for quality

U.S. QUALITY ASSURANCE

Definition: All those planned and systematic actions necessary to provide adequate
confidence that the item or facility will perform satisfactorily in service.

ll involves a continuing evaluation of Ihc adequacy aDd effectiveness of the overall quality
control program with a view to having corrective measures initialed where necessary.
For a specific product ur service this involves verification audits and evaluation of quality
faciiirit that effect ihc production or use of the product or service.

IT IS OUA„.TY CONTROL OF THE QUALITY CONTROL SYSTEM

Important functions -
ctlablitbmcnl of quality standards
written procedures
control ol document flow
maintaining identity and trarcabiliiy of materials
calibration of equipment

tif record*

A quality rfUMiafttc tiyilcm u an cfieiUvr method uf atlaiRtnn »ad matmaini*|| the dctircd
quality itandardii. It i« bak«d on thr f«rl that quality is the rciptxttibiltty of #11 funclUMn
thi»»: iMlfiicUlii fuHitlutu can t»r brtiken duwn into It) subtyMcmi, *» tllM»lf«lcJ t»
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Figure 13.2 Major elements of a quality assurance system

The quality assurance system is an evaluation or audil of each one of these subsystems to
determine how effectively Ihc functions are being performed. Evaluations are usually
conducted each year to determine which elements and subsystems need improvement. The
overall rating provides a comparison with past performance or with other plants of a
multiplant corporation.

inspection alone docs not assure quality ortmorc precisely, docs nol assure conformance
lu requirements of the contract or customer order. This applies not only to complex
product* huch »h satellite* or nuclear submarines, bul also to simple products such as nails
or pipe fillings. Regardless of the product or service involved, the essentials of an effective
quality a»*ur4ncc system include:

1 Independence uf the quality assurance department from the design and production
departments.
2. Standards of quality that reflect bulh the needs of the customer and the characteristics
of lite manufacturing procc&t.
V Written procedures thai caver all phases uf dcsign.production, inspection, installation
and service, with a pruf ram for continuous review and update uf these procedures.
4.Control trf the flow ÍJ( documents such as order entry, order changes, specificaiioot,
drawings, rot*Ic slips, inspection tickets and shipping pupctt.
V Methods for maintenance of part identity which must establish traccability i hrou K* the

, Method* for timely (ktťtMiwandtťgfťgalion of nonconformtng material which mutiaUo
uturilivc atitim

foi (HríMHÍu ťalíbratiofi M iu^ťt ion equipment.
retaining imp«iiiant records

'i ľti%t*m% for irainmit and qualtfuaiion of key pro4u«riion and i m ^ l i o f t peuofuiet
10. Sy»iewk for ťonUol of spetrfuatum^ incoff»oraie4 into pwuh*^ tHtkft,íor to«lft4 *4
tkp qMalily of purchased gtwnii and for apprnpríalť intpciriíon of



H. Systems for control of manufacturing , assembly and packaging processes, including
inspection at key points in the process flow.
12. A system for periodic audit of any or all of the above by persons having no direct
responsibility in Ihe area being audited.

13.5.1. ladcpeadeace of Osality Assaraace Departaeat

Responsibility for the development, operation and monitoring of an effective quality
assurance program in a plant usually rests with the quality assurance manager. Companies
having several plants may have a corporate quality assurance department that reviews and
coordinates the system for the entire organisation. To be effective this department should
be an independent staff department that reports directly to an upper level manager such
as general manager, vice president or president. The quality assurance department should
be free to devise and recommend specific systems and procedures and to inquire corrective
action at their discretion.

13.5.2. EsUblishacal of Qaality Staadardi

No single quality level is necessary or economically desirable for universal use; the quality
requirements of a paper clip are obviously quite different from those of a nuclear reactor.
Many professional groups, trade associations and government agencies have established
national codes and standards. However these codes and standards generally cover broad
requirements , whereas a set of detailed rules for each product or class of products is
required for the control of quality.

