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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 possibie 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 ‘echnical 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
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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 artention to presemation.

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

1L.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 safetly 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:

{1} the presence of discontinuities in the raw material used in the manufacture of the
product,

(ii) faulty manufacturing proccsses,
(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 iis 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 thesc 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-surface
discontinuities in any industrial product which is made from a non porous maicrial.
In this mcthod a liguid penctrant is applicd to the surface of the product for a
certain predetermined time, after which the excess penctrant is removed from the surface.
The surface is then dried and a developer is applied to it. The penctrant which remains in
the discontinuity is absorbed by the developer to indicate the presence as well as the
location, siz¢c and naturc of the discontinuity. The process is illustrated in Fig. 1.1.
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Figurc 1.1 Four stages of liquid peactrant process
(1) penctrant application and scepage mto the discontinuity
(b) removal of excess penctrant
(¢) application of developer. and
(d) inspection for the presence of discontinuitics

1.1.3.1._General Procedure for Liquid Penctrant Inspection

10

{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 1o prevent false indications and to cxpose hidden
discontinuitics to the penetrant. Solid contaminants such as carbon, ¢cngine varnish, painis
and similar matcrials should be removed by vapour blast, chemical dip or other acceptable
methods, Mcethods 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 defeets by cold working the surface. Contamination can occur due to the
presence of lubricants. protective oils, metal dust, polymerisation, oxidation, carbonaccous
deposits, protective paints cte. Various solvents have  been developed by different
companics to remove them. Contamination due 1o inorganic corrosion products, heat
treatment scale, operationally formed  refractory oxides ete. is convenicatly removed by
abrasive blasting with glass beads ctc. combined with a chemical clcaning, Which cver
mcthod is employed the use of trichlorethylene vapour degreasing as a final stage is
strongly recommended.

{b) Drying the surface

i, for any reason, scparations are filled with liquid, they will prevent entry of penctrant,
hencee drying is an essential operation. It should be realised ihat although the surface may
scem dry, separations may still be fitled with liquid. With "dismountable cracks” used to
cvaluate penctrants, it is remarkable how long a liquid can stay in a small scparation after
the outer surface has become dry. The lesson is that improper drying may be worse than
no clcaning, because the remaining solvent may preseat a barrier to the penctrant too. If
penctrant Jiquid does reach into the separation, it will be diluted by the solvent, and this
also makes the treatment less effective.

{¢) Application of penetrant

The penctrant is applicd with the help of a brush or by spray or by dipping the 1est picce
intc a bath of the penctrant. After this a certain residence time is allowed (or the penctrant



‘\\\\

s,

Lo seep into discontinuitics. The residence time varices with the temperature, the type of
penctrant, the nature of the discontinuity and the material of the test specimen. It usually
varics between 5 and 30 minutes. In special cases it may be as long as onc hour.

(d) Removal of superfluous penetrant

The excess penctrant 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 penctrant. Some penctrants are water washable, others need
application of an cmulsificr before they can be removed with water. The removal method
is 10 usc & sponge or water spray. There are special penctrant removers which are
essentially solvents. It is most importaot that removal of the penctrant is restricted to the
surface and that no penctrant is washed out of the flaws. This can casily 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 penetrant may be washed out
of small imperfcctions.

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

(¢) Drying the surface

The surface can be dricd with a dry cloth or an air blowcer, Drying is gencerally needed to
preparc the surface for the application of a powdcr developer, which would otherwise clot
at wet places. [t also decrcases the adverse cffect of insufficiently removed traces of
penctraat. Here again excess should be avoided. Penetrani liquid left in flaws should not
be allowed to dry. This can happen when hot air is used for drving.

(f) Application of developer

Developers arc usually of two types, namcely. dry or wet developer. Dry developer consists
of a dry, light coloured powdcry matcrial.

Itis applied to the surface after removal of excess penctrant and drying of the part. 1t can
be applied cither by immersing the parts in a tank containing powdcr. or by brushiag it on
with a pain: brush (usually not a desirable technique) or by blowing the pewder oato the
surface of the part.

Wet developer consists of a powdered material suspended in a suitable hguid such as water
or a volatile solvent. It is applicd to the parts immediately following the water-washing
opcration.

Developers should be such that they provide a white coating that contrasts with the
coloured dye-pencetrant, and draw the penetrant from the discontinuiiics to the surface of
the developer film, thus revealing defects.

The dry developers are applied gencrally with ffuorescent penetrants. They are applied just
prior to the visual inspecction process. The wet developers are also gencerally used in
conncction with [luorescent penctrants. They arc applicd after the washing operation and
before the drying operation. The solvent based developers are gencerally used with the
visible dyc-penctrants. Thcy are applied after cleaning off extra penctrant. A short time
should be allowed for development of indications after the developer has been appliced. This
time should be approximately one half that allowed for penctration. Developer coating is
removed  after inspection by water stream, spray novzle, hrush cte, The powder
concent: ution of the liquid developer should be carcfully controlled to obtain the required
thin and uni’orm layer over the surfacce.



(2) Obscrvation and intcrpretation of indications

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

The extent to which obscervation of developing indications can be realised in practice
depends largely on the size and complexity of the surface to be cxamined aswell as on the
number of components to be tested. A brief guide to the penctrant indications is given
here. A crack usually shows up as a continuous tinc of penctrant indication. A cold shut on
the surface of a casting also appcears as a continuous line, gencrally a relatively narrow one.
A forging lap may also causc a continuous linc of pcnctrant indication. Roundced arcas of
penctrant indication signify gas holes or pin holes in castings.

Deep crater cracks in welds frequently show up as rounded indications, Penctrant
indications in the form of small dots result from a porous condition. These may denote
smail pin holes or excessively coarse grains in castings or may be causcd by a shrinkage
cavity. Sometimes a large arca presents 2 diffuscd appcarance. With fluorcscent penctrants,
the whole surface may glow feebly. With dyc penctrants, the background may bc pink
instcad of white. This diffused conditien mzz result from very finc, widesprcad porosity,
such as microshrinkage in magnesium. The depth of defects will be indicated by richness
of colour and spced of biced out. The time required for an indication to develop is
inversely proportional to the volume of the discontisuity.

1.1.3.2_Pcnetrant Processes and Equiprzent

Penctrants are classificd depending on whether the dye fluoresces under black light or is
highly contrasting under white light. A sccond major division of penctrants is determined
by the manncr is which they can be removed from the surface. Some penctrants arc water
washablc and can be removed from the surface by washing with ordinary tap watcer. Other
penctrants are removed with special solvents. Some penctrants are not in themsclves waier
washablc but can be made so by applying an cmulsificr as an c¢xtra step after penetration
is complcted. During a short cmulsification pcriod this cmulsificr blends with the excess
penctrant on the surface of the part after which the mixturce is casily removed with a water
spray.

The Fluorcscent Penctrant Water Washable Penctrant Process uscs this method. The
fluorescent is used for greater visibility; can be casily washed with waltcr; is good for
quantities of small parts; is good on rough surfaces;is good in keyways and threads; is high
speed, cconomical of time and good for a widc range of defects.

The Post Emulsification Fluorcsceat Process has fluorcseence for greater visibility; has
highest sensitivity for very fine defects; can show wide shallow defects; is casily washed
with water after cmulsification; has a short penctration time; high production; especially
satisfactory for chromate surfaces.

The Water Emulsifiable Visible Penetrants Process has greater portability; requires no
black light: can bc uscd on suspected local arcas 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; scnsitive to
residual acidity or alkalinity; high scasitivity to very fine defects.

Fluorcscent materials gencerally respond most actively (o radiant coergy of a wavelength of
approximately 3650A . This is just outside the visible range on the bluc or violet side but
not sufficiently far removed to be in the chemically active or ultraviolet range. This is black



tight. Four possiblc sources of black light arc incandcscent lamps. metaliic or carbon arcs,
tubular “"BL" fluorcscent lamps and enclosed mercury vapour arc lamps. Mcrcury vapour
arc lamps arc generally used. Onc of the advantages of this is that its light output can be
controlled by design and manufacture. At medium pressures, from 1to 10 atmosphcres, the
light output is about cvenly distributed between the visible, black light and hard ultraviolet
ranges. These medium pressure famps are ordinarily used for inspection purposcs. A red
purple glass is used to filter the light not desired. Factors such as the nature of inspected
surface. extrancous 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 cffect on the black light intensity nccessary at the inspected surface. The light fevel,
once it is sct for a practical job, stould bec maintained. Good cyc-sight is also a rcquisitc.