In most plants it is the responsibility of the quality assurance manager to interpret national
codes and standards in terms of the purchase order and from these to devise process rules
uniquely suited to Ihe specific products and manufacturing methods used in that particular
plant. The set of process rules thus devised may be known by various names: in these
training notes il will be called an 'operating practice description'. There may be thousands
of operating plant descriptions in plant files, each varying from the others as dictated code
11 r customer requirements, limits on chemical composition or mechanical properties , or
other special characteristic*. Large plants may have computerised storage systems
permitting immediate retrieval of part or all of the operating practice descriptions at key
location* throughout I he planl.

13.5.3. Writtea procerfaret

Written procedures arc of prime importance in quality assurance. Oral instructions can be
inadequately or incorrectly given and thus misunderstood and incorrectly followed. Clear
and concitc wrillcn instructions minimise lbe likelihood of misinterpretation.

Vague generalisations Ihit do neither actiga specific responsibilities nor determine
aircouaiabiliiy in rate of error routl be avoided. For í nuance, procedures should be specific
residing Ihe lype and form of iatpection records, the ideality of Ihe individual who keeps
lite record*, »nd where records arc kepi. Similarly a calibration procedure should sol r*ll
fur ralibrilioa «l 'periodic intervals' but should specify maiimum intervals between

l i h i Depending on I he lype of equipment , calibration atay be perforated at
ranging from a few hoars 10 • year or More.

11.5.4. Coal rol ul 4oe»mt»t flow

lilt- urigJRjil purchase order, which it often lct% laaa nut page ia Icagih. m»y genculc
httatlirdt %i other winking paper* before ihe ordered material or p«M it shipped All
paperwork mutt I * <uuMte <md ami reach each wuik tiaiioa o* lime, la tome iaduttiici
while ihti* «*y b« «• i*rf»ge of two or more tpccifit-alío* or drawing t •*•*<•* per m tier,
««t rffrttivr tytiemi i4 mMnt»i ir*t'kiag ihit it tep#i*te «ad dUhm* from •Minut
uiri l i t ' i

( utitiMl úl J I H M WFMI f lu* p
The Mlrt i<f M r (which it r<r»po««iNc f m eairy uf the cwtiomr r »i4ti >



. the production planning group ( which is responsible for scheduling work and tracking
material) and the accounting department which is responsible for billing and shipping) are
all involved. Many large plants have computerised order systems, the heart of which is an
'active order file'. This computer file receives periodic inputs to update information on
specific ations, drawings, material si/es, shop operations, shipping and routing. In turn this
file may be accessible from various terminals in the sales office, home office or plant, wben
information is needed on material location, order sUtus and the like.

13.5.5. Maintaining identity and traccability of materials

In high speed manufacturing operations, particularly those involving hot work, identity
markings on the raw material, such as paint marks, stencils or stamps, arc usually destroyed
during processing. In such instances , procedures must be devised for maintaining identity
not by marking alone but also by location and count. These procedures sometimes must
provide for Iraccahilily of individual units of products by a method suitable for the product
and process and must include any additional identity that the customer may require.
Ultimately both producer and customer must be confidant that the goods actually delivered
are described accurately in the shipping papers , lest reports and certificates of compliance.
This confidence is of grcal importance in certain applications in the aerospace and nuclear
industries.

l.VS.ii. Noaconforming material and corrective action

A system for detection and segregation of nonconforming material requires:

1. written inspection instructions that can be clearly understood;

2. identified, segregated holding areas for parts that have been rejected: and

V a structured group ( sometimes called a materials review board) to evaluate
rejected material, make final judgment on its fitness for use , decide what is to be
done with non-conforming material and prescribe corrective action for the cause
of rejection.

In many instances rejected parts arc only slightly out of tolerance and their usefulness is
not impaired . Even so, all decisions of a materials review board lo accept nonconforming
material num be unanimous. ( In the absence of unanimity, the problem may be referred
In lop management for a decision bated on overall business judgment.) In some companies
. the authority of the materials review board is limited lo merely deciding whether or not
noflcoafurmtag material it fit fur uw. However, in many companies the board also
determines what is lo be done with nonconfurming loU-whclhcr they are lo be shipped 'as
it', turicd, repaired tir wrapped - »ná fi*et the accountability fur incurred lonct When
KiiKitive 4iInm is recommended by a material* review board, it is utually system* oriented

lhal it, intended lo prevent recurrence uf ike mincuniormily by avoiding its cause- la
imunt-ri: where a lol hat been rejected rxcautc the acceptance number fur * sampling plan
k*t been (.-needed, deejtioat eoncerainn di»pu»ieio« of »fcr lor oilca arc made «• the b*»i»
of totu, l h Ľ solution lhal results in the lean lulal cou to bulb producer and customer is
adopted. Somelimct, material tkal i* tllghtly oul of luteránce aaď lkerefure «•>< f«» 'ur ut<r
hy one tutlomct may mctl the tpciifitalions of another customer.
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13.5.8. Retention of records

A quality assurance system musl designate which records arc lo be retained and must set
down minimum time periods for retention of such records. It is usual for important
documents lo be retained for 25 years or more; (he nuclear industry is required to maintain
records for 40 years. Retention time , however, should be consistent with real needs as
dictated by projected lifetime of products or by legal requirements. Besides satisfying
certain contractual or other legal requirements . retained ecords can provide important
cost benefits to both producer and customer. In one instance , extensive and costly testing
of a 50 year old structure prior to repair was avoided when the fabricator was able lo
produce original drawings and material lest reports.

13.5.*). Personnel t r a i l i n g and qualification

National codes exist for the qualification <f certain specialised workers , for instance
welders and inspectors. When applicable, codes should be incorporated as minimum
requirements for training and qualification of key personnel. All of these , however, must
he supplemented by local written procedures for both on-thc-job and classroom training.
Quality assurance management must reduce complex procedures to the simplest form that
will permit a trainee lo understand exactly what the job is and how it is to be perfoinied.

13.5. i0. Control of purchased material

All specifications and orders for outside purchases of material whose performance may
affect product quality should be subject lo approval by quality assurance management.
Inspection of incoming material should be incorporated into the quality assurance program.
The main purpose of receiving inspection is to check for failures of vendor quality
programs, bul receiving inspection should not he expected lo compensate for poor quality
control by vendors. The purchaser should evaluate and periodically audit the quality
assurance system of each major supplier to make sure that the purchased material can be
ckpcctcd to have the specified level of quality.

I V Y 11 Periodic And.I ( O v a l i l y A u d i t )

A periodic audit or quality audit of the system performance against written standards is
needed lo delect corner - cutting, noncompliancc and intentional violations of established
quality procedures. To be as unbiased as possible , such audits should be performed by
pertont not having responsibility in the area being audited. In companies having multiple
planu , each individual plant may conduct its own internal audit , but in addition should
he tubjeel In audit by corporate staff personnel. The m»sl important activities of corporate
otaff, atidc from auditing, arc review of the quality system with the highest level of plant
management and follow up lo approve corrective adit '" for any discrepancies found during
tn audit

Periodic review of the quality assurance »yatcrn and rcaffirmalion uf quality objectives by
lop m»a»K,cmcRl thuuld be pad of company policy. This will in pail ensure long range
viability of the hutine** enterprise.

. An independent evaluation at variuukntpct'ituf quality pcrfuimanic to provide
information with ii.»|Ktt lo thai performance

Duality audit* ate usually
h) Mim|KHiť» to t n l u « l p iheir own quatil* i
hy tHtyrm lo evaluate Ike performance *4 their
by H"4fMl*l»ry aKcm-|c.» to evaluate the pcrforftMfH'e »if «>iK*fih4tit>Ro Miliek

arp

rt*ipt'w .4 audit to ( i i m l j f iHtuMlHt: thai
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- prod u m arc fit for use and safe for the user.
- laws and regulations are being followed.
- there is conformance to specifications.
- written procedures arc adequate and are being followed.
- the data system is able to provide adequate information on quality.
- corrective action is being taken with respect to deficiencies.
- opportunities for improvements arc identified.