1.1.3.3._Arcas of Application of Ligquid Penctrants

Liquid penctrants can be used for the inspection of all types of matcrials such as ferrous
and non-fcrrous, conductors and non-conductors, magactic and nonmagnctic and all sorts
of alloys and plastics. Most common applications arc in castings, forgings and wclds.

1.1.3.4._Range and Limitations of Liquid Penctrants

All impcrfections which have an opening to the surface are detectable no matter what their
oricntation. Sub-surface defeets which are not open o the surface will aot show up and
canscquently will not interfere with the interpretation. No indications arc producced as a
conscquence of differences in permeability (a weld in dissimilar stecls, trausition zones
cte.). There is no risk o surface damage which may occur, for example, during carcless
magnctisation with prods in the current flow method. The cquipment is also low cost.

Flaws may remain undcetected by penctrant inspection if magnctic particle testing has been
previously used. because the residual iron oxide may fill or bridge the defect. Similarly
fluorcscent penctrant will often fail o show discontinuitics previously found by dye
penctrant becausce the dye reduccs or even kills fluorescence. Reinspection should be dore
with the same method. Surface condition may affect the indications.

Surfacc openings may be closed duce to dirt, scale, lubrication or polishing. Rough or porous
arcas may rctain penctrant producing irrclevant indications. Deposits on the surface may
dilutc the penctrant, thus reducing its effectiveness.df all the surface penctrant is not
completely removed in the washing or rinse opceration following the penctration time, the
unrcmoved penctrant will be visible. Such parts should be completely reprocessed.
Dcgreasing is reccommended. Another condition which may crcatc falsc indications is where
parts arc press fitted to cach other. The penctrant from the fit may bleed out and mask the

truc defect.

Somc of the precautions necessary for liquid penctrant inspection are briefly summarized
here. Oaly onc process should be used. Change of process is ot advisable for reinspection.
The test materials should not be contaminated. Contamination Icads 10 a loss of test
scnsitivity and reliability. Contamination of watcer with penctrants should be avoided. Wet
developer hath should be at the recommended conceatration. The temperatures should not
cxcced certain limits depending on the matcrials used. The penetrant should not be heated.
Avoid contact of penctrant with skin by wearing gloves. Keep penctrants off cloths. Check
for traces of fluorescent penetrant on skin and clothes and inside gloves by cxamining
under black light. Excessive amounts of dry penctrants should rot be inhaled. Improperly
arranged black lights may causc some cyc fatiguc. The materials used with visible penctrant
proccess are flammable and should not be stored or used ncar heat or fire. Do not smoke
while using them.

1.1.4. Magnctic Particlc Testing
Magnctic particle testing is used for the testing of matcrials which can be casily

magnctiscd. This mcthod is capablc of detecting open-to-surface and just below the surface
flaws. In this mcthod the test specimen is first magnctised cither by using a pcrmancnt

13



magnctic or an clectromagnet or by passing cleetric current through or around the
specimen. The magnctic ficld thus introduced into the specimen is composed of magnctic
lines of force. Whenever there is a flaw which interrapts the flow of magnctic lines of
force, some of thesc lines must cxit and re-cnter the specimen. These points of cxit and re-
entry form oppositc magnctic poles and whencver minute magnctic particles arc sprinkled
onto the surface of the specimen, these particles are attracted by these magnetic poles to
create a visual indication approximating the sizc and shape of the flaw.

Fig. 1.2(a.b) illustratcs tbe basic principle of tkis mcthod.

FLUX FLOW LINE3
/ \_—~

DEEP LYING ___ .
S FLAW -

~ -

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

*FLUX FLOW LINES

Figurc 1.2(b): The cffect of defects on the flux flow
in a magnctised ring.

1.1.4.1_Mcthods of Magnctisation

Elcctric currents arc used to create or induce magnctic ficlds in magncetic materials. Scveral
types of magnctisation arc in usc for magnctic particle inspection Some of the types arc
D.C. magnetisation , half wave rectificd current magnctisation and A.C. magnetisation. All
these three types are mainly used for magnetic particle inspection.

Dircct Current obtained from storage batterics was first believed to be the most desirable
current 1o usc, since it penctratcs morce deeply into  test specimens than any other



current. The big disadvantage of the current obtained from storage batterics is that
there is a speceific limit to the magnitude and duration of current which can be drawn from
the battery before recharging. Battery maintenance i< costly and can become a source of
trouble. Battery current can be replaced by the current obtained through dry plate rectificrs
from a.c. power lincs. This has the advantage of permitting an almost unlimited supply of
D.C.

Half wavce reetified current is the most effective current to use for detection of surface and
sub-surface defects using dry magncetic particles. [t 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 cquipped with proper current controls. An advantage of using
A.C. is that the parts being inspected with this current can be casily demagnetised.

Some of the commonly uscd methods of magnetising the test specimens of different
configurations arc given below:

(a) Circular magnetisation

Electric current passing through any straight conductor such as wire or bar creatces a
circular magnctic ficld around that conductor.

DEFECT
T '/
FLUX CURRENT
|
BAR UNDER
TEST

Figurc 1.3 : Flux flow in a bar carrying current.

For inspection of axial cracks in a solid or kollow part, the part cam be magnctised
circularly. For a solid part the current is passed through the test picee and a circular field
is developed inside and around the picce. 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 picce and current is
then applied to it. This induces a  circular magnetic ficld on the inside and outside

surfaces of the hollow picce as shown in Figurc 1.4.

(b} Longitudinal magnctisation

Parts can bc magnetiscd longitudinally using a pcrmancent magnet ( Figurce 1.5) or by using
an clectromagnet , Figure 1.6

Parts can also be magnetiscd longitudinally by the application of clectric current. When
clestric current is passed through a coil of several turns, a magnetic ficld is cstablished

15
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lengthwise or longitudinally within the coil. The nature, and dircction of this ficld is the
result of the ficld around the conductor which forms duc to the number of turns in the
current carrying coil. A crack at right angles or tangential to this ficld can be revcaled.
Longitudinal magnctisation may bc achicved by surrounding the test specimen with helical
coils and passing current through them Figure 1.7

(c) Magnctisation of irrcgular parts

Parts of irregular shape sometimes have to be tested. They can be tested using the magnetic
particle inspection mcthod. Local magnetisation is created by applying prods to the arca
to be tested. The arca is magnetiscd 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 irrcgular parts by this method is time consuming since a magnctising
current has to bc applicd many times to achicve thorough inspection of a component.
Howcvcr the testing time is not a large problem, due to the quick testing capability of the
magnctic particle inspection method.

FLUX LINES PRODS

CONDUCTIVE
GUAZE PADS

CURRENT
SOURCE

Figurc. 1.8 : Magnetisation of irregular specimens.

1.1.4.2.General Procedure for Magnetic Testing

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

(a) Preparation of the test specimen

Loosc 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 rcquire degreasing unless the colour of the paint is the same as that of the
particles in the ink to be used and is likety. therefore, to provide poor contrast. In the latter
casc a contrast aid may be applicd. This is normally a thin white coating. The application
of a white emulsion paint is an altcrnative procedure. Components which have been in a
magnetic (icld may be carrying residual magnetism, 1t is advisable to remove this residual
magnctism to avoid false indications.
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(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 of 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 test 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-saturatc the smaller
diamelter/thickness portion. Therefore the lower value tests should be raade 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 fiux 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 fength
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 cxpressed as 28 A/mm of diameter. While testiag using a coil , the factors that
influence the magnetic flux are number of ampere turns Jf 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 tcst 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

Magnectic 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 applicd to the test specimen cither in dry or in wet form. If a dry powdcr is used
it should bc 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 are reapplied after the current has ceased to
flow. The application of magnetic particles may also bc made by immersing the test
specimen in a suspension of the particles. As the particles in the wet method are gencrally
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 seasitivity 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 are of ten more



evident if the component is allowed 10 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 tested specimens arce required to be free from
magnetism. Dcmagnctisation may be achieved by inserting the part in the field of an
altcrnating current solcnoid and gradually withdrawing it from the ficld. Larger parts may
be demagnctiscd by subjecting them to an alternating current field that is gradually reduced
in intensity by mcans of a current controller. When large masses of steel or iron are
involved, altcrnating currcat has insufficient penctration to demagnetisc such pieccs
thoroughly. In such cascs dircct current should be used. Hammering or rotating in the ficld
will somectimes assist demagnetisation. Heat trcating or stress relief will demagnetise
weldments and total demagnetisation is always accomplishcd when the work piece is heated
above the curic temperature of the metal. The cfficiency of demagnctisation should be
checked by using a compass or a commercial magnetic field indicator.

1.1.4.3._Equipment for Magnetic Particle laspection

It is emphasised that magnetic particle testing is an important process in the production of
stcel components which are not checked at any subscquent manufacturing stage. The
provision of adequatc cquipment for usc by a rcliable opcrator will morc than justify the
initial cost and will cnsure 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
catcgorics i.c. portablc and nonportable, more than a hundred types arc used in industry.
Portable cquipmecat can be taken to the sitc for the inspection of large castings, weldments,
asscmbled or welded structures or parts of asscmblics tested without disasscmbly. Small
parts, on the other hand can be brought to a fixcd inspection station. In industry, inspection
is a part of the production linc.Therefore inspection of in process parts can be done by
sampling or on a 100% basis at one or more locations along the production linc.
Sometimes inspection is nceded wherc mass production of a single piecc is done. For
this purpose specialised testing cquipment may be best for minimum testing cost per
picce. At other places inspection of various types of parts may be required in a very
high volume. Here therc is need for an cquipment where cight, ten or twenty different
parts can be inspected on a single piece of equipment in lots of sevcral thousand per
hour. In many industries various types of parts arc produced on a low production basis. For
this a single piecc of test cquipment can be used with greater cfficiency. Other factors
which nced to be kept in view when sclecting equipment are the types of defects of
interest, the required sensitivity and whether the whole or a localised arca of the test
specimen is 1o be inspected.Different types of cquipment available in thc market are
bricfly rcviewed bere. Hand operated small fixed or stationary units are widely used
for small manufacturcd parts. These units normally contain a built-in tank with pump which
agitates the 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 bc magnetised circularly with
currcnt between the head, or longitudinally with current through the coil, or both if desired.
While the part is magnetised, the operator applics 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
inspcction and reduccs the possibility of missing an indication. This type probably accounts
for about 75% of magnetic particle inspection.

For bulkicr work up to say 1.5m long and 0.3m in diamctcr morc power is nceded to
maintain the desired flux level. Such units have a2 magnetising current up to 5000amp.
A.C. and a magnctic ficld of about 1500 ocrsteds (120 K A/m). A demagnctiser which is
built in can accommodate a part of 360x250mm. Scnsitivity may be controlfed to reveal only
surfacc cracks with a.c. or surface and subsurface cracks with half wave current. For sitc
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testing, equipment must be capable of being handled manually up ladders and to be located
rcmote from mains supply. Many standard sizcs of portable magnctic particle inspection
equipment are in use. They vary from small hand held yokes made from pcrmanecnt magnets

to elcctromagnets.

Several types of completely  automatic cquipment arc used for magnetic particle
inspection in hundreds of plant locations. Inspection is  carricdout automatically on
parts carricd by a continuous conveyer. Loading and unloading may bc manual
or automatic. The inspector is required to view the parts as they pass on the
conveyer and must only sce and react to readily visible indications. Parts bearing
indications ar¢ diverted for later cvaluvation and salvage or rcjection. Accepted parts
rcmain on the conveyer and pass through an automatic demagnetiser before being
discharged from the umit. Such cquipment 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
that a current flow test and a coil test are applied at the same time, thus cnabling both
longitudinal and transverse defects to be found.

1.1.4.4_Applications of the magnctic method of testing
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In general engincering practice, a large proportion of components are made of steel oriron
which are capable of being magpetised. This is fortunate because this testing method is not
cxpensive and it can reveal all the surface faults in parts which are subjected to light
stresses and fatigue and in those which have becn cast, welded or heat treated during
fabrication. Many inspection specifications for acrospace, atomic and other critical work
specially call for this type of test. When non metallic inclusions occur in arcas of high stress
or in certain special locations, they may be a cause for rejection. A subsurface condition
which is much morc likely to be dangerous is the prescnce of inclusions which were not
plastic at the time of rolling or forging ¢.g. refractory materials. Usually the inclusions are
very fine and arc revealed with magnciic particle inspection only when they occur near the
surface. They arc most likely to be shown on highly finished surfaces by applying the wet
mcthod with high magnctisation levels. Inspection before machining is not helpful, and if
inclusions arc considered a causc for rcjection, parts should be inspected afier surface
finishing,

Surface scams in rolled bars result from cracks or other defects (surface) in the billets from
which they are rolled or from some defects introduced by the rolling opceration itself. The
great clongation 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 arc
similar to scams but usually diffcr in appcarance in some respects. When magnetic particles
arc applicd to such a surfacc for inspection, the indications arc sharp and well defined, but
deviate some what from the rolling direction.

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

Magnetic particle inspection is uscd extensively on welds. It is possible to find porosity,
slag inclusions, shrink cracks, inadcquatc penctration and incomplcte fusion. With d.c.
magnctisation a subsurface discontinuity like a lack of penctration at a root can be
revealed.

Cracks causcd by faulty heat trcatment processing arc readily found with magnetic particic
inspection. Such cracks may occur during cither the heating or quenching cycle and may be
cnlargements of conditions cxisting in the part from somc previous operation. Heat
treatment cracks which are created by the quench cycle and which arc also called guench
cracks arc usually found at sharp changces of scction, which cause uncqual cooling rates, or
at fillets or notches which act as stress concentration points.

Fatigue cracks are produced in service under repeated stress reversals or stress variation.
A crack almost invariably starts at a highly stressed surface and propagates through the



section until failure results. A fatigue crack will start 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 climinate scams. 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_ Ran nd limitati magneti riicle inspection

Magnctic 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
are made. The {lux direction in the object for the second test should be at right angles to
the flux direction for the first.

To ensure an adequate test, the factors that need to be considered include the shape of the
component, the dimensions of the component, the magnetic permeability, surface finish,
possiblc defects and their orientation, suitable flux direction and strength and a suitable
testing stage during manufacture. Unless duce consideration is given o 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.

Becausc every component differs and at least two tests are required to find all defects, it
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 cnsure 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, cach 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.L1.5. Eddy Current Testing

An alternating currcut of known frequency is applied to an electric coil placed adjacent to
the material 1o be inspected. This current will produce its own magneltic 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 ficld whick will oppose the cxcitation field. The resultant field is thus
reduced which will change the coil impedance.

In Figure 1.9 an alternating current of a given frequency is generated in the 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 the primary induces in it (the specimen) an cddy
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current flow which gives rise to an altcrnating magnetic flux in the opposite direction. The
current in the secondary coil is conscquently reduced. For given conditions the reduction
in current should be cqual for all identical specimens placed in the same position relative
to the coils. Any obscrved incquality in the valuc of the reduced current could indicate the
presence of a defect, a change in dimensions, or a variation in the cleetrical conductivity
or in thc 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 praciice instcad of the current or flux,
is a veetor quantity having resistive and inductive components. These are 90° out of phase
with cach other. The other quantity that may be mcasured in practice is the voltage across
the coil. The ceil impedance as well as voltage is related 1o 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. 10. The
boundary frequency is defined as

f, = 2/ (xp,aD?)

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

The fill factor is defined as
n = D/D
where D is the inside diameter of the coil.

Figure 1,10 shows variations of impedance with frequency for different values of n . The
dashed lines join all points on the curves corresponding to similar values of  f/f,.
Continuous lines represent variations of conductivity for constant diameter D and the
dashed lines represcent changes in D for constant values of o.

For ferromagnetic materials the relative permeability is greater than unity and therefore
f, must be defined as 2/(mp,u,D%). If the specimen is kept magnetised to well above
saturation level then the value of u, can be taken as unity and curves such as in Figure 1.10
remain valid, But if the specimen is not saturated magnctically then fresh curves have to
be drawn.

The inspection frequencics used in eddy current inspection range from 200 Hz to 6 MHz.
The choice of the frequency depends on the thickness of the material, the desired depth of
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penctration, the degree of sensitivity or resolution and the purpose of inspection. Selection
of inspection frequency is normally based on a compromise between the depth of interest
and sensitivity to flaws. Increasing the frequency lowers the depth of penctration but
increases the resolution and vice versa.

Normally the highest inspection frequency compatible with the penctration depth required
is sclected. For surface flaws frequencics up to several mega hertz may be used. For the
inspection of ferromagnctic matcerials, relatively low frequencies arc normally u.zd.