For an internal quality audit typically the organisation is divided up into its component
parts and each area is audited. The time taken depends on the size of the organisation. For
a small NDT organisation one could audit the following

- documentation of NDT procedures
- control of stores
- receipt of job instructions
- purchasing of equipment and accessories
- maintenance of equipment and accessories
- calibration of equipment
- contract administration
- safety
- accounting
- office administration e.g. wages, leave, superannuation
- reports and records
- codes and standards
- organisational structure
- research and development

I V(>. O U A M T Y CONTROL APPLICATIONS OF NON DESTRUCTIVE TESTING

Quality control of manufactured goods is accomplished by measuring dimensions,
properties or other characteristics, comparing the measurements with predetermined
ilandard* and varying the manufacturing process as necessary to control these
characteristics. Often direct measurements of characteristics can be accomplished only by
destroying the parts. Obviously a product that has been destroyed cannot be sold. The
commercial impact of this fact is two fuld - costs were incurred to make the product, yet
no profit can be made from its sale. However if the same information can be obtained
without destroying the part , even if only a» an indirect measurement, then the part can
be totd for a profit after it hat been tested. The commercial incentive lo len non
destructively it large when tmall quantities and large profit margins arc involved and is
crucial with one of a kind products.

Variuut method* have been developed for accurately and reliably mcaturing characteristics
•if partit without affecting their commercial value. Many of these arc indirect methods , but
they have gained wide acceptance a» lutilt that can aid both management and production
pertiinael in reducing coiU and improving product quality. AUo use of nun destructive
mtpcciiun na» become ncccttary at * mean* uf meeting certain legal and contractual
requircmcau affecting the production and talc uf a wide variety of manufactured product*

that contribute to the reliable application of icveral tif the major procGtve* of non
ÍM|>CCIÍ<MI are tim»idered later
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usefulness as a production or technical tool. Also only when the capability of a non
destructive process is known in quantitative terms can the inspection results be considered
a measure of true product quality.

Successful application of non destructive methods to the inspection of manufactured goods
requires that:

1. the test system and procedure be suited to both inspection objectives and types of flaws
to be detected,

2. the operators have sufficient training and experience, and

3. the standard for acceptance appropriately defines the undesirable characteristics of a non
conforming part.

If any of these prerequisites is not met , there is a potential for error in meeting quality
objectives . For instance, with inappropriate equipment or with a poorly trained operator
, gross errors are possible in delecting and characterising flaws . This is of particular
concern if it means chronic failures to detect flaws that seriously impair service
performance. With inadequate standards, flaws having little or no bearing on product
performance may be deemed serious ,or significant flaws may be deemed unimportant.

It is necessary that the types of flaws that can be induced by each manufacturing operation
arc understood, only then is it practical to define the non destructive inspection that should
be used. For icstance, if a forging is inspected for internal forging cracks by radiography
it is important to determine the direction of grain flow ( and hence the most probable
direction of cracking) because any cracks that are not aligned with the radiation beam will
usually not be detected. Even when the direction of grain flow is known it may be difficult
to orient the radiation beam properly but it is usually easy and effective to inspect the part
u!lrai>unicaHy.

A» used in non destructive testing and quality control, lbe term 'defect' means a detectable
lack of continuity or a detectable imperfection in a physical or dimensional attribute of a
part. The fact thai a part contains one or more flaws does not necessarily imply that the
part is non conforming to specification or is unfit for use. Similarly the term ' non
conforming ' means only that a part is deficient in one or more specialised characteristics.
It should not be automatically assumed that a non conforming part is unfit for use. In many
instances a non conforming part is entirely capable of performing its intended fLf....on
even in its non conforming condition. In other instances a nan conforming part can be
reworked to make it conform to specifications. Of course sometimes a non conforming pan
can neither be used nor reworked and must be scrapped.

11.6.2. H«m«n factor*

education of all level* of personnel engaged in non destructive inspection , including
formal training «nd certification in accordance with government . technical society or
industry standards, is probably the greatest single factor affecting the quality uf non
destructive inspection. All methods of no* destructive inspection are highly dependent un
operators for obtaining and interpreting data- Inadequate education of personnel
jeopardise* the reliability uf inspection. This applies even la automated inspection which
is fonlMIed by the acccpt-rejei't criteria programmed into the process. Automatic dat«
*aaiy*it fethftU|wet must be established, proven and monitored by competent mm
tkMiuit ivr inspection pei»oftn«|. In general .inspecliim should be performed by pemmncl
who «re trained to the nntii>n»l equivalent «f ISO DIS 9712 level 2 in the particular
method frcin* used. .Supervisory personnel ihtntld have tkill equivalent lu ISO PIS i ? t ;
U l 1

ii hum** favltiu on Ihs nun ds i im i ivc inspection proces #Uo mw»t he
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destructive process and specific inspection procedure is used. This variability is usually
more pronounced with small flaws. There is also a pronounced variation in the effect of
factors such as heal, lighting , ventilation , fatigue and alli'udc on the performance of
properly trained and qualified operators. As a result of these studies, confidence curves
bave been established showing the probability of detection versus defect size for each of
the major non destructive inspection processes. Human factors should always be considered
by the design engineer when selling maximum allowable defect v 'es and by quality
engineers when selling accept-rejcct criteria.

13.6.3. Acceptance l imits

The selling of accept-reject criteria is important lo the quality of non destructive
inspection. Limits that arc loo strict unnecessarily increase both manufacturing and
inspection costs, and often require special manufacturing techniques to meet the strict
acceptability limits. Acceptance limits are usually indicated on the design drawing or
specification. Often, however, these limits have been selected arbitrarily. It is a function
of quality engineering lo review acceptance criteria, ascertain that they are appropriate and
can he met in production, and then approve them, ll is often necessary, after production
experience and reports of service usage have been obtained , to review acceptance limits
lo see if changes arc needed. An acceptance limit that is loo strict increases cost . but one
that is loo lax can contribute lo failure to meet service requirements.

Fracture mechanics can hc used lo establish acceptance limits for critical pans , because
it describes product performance in terms of the si/e of any Haws that might be present and
can aid in establishing whether in service inspection L necessary. Fracture mechanics
studies usually are undertaken only for critical parts because such studies arc exacting and
expensive. Inspection criteria should include probability/confidence limits for the
inspection procedure because it is not the smallest defect that must be detected . but the
largest defect thai might be missed that ultimately determines the reliability of a part.

11.6.4. U i a c c l i o a Slaadardt

Inspection standards should be established so that decisions lo accept, rework or scrap
pant arc based on the probable effect thai a given defect will have on the service life or
product safely. Once such standards arc established non destructive inspection can
characterise flaws in terms of a real effect rather than on an arbitrary basis thai may
í m pi lie unties or redundant quality requirements.

M i n i non dctlruclivc inspection RICIIKKJK rely on a reference standard lo define acceptance
limitu or lo estimate defect sizes. However there often is no recognised universal standard
that can be used on diverse products or .« satisfy varying inspection requirements of
individual users. For instance, ultrasonic inspection is widely used lo inspect adhesive -
bonded Mruclurc*, yet tbc variety of dctigoi, materials and adhc»ivcs lhal arc used do not
permit a ntandard reference panel that is universally acceptable lo be produced- Under
normal tircumttancck , producer and consumer agree in advance a* to I he design of the
rviuence klandari) and lo the procedure for uting it.

I I o S Effect of nanufaclariag operation

It it difficult lo define the be»l point in a tcquvnic of manufacturing operation* at which
iMpeciin* thtiulti IK pcrfurMcd, Oliviuutly, (here thtmld he »n«c type i4 final iitkpcttiixi
4iHi all m»nuf.HluriHji upcratioHkhave k e n t nmpkled However,final intpcuion i»•*len
far f i n * ujxiwal«» icitardteither quality <rf intpctlio* or overall cumumy i4 m««of*t'lurc
IN H»«*y in«l»fii'c i| U catier, wore reliable and more etiimimkul to perform limited
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1. Inspect raw material for flaws thai may have been missed by the supplier's inspection
and lhal can interfere with manufacturing operations or will reduce performance of Ihe
finished part.

2. Perform intermediate inspection following each operation or series of operations thai
have a significant probability of introducing serious flaws.

V Perform intermediate inspection when ihe part shape affords easiest access to the region
to he examined.

4. Limit (he extent of non destructive inspection lo detection of flaws having a si/e , type
and location lhal will significantly affect subsequent manufacturing operations or service
performance.

V I'sc different inspection methods to deled different types of flaws particularly when no
single method yields an optimal balance between inspection costs and sensitivity lo the
various types of flaws that may be present.

d Perform final non destructive inspection only lo detect those flaws thai could have been
introduced after the last previous inspection or to serve as a check (audit) of intermediate
inspection.