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 picee and will
continue to change until the probe is dircctly on the picce. This change in indication with
change in spacing between the probe and the malcrial 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 intercst arc masked by small changes in spacing. The
advantagc is that by utilising the lift-off cffect, the eddy current testing instrument can be
cmployed exccllently for measuring the thickness of nonconductive coatings such as paint
and anodiscd coatings on metals. When an eddy current inspection probe approaches the
cdge of a part, the eddy currents arc distorted because they arc unable to flow beyond it.
The indication obtained from it is called "cdge effect” and is very dominant, thereby
limiting inspection near cdges. It is not advisable to inspect any closcr than 1/8" from the
edge of a part.

The distribution of ¢ddy currcents in the part being inspected is such that thesce 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 effcct. The depth at which
the density is reduced to abowt 37%, of the density at the surface is defined as standard
depth of penctration, It depends on the celectrical conductivity, magnetic permeability of
the material being inspecied and the frequency of cxciting signal.

1.1.5.1._Equipment and procedure for eddy curreaot testing

The main component of cddy current equipment is the probe of which there are scveral
diffcrent 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 that in the absence of any test
specimen the voltages across them are equal and opposite. Irntroduction of the test 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 avlo-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 its impedance is changed. Forster’s analysis has been
applied in the design of some versatile instruments which can be used for conductivity
testing, investigation of dimensional variations aad flaw detection. The two compeaents
of the voltage across the secondary coil are separated in phase and fed 10 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 spot is then related to different
mcasurements such as crack detection. conduciivity measurements and determination of
dimensional variations. Such instruments can be applied to automatic testing, for example,
for sorting of materials.

Another type of Foster’s equipment uscs the ellipse method. A reference voltage in phase
with the signal applied to the primary coil is fed to the X-plates of a cathode ray
oscilloscope. The output voltage from the secondary coil is fed to the Y-plates. Now two
vibrations at right angles to one arother produce a Lissajous figure, which in this case is
an ellipse. The shape of this ¢llipse depends on the phase difference between the two
voltages and heace the 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
saluration 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 1o 200m/min. The test coil
assembly consists of two single coils of slightly different impedances placed next to one
another and wound in opposite directivns. 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 rcference 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 test specimen. Some
cquipment cmploys 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 the 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 cquipment can
be operated at 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 simultancously as an exciter and pick-up. The probe is moved by
hand over the surface of the test 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 dve to eddy currents in the material under test give rise to
an out of halance voliage which is indicated by a meter directly in units of conductivity.
The frequency chosen for operation depends on the range of values of conductivity to 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



1.1.5.2.

porosity and investigating degrees of heat treatment. The determination of the thickness
of ron-conducting coatings 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 ic placed in contact with the surface of the
coating, the oscillations decrease in amplitude by an amount depending on the coating
thickness. The amplitude is then restored to a fixed level iedicated on a meter by
manipulating a potentior er calibrated in the appropriate units of thickness. The
potentiometer seadings 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 are located at right angles (o one another in order that the flux passing through
vnce set of coils docs not pass through the other. The secondary coils are both connected
through an amplifier to the Y-plates of an oscilioscope, the X- plates of which are
controlled by a time basc. An alternating current is fed through each primary coil in such
a way ihat 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 specimen is introduced to one of the coils, the material undergoes
magnetic hy.teresis, the loop of which is medified 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 magactic permeability and the dimensicas 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.

Applications of rren in

Most of the applications of eddy current testing have already been mentioned while
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, overfaps, shrinkage and soft spots, in a wide variety
of test specimens in solid cylindrical, bollow cylindrical or other complex shapes.
Corrosion and cracking due to stress corrosion can also be detected. Changes in clectrical
conductivity and permeability can be measured which in turn have a bearing upon the
matcrial properties such as hardness, homogencity, degree of heat treatment, cxistence of
internal stresses, decarburisation, diffusion, alloy composition, presence of impurities etc.
Thickness measurements can be made on metallic plates, foils, sheets, strips, tubes and
cylinders. Typically it is possible to determine tue thickness of non-metallic coatings on
melals 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 malerials can be
automatically sorted in a production process. Since the method is adaptable to automation
high spced inspection of small diameter tubing such as that used in stecam generators, heat
cxchangers and as canning tubes for nuclear reactor fuel elements, is possible. Here the
characieristics of izhing such as inner and outer diameters, eccentricity, wall thickness and
the presence of defects are determined. [t 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 specd detection of intergranular corrosion on the inside surface. In some
applications round mctallic spheres and balls are inspected by eddy currents.
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1.1.53. R

nd limitations of rres

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
nceded. 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 ferrite rods which produce very sensitive focused coils.
Long wires, tubes, rods ctc can be tested by feeding them through the coils at a constant
speed. Since the technigue is susceptible 1o automation, fast scanning up Lo say 300m /min
is possiblc and it allows rapid 100% inspection of production items. The relative cost of
inspection is therefore low. Under certain circumstances the indications produced arc
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 difficultics when attempts to make abseolute
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.
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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 20K Hz. Ultrasonic waves are mechanical vibrations of the particles of the medium
in which they travel and are in general represented by the equation,

A = A, sin2xf(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 1o the direction of propagation of
the waves.

- “_’"P RESSION ___ pareracTion

DIRECTION OF
PROPAGATION

Figure 1.11 Longitudinal wave consisting of alternate rarefactions and
compressions along the direction of propagation.



Longitudinal waves or Compression waves are those in wkich 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 gencration 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
malcrials 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.

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 liguids 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 foiiows an elliptical orbit, as shown schematically in
Figure 1.13.

Direction of wave ————
fravel
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METAL f?t:;:;;[/%n 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 arounc 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
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1.1.6.2.

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.

Itrasoni I risti

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 ¢/s) The length of one complete cycle is the wavelength.
The relationship between frequency and wavelength is given by

v = fA

where

{ is the (rcquency
A is the wavclength and
v is the velocity of the wave.

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

sensitivity.

1.1.6.2.2 Wave velogity
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Sound waves travel in diffcrent media with different velocitics. In the same media the
velacities of longitudinal and shear waves are also different. these differences arise from
the fact that different malerials have different clastic properties and consequently their
abilities Lo support the stresses and strains differ. Velocity in a specific medium is given

by
v =(a/p)”
where

q is the constant of proportionality betwcen 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 LI

TABLE LI VELOCITIES OF SOUND IN SOME COMMON MATERIALS(cm 'x10°)

Longitudinal Transverse

Aluminium 6.32 3.13
Brass 4.28 2.03
Capper 4.66 2.26
Gold 3.24 1.20
Iron 5.90 3.23
Lead 2.16 0.70
Stecl 5.89 3.24
Perspex 2.70 1.40
Water 143 -

QOil ( transfarmer } 1.39 -

Air 0.33 -



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

v = (G/p)"

This explains why the velocity is lesser in water than in steel because although the density
for steel is higher than that for walter , the elasticity of steel is much higher than that of

water and this outclasses the density factor.

vr = 0.5 v, and
v, = 0.9 vy

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. Acoustlic pressure

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

P=P,sinw(t-x/v)
where
P is the acoustic pressure amplitude.

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

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=pv

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

I =P2/2pv

Intensity I may be expressed in relation to a reference intensity I, by a logarithm scale
called the decibel scale. This intensity level = 10 log,, 1/1, 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 intesface 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

depends 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 I, to the incident beam intensity I,
is given by

R =L/l = {( Z,-Z))/(Z, + Z, )}2
where
Z, is the acoustic impedance of medium 1, and
Z, 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
dircction 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. Modc conversion can also take place on the reflection side of the interface if material

1 is solid.
Normal to the
\/‘,_ interface
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viqy and v, = velocities of longitudinal waves in material 1 and 2
respectively.
vy and vy, = velocities of transverse waves in material 1 and 2 respectively.
&, and ay = angles of reflection of longitudinal wave and transverse wave
respectively in material 1.
«; = angle of incidence of longitudinal wave.
B; and Br = angles of rcfraction of longitudinal wave and transverse wave
respectively in material 2.
Figurc 1.14 Phenomena of reflection,refraction and mode conversion for an
incident wave.

1.1.6.2.7. 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

sina /sinB = v,/v,

where

e is the angle of incidence,

B is the angle of reflection or refraction, and

v, and v, arc the respective velocitics 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 &) is small (Figure 1.15), ultrasonic waves travelling in a medium
undcrgo the phenomena of mode conversion and refraction on encountering a boundary
with another medium, This results in the simultaneous propagation of longitudinal and
transverse wavcs at differcnt angles of refraction in the second medium As the angle of
incidence is inercased , 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 cmerges is called the first critical angle. If the angle of incidence &, 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
cxactly 90° is called the sccond critical angle. At the sccond critical angle the refracted
transverse wave cmerges from the medium and travels parallel to the boundary. The
transverse wave has become a surface or Raleigh wave.

(29
o«
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a) First critical angle b) Second critical angle

Figurc 1.15 First and Sccond Critical Angles

1.1.6.3_Egquipment for ultrasonic testing
1.1.6.3.1 Flaw dciector

A gencral purpose ultrasonic test unit (Figure 1.16) compriscs the following essential
modules.

i) A pulsed oscillator which, when clectrically triggered generates a burst of altcrnating
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

mcchanically vibrates in more or less faithful compliance with the applied alternating
voltage. When appropriately coupled to an clastic medium, the transducer thus serves o
launch ultrasonic waves into the medium.

ili) A receiving transducer ( probe ) which serves to convert ultrasonic waves that impinge
upon it in to corresponding alternating voltages. In the pitch - catch mode, ihe sending and

receiving transducers are separatc units, in the pulse echo mode , a single transducer
alternately serves both functions.

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

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

vi) An glectronic ¢lock or timer which scrves as a source of logic pulses and reference

voltage wave forms, The timer governs the internal operation of the 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
ulirasonic 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 arcas of signal processing and automatic interpretation and in
the interfacing of the unit with mechanical scanping systems.
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Figure 1.16 A typical ultrasonic test unit
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Figure 1.17 A typical normal bcam single crystal ultrasonic probe

1.1.6.3.2. Transducers

R

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 are quartz,
lithium sulphate, barium titanatc and lead mcta-niobate. The properly cut crystal is
contained in a housing , the whole assembly being termed an ulirasonic probe. The two
faces of the crystal arc provided with electrical conncctions. On the front face of the
crystal ( the face which comes in contact with the test specimen) a perspex picce is
provided to avoid wear and tear of the crystal. At the rear of the crystal there is damping



malcrial such as a spring or tungsten araldite. This damping material is necessary to reduce
the vibration of the crystal after transmitting the vltrasonic pulse so that the crystal can be
more cfficicnt 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,

1.1.6.3.2.1. Fundamcatal Resonant Frequeacy
The fundamental resonant frequency is the vibrating frequency of the crystal and is given
by F, = v/2t where v is the frequency of sound in m/scc in the crystal material and t is the
thickness of the crystal in meters. The frequency Fe is in Hertz.

1.1.6.3.2.2. Ncar and Far Zoncs

The ultrasonic beam from a transducer looks like the one shown in Figure 1.18.
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Figurc 1.18 Ultrasonic bcam from a transducer showing the ncar and far ficlds(simplificd)
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Figurc 1.19 LL.W test block

In the ncar field the ultrasonic bcam within the material snder 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 zone, in front of the crystal is given by D?/44 where D is the crystal
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diamelter and A the wavelength in the material uader test. In the ncar ficld the intensity of
the ultrasonic beam fluctuates through successive maxima and minima due to intcrference
effects. This part of the beam is generally not used to test materials.

In the far ficld the intensity of sound falls obeying an inversc square Jaw and the beam
diverges at an angle ® given by sin(8/2) = Kv/fD where K is afactor which incrcases from
the beam axis to the edge of the beam. Most testing is carried out in the far ficld of the
becam.

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
test results with standardised and known ultrasonic reflectors. Some of the commonly used

test blocks are described.

1.1.6.4.1. LLW test block

The LILW test block, shown in Figure 1.19, can be used to set test sensitivity,time base

calibration, determination of shear wave probe index, determination of shcar wave probe

angle, checking the amplificr linearity and checking the flaw detector - probe resolving
o power. The block is sometimes referred to as the V1 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) ||
\ L
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k min mamn m.ud.muul.uu
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Figure 1.20 V2 1cst 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 S0mm radius.

1.1.6.4.3. Fla :

These types of test block are made from a plate of the same material as the material under
test, The ASTM Arca - Amplitude blocks and Distance - Amplitude blocks are examples
of this type of block, Figure 1.21.
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Figure 1.21 Flat bottom hole type test block
These blocks provide known reflectors arca which can be compared to reflections from

unknown reflectors. It also enables reproducible levels of sensitivity to be set and therefore
to approximatc the magnitude of flaws in terms of reflectivity.

1.1.6.4.4._Gengral

1.1.6.5.

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

+th f Ultrasonic Testin

1.1.6.5.1._Dir¢ r thr rgnsmission m

In this method two ultrasonic probes arc used. One is the transmitter probe and the other
the receiver probe which is situated on the opposite side of the specimen to the transmitter
probe., Figure 1,22

rrggsmilter Receiver probe

prode 7 Smndlm_rrl___%

Figure 1,22 Position of transmitter probe and recciver 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, (¢} Specimen with
a large dcfect.
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Figurc 1.24 Principle of pulsc echo method of wltrasonic testing. (a) defect free specimen
(b) specimen with small defect (c) specimen with large defect.

36



\\\\\

g

A

In this casc 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 ¢ssential 1o properly align the probes.

1.1.6.5.2_Pulsc-echo or reflection method

This is the method most commonly utilised in the ultrasonic testing of materials. The
transmitter and recciving 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 recciver and is referred to as a TR probe. The principle of the pulse echo method is
illustrated in Figure 1.24,

The time basc of the CRT can be calibrated cither in units of time or,if the velocity of
sound in the matcrial is known, in units of distance. If " 1 " is the distance from the
transduccr to the defect and " t " the time taken for waves to travel this distance in both
directions then, 1 = vi/2 where v is the sound velocity in the material.

1.1.6.5.3_R¢sonance method

A condition of resonance exists whenever the thickness of a material equals half the
wavelength of sound or any multiple thercof in that matecrial. 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 casily 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 cquation :-

1 =v/2f

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

v
I = ceeecmammmaes
2(f, - for)
where
f, = frequency at nth harmonic.
f,, = frequency at (n-1) th harmonic.

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

1.1.6.6 Recommended procedures for yltrasonic testing

The choice of method and procedure to conduct an ultrasonic test is influcnced 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 gencral procedure which will facilitate the
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inspection by ultrasonics in most cases. Some of the important steps involved in the
tnspection procedure are discussed in the following sections.

1.1.6.6.1._The gest specimen

Specimen characteristics such as the condition and type of surface , the geometry and the
microstructure are important. Very rough surfaces may have to be made smooth by
grinding ctc. Grease . dirt and loose scale or paint should be removed. The geometry of the
specimen should be known since this bas 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._Typcs of probes and equipment

The quality of ultrasonic trace depends on the probes and equipment which in turn
determine the resolving power, the dead zoac and the amount of sound penetration. It is
difficult to construct a probe which will provide good dctection and resolving
qualitics and at the same time provide deep penctration. For this reason , a variety of
probes exist some of which are designed for special purposes. For the examination of large
surfacc arcas it is best 10 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 size
by suitably designing the probe and also shortening the pulse length.

The sclection 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 materiai and the higher is the frequency which can
be applied. The smaller the defects being looked for the higher the frequency used. Low
frequencies are selected for coarse grained materials such as castings ctc.

After the sclection of the probe and the cquipment has been finalised , its characteristics
are checked with the help of test blocks.

1.1.6.6.3. Natyrc_of defecty
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Defect characteristics which include the type, size and location, differ in different types of
materials. They are a function of the manufacturing process and the scrvice conditions of
the material.

The dctection 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 scldom the case since reference reflectors are
generally flat bottomed holes or side drilled holes and have no real cquivalence to real
flaws. Theoretically it is possible under favourable conditions to detect flaws having
dimensions of the order of half a wavelength,

Indications obtaincd with an ultrasonic flaw dctector depend to a great extent on the
orientation of the defect in the material. Using the single probe method the largest echoes
arc obtained when the beam strikes the surface of the specimen at right angles. On a
properly calibrated time basc the position of the echo from a defect indicates its location
within the specimen. The determination of the type, size and location of defects which are



not at right angles to the sound beam is complicated and neceds deep understanding and
considerable experience.

1.1.6.6.4. Sclection of coyplant

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
watcr, 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 deteetor - 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 they
remain constant for the whole of the test. They are 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 basc of the oscilloscope.

The second group of standards contains those used for special purposes. They are normally
used for tests which arc largely dependent on the propertics 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 defcct
as wcll as the location of defects.