Characteristically, non destructive tests are easiest lo perform and most effective when
applied lo incoming slock or al intermediate points in Ihe manufacturing process ralher
lhan al final inspection. From the standpoint of manufacturing economy it is foolish lo
expend lime and effort processing parts that already contain flaws thai exceed allowable
limits. Consequently il is desirable lo find non conforming parts and remove them from Ihe
normal process flow as soon as possible alter Ihc non conformanec is introduced. Of
course, each sel of operations will be different from all others and each situation should
be studied lo determine where in ihe manufacturing sequence non conformanec can be
detected will) greatest effectiveness and least cost. Points of greatest effectiveness may nol
coincide wilh points of least cost so trade offs to achieve optimal balance may have to he
made. In some instances, a highly sensitive non destructive lest method cannol be
economically justified. Usually a less cosily method can be substituted hut wilh an
accompanying reduction in sensitivity

\-\tii, Quality

A Quality Manual is a document which lays down the basic policies and principles on which
I lie Inkpeclion Group functions and provides the coordinating links with the other more
dualled collections of operating procedures , resource information und data upon which
ihi- Inspection Group's quality depends II is a working document describing Ihe icaltly uf
the group's operations for use by both management and staff

Typical eli'mcnu of a Quality Manual are:

1 Titbit of contemn lO.Opcralitinal procedure
2 Amendment of records 11.Control of l o t items
V Introduction 12 Text rtcoids
4. Management *4 ifUaliiy »y»iťin I V D I J ^ I M ^ I K . and ctinrciive j c l i u m
*) IK'Hfiplloii of H'""ľ 't»»l il<> function U Tent icimilt,
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14. ORGANISATION AND ADMINISTRATION OF NDT

The responsibilities of the owner or manager of an NDT company are:

14.1. RESPONSIBILITY FOR FINANCIAL STABILITY

Primarily the manager has to be concerned about the profitability of his company. To
achieve that he must have a complete understanding of his operating costs so lhal V knows
the direct cost of every job he undertakes and how to apportion his indirect costs as an
overhead to every job. A cost analysis has to be carried out to determine the total cost of
a service or product.

14.1.1. Cost accounting

Total cost comprises three elements:

i) Material cost, i) Labour costs (wages ), and ici) Expenses i.e. the cost of services
provided including the notional cost of owned assets.

Each of these elements can be further divided into two parts :
i) Direct costs, and i) Indirect costs.

Direct costs are those costs which can be identified as having been directly incurred in
carrying out an inspection on behalf of a client and can therefore be allocated directly to
a cost unit or cost centre. Indirect costs cannot be conveniently allocated (i.e. directly
charged) but can be apportioned or absorbed by cost units or cost centres. Indirect
expenses arc known as 'Overheads' or 'On Costs'. These overheads may be divided on a
functional basis. For example, in the case of a company manufacturing a product as (1)
Works at Factory costs, (2) Administration and office costs, (3) Selling costs , and (4)
Distribution rosls.

The total cost

Direct
Materials

can be tabulated as follows:

Total costs

Direct costs

Direct
Labour

Direct Indirect
Expenses Materials

Indirect costs
(overheads)

Indirect
Labour

Manufacturing Adm. Selling
Expenses Expenses Expenses

Indirect
Expenses

Distribution
Expenses

14.1.1.1. Direct M»lcri«U

Raw material* , semi finished materials or components which become part of a product are
known ai> ' direct materials . ' They go inlo the product e.g.cloth in garments, timber in
furniture, leather in shoes, pig iron in a foundry, spare parts and components of assembled
product* tuch ak cycles, radiok, curii etc. It also includes primary packing materials such as
carton*, polyMyrcnc foam, adhesive tape, staples etc. However if a material forms purl of
» product tmi U oí negligible value , it may be treated at>' indirect material', The cost of
direct material* ine'udu* not only invoices hut also expense* directly incurred in acquiring
them, iiuili us carriage inward, lUMnins duly, clearing charges etc, Where it is not practical
or convenient to charge Ihcite purchase vxncnucii lo dirccl material*, they may be included
«» production uvt-rhcttd*.
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14.1.1.2. Direct Labour

All labour expended in construction or altering or shipping a product may be regarded as
' direct labour' and remuneration paid to it as ' direct wages '. This includes the time
workers engaged in actual production or in carrying out an operation or a process It docs
not include services of attendants, servicemen, supervisors etc. However if the time is spent
by a supervisor or inspector on a particular job it may be treated as direct labour. Any
direct labour cost which is insignificant such as trainees may be considered as indirect
labour.