1.1.6.6.6. Scanning procedure

Before undertaking an wltrasonic examination , the scanning proccdure shovld be laid
down. For longitudinal probes this is simplc but care must be taken with anglc 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 manncr between the half skip and full skip positions. There are in
general four scanuing movements in manual scanning, rotational, orbital, lateral and

traversing. The half skip position is recommended for critical flaw assessment and size
estimation whencever possible. In the 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 the 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. 6dB drop method,

ii. 20 dB drop method.

ili, Maximum amplitude method.
iv. DGS diagram method.

1.1.6.6.7.1. 6 dB Drop Method

The basic assumption in this method is that the echo height displayed when the probe is
positioned for maximum response from the flaw will fall by one half (i.c. 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 cornvenient

scale on the CRT screen by using the gain control of the flaw detector.

Move the probe across the flaw in one direction until the echo height falls to one haif

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 movement.!f 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.

iil.

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 geaerally 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 determinc 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
contral of the flaw dctector,

iii. Move the probe first across the flaw in one direction until the echo amplitude falls to
1/10th 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 movc the probe in the opposite direction through the maximised echo position
until the ccho amplitude again falls to 1/10th of its original height.



vi. Mark the position of the probe index on the surface at this position.

vii, Mcasurc 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,)tané¢
where

W = beam width,

d = defect depth,

X, = ncar field length,

D = probe diamecter,

¢ = anglc of becam spread.

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

l

T
!
[
|
f
I
I
l
l

e = —— —

EA

Figurc 1.26 20 dB mcthod of defcct sizing

As for the 6dB drop method if the ccho amplitude varies as the probe is traversed across
the flaw the 20dB drop should be carricd out from the last significant echo pcak.The 20 dB
drop mcthod gives more accurate results than the 6 dB drop method becausc of the
greater control one has on the manipulation of the ultrasonic beam. However sizc
cstimation using cither the 6 dB or 20 dB drop methods have inhcrent difficultics which
must be considercd. The main problem is that the amplitude may drop for rcasons other
than the beam scanning past the end of the defect :

1. The dcfect may taper in scction 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, bui in fact take a rather ragged path through the
material with some facets of the 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 scrics of overlapping separate echoes. In fact the envelope may look like
Figure 1.28 a, b, or ¢ 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 beau: centre will sweep each facet in turn. As it does, the echo from that
facet 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 ccho of cach facet is noted and plotted on the flaw locatioa slide. This results
in a serics of points which tracc out the extent of the defect. The gain is increased to
follow the series of maximum echoes until the beam sweeps the last facet.

LA

(a) {b) {c)
Facets poorly resolved Better resolution Clearly resolved

Figure 1.28 Response from weld crack

1.1.6.6.7.4. DGS Diagram Method

42

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
1.29.

This diagram relates the distance D from the probe (i.c along the beam) in near field units
+thus compensating for prebes 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 as 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 Iength 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 bcam probe DGS diagrams is simplificd: the D-scalc
is calibrated in beam path lengths,the G-scale in decibels as before and the S-scale
represcnting flat bottom hole or disc shaped reflector diameters in mm. Figure 1.30 skows
a typical DGS diagram for a particular angle beam probe.

1.1.6.6.8_Test Report

11678

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 casc the inspection nceds to be repeated. The principle is that all the
information necessary to duplicate the inspection has to be recorded.

Becausc of thc many applications which exist , the: applications arc only listed to show th~
widc applicability of the method.

1.1.6.7.1. Thickness measyrcments

Thickncss mcasurcments using ultrasonics can be applied using either the pulsc or
resonance technigues. Some typical applications are:

i) Wall thickncss measurcments in the shells of pressure vessels and other containers.

ii) Wall thickness mcasurcmcent in pressure vessels, pipelines, gas holders, storage tanks
for chemicals and other structures where it is necessary to have an accurate cstimate
of the cffect of wear and corrosion without having to dismantle the plant.

iii) Mcasurcment of the thickness of ship hulls for corrosion control.

iv) Control of machining operations, such as final grinding of hollow propellers and
chemical machining.
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Figure 1.30. DGS diagram for an angle becam probe

v) Ultrasonic thickness gauging of materials during manufacture

vi) Measurement of wall thickness of hollow aluminium extrusions.

vii) Measurement of the thickness of lcad 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 deteclion

Typical flaws cncountered in industrial materials are cracks, porosity, laminations,
inclusions, lack of root penctration, lack of fusion cavities, laps,seams corrosion etc. Some
examples of the detection of these defects arca as follows:

i)  Examination of welded joints in pressure vessels, containers for industrial
liquids and gases, stecl bridges, stecl or alumininm columns, frames and roof's.

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 the aircraft industry

xi) Inspection of jet engine rotors.

xii) Detection of caustic embrittlement failure in riveted boiler drums in the
power gencration industry.



xii) Detection of cracks in the fish plate holes in railway lines and in locomotive and
bogey axles.

xiv) Deciection of hydrogen cracks in roller bearings resulting from improper heat
treatment.,

xv) In scrvice automstic monitoring of fatigue crack growth.

xvi) Detection of stress corrosion cracking.

xvii) Detection of fatigue cracks in parts working under fluctuating stress.
xviii)lnspection of fine guality wire.

xix) Testing of wooden components such as utility poles

xx) Application of ultrasonics to monitor material characteristics in the space
cnvironment.

xx1) Determination of lack of bonding in clad fuel clements.

xxii) Detection of flaws in grinding wheels.

xxiii) Varicties of glass which are not sufficiently transparent to allow optical
inspection cam be tested ultrasonically.

xxiv) Quality control in the manufacture of rubber tyres by locating voids etc.

xxv) Dectection of small hydrogen flakes in gas carburised roller bearing
forgings.

xxvi) Inspeclion of engine crankshafts.

1.1.6.7.3. Miscellancous applications

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

i) Assessment of he density and tensile strength of ceramic products such as high

tension porcelain insulators.

ii) Dectermination of the difference between various types of alloys.

ii1) Detection of grain growth due to cxcessive 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 casl iron can be estimated by measuring its

coefficient of acoustical damping.

vi) Crushing strength of concrele 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

atlenuation 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 hardaess,

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) Mcasurement 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 doae routinely to depths of about 20f( in the axial inspection of
parts such as long steel shafts and rotor forgings.
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ii) High scnsitivity, permitting the detection of extremely small flaws.

ii1) Greater accuracy than other nondestructive methods in determining the position of
internal flaws, estimating their size and characterising their orientation, shapc nature.

iv) Only onc surface needs to be accessible.

v) Operation is clectronic, 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 refercnce.

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

vii)ls not hazardous to operators or to ncarby personnel, and has no cffect on
cquipment and materials in the vicinity.

viii) Portability.
Disadv
i) Manual operation requires careful attention by expericnced 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 homogercous are
difficult 1o inspect.

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

v) Couplants are nceded 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 agencics and standards making organisations have issued inspection
procedurcs, 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 cquipment or with a poorly trained
operator, discontinuitics having little or no bearing on product performance may be deemed
scrious, 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 such standards are established, ultrasonic
inspection can be used Lo characterise flaws in terms of a real cffect 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 Mctals 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 clectron 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
arc 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, metals are opaque
and lustrous. Because free electrons can transfer thermal energy, metals conduct heat
=ffectively.

The metallic bond is nonspecific, which explains why different metals can be alloyed or
joincd 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
clectrons) fit closely among onc another. The close packing favoured by the metallic bond
is best realised in certain regular crystalline structures. These struclures,
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Figure: 1.31 Schematic iltustration of a metaltic bond

although resistant to tension, offer less resistance to shearing forces, and thys they explain
the ductility of metals. They arc by definition dense, and thus they explain the comparative
heaviness of metals. The mechanical properties of metals, then, derive from their
crystalline structure. Thal is the atoms in the solid state of a melal are arranged in definile
three dimensional gcometric patterns to form ‘crystals' or ‘grains’ of the metal. The
oetwork formed by joining the centres of the atoms in a crystal is called the ‘space lattice’
or ‘crystal lattice’ of the 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 are fourteen types of unit cells but the structures of most of the common and
commercially important metals in the solid stale are constructed from the following three
types of unit cells;

4) Body-centred cubic

The body-centred cubic cell is made vp 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 is o strong structure, and in genceral, the metals that are hard and strong arc in this
form al normal temperotures. These metals include for example chromium, molybdenum,
tantalum, tungsten, sodium and vanadium, Steel uader 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, lcad, 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.

¢) 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 lake up a triangular position in the centre of the cell equidistant
from the two faces (Figure 1.32¢). 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 cxception to the other commonly used metals in that the atomic configuration is
body-centred tetragonal, which is similar to the body-centred cubic but has wider atomic
spacing and an elongated axis between two of the opposite faces (Figure 1 32b).

Figure 1.32 : Crystal types.

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 interfcrence from -ther
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 numbers of
crystals are nuclcated and grow at one time with different orientations.

If wwo grains that have the same oricntation meet, they will join to form a larger grain, but
if they arc forming about different axes, the last atoms to solidify between the growing
grains will be attracted to cach and must assume compromise positions in an attempt to
satisfy a double desire to join with cach, These misplaced atoms are in layers about the
grains and are known as grain boundaries. They are ianterruptions in the orderly
arcangement of the space lattices and offer resistance to deformation of the metal. A fine-
grained metal with large numbers of interruptions, therefore, will be barder an¢ stronger
than 4 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._Structure of alloys

Most commercially used metallic materials are not pure metals but alloys which coasist of
mor¢ than onc element. Some of them may be non-metalfic elements. Fundamentally,
three modes of arrangement of atoms or phases exist in alloys. These three modes (phases)
are; pure meltal, 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 Mctal

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 excecdingly small but hardly zero.

b) Solid Soluti

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

i, Substitutional : id soluti

There exist B-atoms at the lattice points of A-crystals. For cxample, 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 (wo clements can be substituted in all proportions and are said to
be completely intersoluble. But commonly substitution of B-for A-atoms in limited, i.c.,
A and B are incompletely intersoluble.

ii. lnterstitial solid solutiop

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 tend to take up interstitial
position in alloys. The solubility of solute atoms in solvent crystals in this type of solid
solution is limitcd. Addition of B-atoms in solid solution may causc latticc cxpansion or
contraction and mctals arc hardened (i.c. strengthened) by lattice distortion. The degree
of hardening depends on the size and amount of B-atoms and the crystal structure of the
A-and B-mctals.
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c) Intermetallic Compound

Eiements A and B form an intermetallic compound A B. ln 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 diffcrent from both A-and B-metal crystals and usually very complicated. Almost
all the intermetallic compounds are very hard and brittle duc to their complicated crystal
structurc.

1.2.1. Allotropic Transformation

Many mctals exist in more than one crystal structurec. The transformation when a metal
changes from onc crystal arrangement to another is called an "allotropic transformation”
or ‘phase transformation’. In the iron-carbon alloy systcm such a transformation takes
place between about 1300°F to 1600°F. The exact temperature is determined by the amount
of carbon and other alloying clcments in the metal. Iron transforms from a face-centred
cubic (FCC) structurc-called the gamma phasc, or austenite, at high tcmperatures to a
body-rentred cubic (BCC) structure-alpha phase, or ferrite, at a lower temperature. In a
bar of pure iron, this transformation is markcd by a distinct increasc in length as the metal
cools below the critical temperature, because the body-centred lattice is less compact than
the face centred lattice. The high-temperature austenite, or FCC structure, allows enough
space for carbon to squecze in between the iron atoms. Iron atoms maintain their place
on the lattice and carbon atoms become "interstitials” . 1n the low-temperature ferrite, or
BCC structurc, 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, thc lower end of the transformation temperature range for 1020
stecl, the last remaining austenile trics 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 austenite transforms to
ferrite. The structurc that results from this final transformation is a laminate consisting
of alternating laycrs of ferrite and iron carbide. Of coursc, the portions of mctal that
transformed previously remain as large islands of pure ferrite. The laminated structure
formed at the last moment is called pearlite. The combined structure of ferrite and pearlite
is soft, ductile, and gencerally represents steel in its lowest strength condition. In contrast,
when ferrous alloys are cooled rapidly. c.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-ccntred tetragonal structure in which the carbon atom is an interstitial member.

Steel that has underpone this type of iransformation is called martensitc. Naturally,
martensite is in a state of unequilibrium, 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 Mcchanical Properties of Mctallic Matcrials

Mecchanical propertics are defined as the propertics of a material that reveal its elastic and
inclastic (Plastic) behaviour when force is applied, thereby indicating its suitability for
mechanical applications; for example, modulus of clasticity, teasile strength, clongation,
hardness, and fatigue limit. Other mechanical propertics, not mentioned specifically above,
arc yield strength, yie ' point, impact strength, and reduction of arca, to mention a few of
the 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, clectrical propertics, thermal propertics, magnetic
propertics and the like,

A brief mention has been made of some of the propertics of metallic materials in the
previous section, These and other properties will be described here in slightly more detail.
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1.2.2.1._Elasticity

When stress or foree 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 Joad and then return to its original size
and shape when unloaded is called clasticity. 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 rcmoved. Within the clastic range stress is proportional to strain and this is known
as Hooke’s law. The relationship between applied stress or load and the conscquent 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 yicld point or yield strength. The allowable or safe load for a metal in service should
he well below the clastic limit. If higher loads are applied, however, the range of elasticity
or clastic deformation is excceded 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
arca of the stress-strain curve beyond the clastic limit is called the plastic range. It is this
property that makes metals so uscful. When cnough force is applied by rolling. pressing
or hammer blows, mctals can be formed when hot or cold into uscful shapes. If the
application of load is increased in the plastic region a stage comes when the material

fracturcs.

A very important feature of the stress-strain curve must be pointed out: the straight-line,
or clastic, part of the stress-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 clasticity, mcasures the stiffness of the mctal in the elastic range; changing the
hardness or strength does not change the stiffness of the metal. There is only one
condition that changes the stiffness of any given mctal. That is temperature. The stiffness
of amy mctal varics inversely with its tcmperature: that is, as tcmperature increascs,
stiffoess decreascs, and vice versa.

The above comments on the clastic portions of the stress-strain curves apply to nearly all
metals. However, there are a few mctals that do not conform to Hooke’s law. The reason
in some cases ¢.g. gray cast iros, is the prescnce of graphite flakes embedded in the matrix
of the metal. The flakes act as internal notches or stress concentrations and thercfore give
the mctals unique and diffcrert properties. Typical other examples of such metals are
sintered metals and cold drawn steel bars.,

N 1.2.2.2. Strength

The sirengih of a mectal is its ability to resist changing its shape or size when cxternal
forces arc applicd. There arc three basic types of stresses: tensile, compressive, and shear.
When we consider strength, the type of stress to which the material will be subjected must
be known. Steel has equal compressive 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 is pounds per square inch(PSI), can be determined by
dividing thc maximum load (in pounds) by the original cross-scctional arca (in square
inches) before testing. Thus,

Tensile strength (PSI) = Maximum load (Ib)

Original cross-scctional arca (sq.is.)

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 cquals the load divided by the total arca.

Metals are “pulled” on a machine called a 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 praph called o stress-strain diagram,
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A stress-strain diagram can be made for any metal by preparing a specimen and by pulling
it with a tensile testing machine. The cross-sectional arca to be pulled is usually a standard
diameter of which the arca can be casilv calculated in round numbers. The specimen is
placed in the tensile testing machine and slowly pulled. I 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 the strain or distance between centre punched marks
mcasurcd and copicd down on the same line. With some cquipment, rcadings may be taken
without stopping the machine. Later, these stress-strain increments can be plotted on a
graph to producc the stress-strain diagram for that particular metal.

.3._ Hardncss

The hardness of a metal is its ability to resist being permanently deformed. There are
three ways that hardness is measured; resistance to penctration, 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 b made with an
ordinary centre punch and a hammer, giving a light blow of cqual force on cach of the two
specimens. In this case just by visual obscrvation you can tell which specimen is harder.
Of course, this is not a relial-'c method of hazdness testing, but it docs show one of the
principles of hardness testers; measuring pencetration of the specimen by an indenter or
pencetrator, such as a steel ball or diamond point. Rockwell and Brinell hardness testers are
the most commonly used types of hardncss testers for industrial and metallurgical
purposcs. Heat treaters, inspectors, and many others in industry often usc these machines.
The Rockwell hardness test is made by applying two loads to a specimen and measuring the
diffcrence in depth of penetration in the specimen between the minor load and the major
load. The minor load is uscd on the standard Rockwell tester to eliminate errors that could
be caused by specimen surface irregularitics. The major load is applied after the minor
load has scated the indenter firmly in the work. The Rockwell hardness reading is based
on the additional depth to which the penctrator is forced by the major load. The depth of
penetration is indicated on the dial when the major load is removed. The amount of
penctration decrcases as the hardness of the specimen increases.