14.1.1.3. Direct Expenses or Chargeable Expenses

These arc expenses other than direct labour which arc specifically incurred for a product
or process. These expenses are:

(1) Hire charges, repairs and maintenance of special equipment hired for a job,(2) Cost of
special drawings, designs, moulds and patterns (3) Experimental expenses of a job (4) Cost
of special process required for a job (5) Cost of defective work in trial projects related to
a job (0) Excise duty (7) Royalties, and (8) Travel expenses connected to a job.

14.1.1.4. Overheads

Overheads arc the aggregate of indirect material, indirect labour and indirect expenses.

14.1.1.5. Indirect Materials

Materials which do not form part of a product arc indirect materials, e.g. consumable
stores, lubricants, cotton waste, chemicals added in the production process, stores required
by service and maintenance departments. The direct material which is of very small value
may also be treated as ' indirect material ' e.g. thread in dress, nails in wooden box
etc. Costs of indirect materials cannot he allocated to cost units but arc apportioned on
some equitable basis.

14.1.1.11. Indirect Labour

Wages paid to persons who facilitate or assist the direct labour in a manufacturing process
arc known as ' indirect labour costs '. Examples arc services of supervisor, inspectors,
instructors, repairers and servicemen, stores personnel, drawing office personnel, clerks and
typists in the office, service department personnel, trainees, apprentices, time office staff,
etc. Indirect wages are apportioned on the basis of the benefit received indirectly by cost
centres.

14.1.1.7. Indirect Eipcnics

These include expenses which cannot be allocated hut can be apportioned to or absorbed
by cost units, such as rent, tax, depreciation on buildings and furniture, insurance, welfare
expenses, depredation on plant and machinery, power and fuel, advertising, show room
e»pent>es. research and development expenses, office expenses etc.

Overheads arc analysed and grouped into:

1) Production overheads
2) Administration overheads
1) Stlliiif! and distribution overhead*
AgDin when marginal lonlin^ principles arc to be iipplicd they are subdivided into

1) Fixed overhead)!
2) Sum ľuĽil overhead*
1) Variable overhead*



14.1.1.H. Cost Sheet

A cost sheet or a statement of cost is prepared to present total costs by different stages.
A typical cost sheet could be:

Total cost per unit cost

Direct material consumed * *
Direct wages * '
Direct expenses * *

Prime cost * *

Add Factory overheads * *

Works cost • *

Add Admin, overheads * *

Cost of production * *

Add selling and distribution overheads * *

Cost of sales • *

14.1.1.9. Methods of collccti«f a«d pre»eati«| costs

The methods of collecting and presenting costs vary with the type of production to be
costcd. The methods employed fall into two groups:

a) Specific Order Costing

1) Job costing
2) Batch costing
3) Contract costing

b) Operation costing

1) Process costing
2) Service costing

The basic costing method adopted thus depends on the nature of activity being carried out
by lbe organisation. Given this basic method there is then a choice open as lo the way in
which the information is lo be presented for control purposes. ' Marginal costing' may be
employed or ' actual costs may be ascertained and variance accounting may be adopted.

14.1.1.10. fäffnupte flf MPPlif'c<1 co»''«| "f NET tett

Cost of equipment including installation charge *
Operating crew Level 1 *

Uvel 2
Power consumption *

c«pcn»c« *

"f |Q|il tiiH

I («) Wage*
(t>)

(J)

filme



Add Factory overheads

Depreciation (n> 5%(?)
Share of factory expenses) salary, lighting,
rent etc.)
Return on investment S» 10%(?)

Works cost *

Add Admin overheads (w 1% of cost of equipment *
( Distributed on the operating hours available) *

Cost of production *

Add selling and distribution overheads *

TOTAL COST

The total cost per annum divided by the anticipated annual production gives the unit cost
of ultrasonic testing e.g. cost per film, cost per hour of ultrasonic testing etc.

14.2. RESPONSIBILITY FOR SAFETY

He is responsible for the safety of his staff and of the public. This means that he must be
aware of and implement:

- Government regulations with regard to hygiene, buildings, scaffolding, use of radioactive
equipment, use of electrical equipment, etc.
- Proper care and handling of hazardous materials! toxic and inflammable).
- Provision and use of safety equipment.

14.3. RESPONSIBILITY FOR PLANNING

He must identify his short term and long term aims and objectives e.g. is he going to
specialise in only one type of NET or cover all methods, specialise in only one industry or
try to be general. What do/s he want his organisation to be doing in I year's time, 5 year's
lime ,10 year's lime etc. What i» the market place doing i.e. trends which can give him
business opportunities. What staff docs he have ? What are their strengths and
weaknette* ? It training required or will he steal staff from other organisations when
required?

14 4 RESPONSIBILITY FOR ORGANISATION

He it responsible for effective management systems leading to locating work, coiling and
submitting biilk, programming work( stall, equipment ), ensuring successful completion,
vorftťi reporting, correct invoicing , ensuring payment of all accounts, chasing had debts
, buying new equipment, carrying out research and development to produce new test
procedure*, hiring and firing uf Muff, maintaining equipment, conducting quality audits,

UÍ b l

14 4 Mr SPONSIHU I TY POR OlMMTY ASSURANCE MANUAL

He u (c»pi>Riih|p for l h Ľ development >* lbe Quality Assurance Manual fur hit
t'lganiulion This Manual fcld
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- detail all the policies .procedures and practices of Ibc organisation and give cross
references to other organisation documents.

• be a working document for all his staff.

- contain instructions for its own review and updating as practices or policies change.

- he I he basis for self audit of the organisation by management.

- describe procedures for training staff and monitoring their performance

• describe the job duties , authority and responsibilities of each of the key technical and
managerial positions in the staff structure .

• describe procedur s for monitoring the validity of results produced by new staff or by new
techniques.

- detail the recording and reporting system so that there is a traceable link between the
test and the report to allow repeatability.

• indicate which calibration records must be kept and by whom. For example , records of
- U T equipment
• VT probes
- intensity of black light
• colour intensity of penetrants
- efficiency of used emulsifiers

• system checks with reference testpieccs

Mate who is responsible for check viewing of radiographs and bow oidny radiographs have
lo be checked and where the result of the check is recorded, e.g.

• repetitive work -2% checked
- general jobbing work - 20% checked

• »Ule who is responsible for visits to nite to check ultrasonic work and where the records
of the vinil* have lo be recorded.

- male who h iekponub)c for checks on developer strength and temperature.

- Mali; who it responsible for check* for compliance wilb lbe sensitivity requirements of
CIHICV

who is responsible for routine checks of Ihe field Mrcngib in tniignclic particle
letting uting portable f lu* indicator* or magnetic field mclcrt.

14 fj RESPONSIBILITY FOR TEST M E T H O D M A N U A L A N D FOB ENSURING T H A T TEST
M E T H O D S ARK F O L L O W E D

The 1 t i l Mclhod Manual tbould contain copies tif all standard ee»l procedures, in addition
all «l*#f jH-rformmu * l«tl must have a copy of the rclcvanl code, tu«d»rd at lest
|ifM»'dufc and procedure* mum be followed ciat-lly. Any raodiikattoat lt> «t«*d«r«l
liriMcduick a r r only aiteplaWr if the effect* of lbe d»txJiíivaiJi>»»* fcau- h t t»
awd <,ait U- jM»ttfiri< (cikn/tally Any •aftaii<iB» mvn he murd »mi *tkm>»|fdgcd ~m

wutl aloti IH; i* ptat r tu ¥pdalr to»Jt» and »u«d#idt

(Hlim«l iv t. prtHcdufťk, |ir»tc>luict wkKk arc nul nivcrrd by u n l ' t , »u»l
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