Generally the harder the material is, the greater its tensile strength will be, that is, its
ability to resist deformation and rupture when a load is applicd.

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

1.2.2.4. Brittlcness

1.2,
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A matcrial that will not deform plastically under load is said to be brittle, Excessive cold-
working causes brittleness 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 arca can also reauce plasticity.
Notches are common causes of premature failure in parts. Weld undcrcut, sharp shoulders
on machined shafts, and sharp angles on forgings and castings arc¢ cxamples of unwanted
noutches (stress raiscrs),

5. _Dugtility

The property that allows a metal to deform permancntly when loaded in tension is called
ductility. Any mctal that can be drawn into a wire is ductile. Steel, aluminium, gold, silver,
and nicke) are examples of ductile metals. The tensile test is wsed to measure ductility.
Tensile specimens are measured for area and Yength between gauge marks before and after

h
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they are pulled. The percent of elongation (increasc in length) and the perceat of
reduction in arca (decrease of area al the narrowest point) are measures of ductility. A
high percent elongation (about 70 percent) and reduction in area indicates a high ductility.
A melal showing less than 20 percent elongation would have low ductility.

1.2.2.6._Malleability

The ability of a metal to dcform permanently when loaded in compression is called
malleabifity. Metals that can be hammered or rolled into sheets are malleable. Most
ductile metals are also malleable, but some very malleable metals such as lead are not very
ductile and cannot be drawn into wire casily. Metals with low ductility, such as lead, can
be extrudcd or pushed out of a die to form wire and other shapes. Some very mallcable

metals are lead, tin, gold, silver, iron and copper.

1.2.2.7._Noich toughness

Notch toughness (impact strength) is the ability of a metal to resist rupturc 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
resistancc.  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 malterials are more sensitive (o stress concentrations, or notches, and may
fracture prematurcly when stressed in tension.

The harder and stronger the metal, the more sensitive il is to stress concentrations.
Therefore, high-hardness, high-strength metals must be treated carcfully; virtually
everything becomes critical  because such metals cannot casily 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 arc extremely useful when carefully used,
because of their high static and fatigue strength as well as their high wear resistance.

12.2.8. Conductivity
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Conductivity is a measure of the ability of a material to conduct electric current. It is the
reciprocal of resistivity. Conductivity is commonly expressed as mhos per meter since the
unit of resistivity is the ohm. The conductivity of metallic elemciis varies inversely with
absolute temperature over the normal range of temperatures bul at temperatures
approaching absolute zcro 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 matcrials 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 clectrons in the outer clectronic shells of atoms. The difference
between conductors and non-conductors can be explained in terms of the rclative
availability of carrier electrons. In the case of copper, a metal with a single valency
clectron, the electron is spread out in a cloud like orbit around the nuclcus. 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



the uncertainty principle their delocalisation lowers their kinetic energy. It is this effect
that causes the atoms in the crystal to stick together. Such delocalised electrons are ready
candidates for acceleration in an clectric field. In contrast 10 copper the atoms of the
scmiconductor 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 cnergy ( in the form of heat or light ) is supplied to
brcak 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 10 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. 1t is, perhaps, as important for the designer to understand the possibilities and
limitations of NDT and for both partics to be involved in the carly design stages of a
project to ensure that the final result can be inspected satisfactorily.

- 1.3.1. Welding Processes

1300

Wclding can be defined as the metallurgical mcthod of joining, applied to the general
problem of comstruction and fabrication. It consists of joining two pieces of metal by
¢stablishing 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 cnergy employed for heating
the metals and the state of mctal 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’ ‘clectrical 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 diffcrent 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
‘heterogencous’ welding. This approach to classification is most useful in studying the
propertics of welded joints but is not so advantagcous as the preceding one in studying the
processes themselves.  Since it is of interest o study the processes rather than the
properties of the joints the classificalion based on the heat source employed for welding
will be adhered 10. Figure 1.36 outlines the various welding processes. Some of the most
commonly used of these [.ocesses are described here in some detail.

xy-fugl Idin

Gas welding is a chemical process of welding in which the required heat is produced by the
combustion of a mixture of (wo gascs. The two gases arc 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 aad acctylene, oxygen and hydrogen, and other fucl
gascs like, butane, propanc ¢ic. 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-acetylene
welding.
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HEAT SOURCE

|

Chemic Electrical
{Non Pressure Process) (Fmi?gn“‘;%%c& ) {Fusion Process)

Thermit Welding
Oxy-fuel gas welding
Brazing or braze welding

Electrical Resistance

Electric Arc
(Fusion Process) {Pressure Process)

Spat welding
Seam welding
Permanent Electrode Arc Consumable Electrade AC projecticn welding
Upset butt
inert gas shieldxd (TIG) Coated Electrode Arc
Atcmic Hydrogen Inert gas shieldsd (MIG)
Sub-merged melt welding
Stud welding

Figure 1.36 : Different processes of welding

Oxy-acetylene welding is a form of fusion welding whercin the heat 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 somc
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 industrics.
It is widely employed in such fabricating industries as shcet metal, tubing, aircraft,
industrial piping and automotive, in laying pipelines, in shipyards, and for maintenance and
repair purposes.

Eleetric are welding

The clectrical source of encrgy is used for heating the parts to be joined. This heat is
produced by an clectric arc between the metal pieces and an electrode of consumable or
nonconsumable 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 permancnt.
Hundreds of different alloys arc suitable for the manufacture of consumable clectrodes,
but only tungsten and graphite meet the requirements for non-consumable or permanent
clectrodes, and that is why consumable arc processes are by far the more important
industrially.

An cxample of the permanent clectrode arc welding process is inert gas shielded tungsten
arc (TIG) welding. In TIG welding a tungsten clectrode is used because of its lower burn
off rate. The arc is struck between the tungsten clectrode and the work. The atmosphere



is cither argon or helium. A filler rod may or may not be required, but usually it is necded
while welding heavier sections. The inert gas, argon or helium, prevents oxidation of th
molt:n mectal by cxcluding oxygen from it.

The gas is fcd through a nozzle surrounding the electrode in the head of a suitably designed
clectrode holder. The flowing incrt 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 shiclding 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 .

Am ag the consumable elecirode processes are ‘coated eleztrode welding’ ‘inert gas
shiele 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 zir, it enters
into chemical combination with the oxygen and nitrogen of the air to form oxides and
nitrides in the steel. These impuritics weaken and cmbrittle the steel and lessen its
resistance to corrosion. To avoid these impuritics in the weld the joint is shiclded by a
suitable shiclding material. This may be a gas, a flux or some shielding material coated on
the clectrode. The clectrode used in this process s¢ ‘es 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 samc as that of coated clectrode welding except
that shiclding in this case is provided by an inert gas, mostly helium or argon. The
clectrode is melted like the base metal by the intense heat of the arc produced between the
filler metal (electrode) and basc metal (work). Inert gas is supplied from an independeat
source, and is guided around the weld joint and the lower end of the electrode.

In the submerged arc welding process the welding area is shiclded 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 frem the weld
su-face.

Stud welding 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 (clectrode)
and the basc material (work) to which it is to be welded and then bringing the two pieces
in intimate contact when the proper temperaturc 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
shicld of the weld zone is provided as in the case of imert 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 zope. As a result of the combined shielding action,
stud welding may be classified as a shielded arc-welding process.

1.3.1.3._Electrical resistance welding

Resistance welding is a process whercin two or more parts are welded together vy the
combincd use of hcat and pressure, and that is why this is classified as a pressure process
of welding. The heat is gencrated by a relatively short-time flow of low voltage high
deansity clectric current across the intended joint location, and the pressure being supplicd
by coplacting clectrodes. These same clectrodes also carry the current to the workpicces.
Both clectric current and pressure are closely regulated and controlled all the time.

Some of the sub-classifications of electrical resistance welding include ‘spot welding’, ‘seam
welding’, and ‘butt welding’. Spot welding’ is a resistance process of welding in which
coalescence is produced by the heat obtained from resistance to the flow of an electric
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current through the workpieces pressed together by pointed electrodes. The electrodes are
brought to and removed from the workpicces at predctermined times and rates, and a
clamping force is applicd through the electrodes by some suitable means. The most widely
uscd 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, fiashes 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 clectrical 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 welding' is a resistance process of welding in which coalescence is produced by the
heat obtained from resistance to the flow of an electric current through the workpicces
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 clectrodes by some suitable mecans. The most widely used clectrode material is pure
copper, as it gives optimum results.

However in general, relatively high conductivity clectrodes should be used to weld low
conductivity materials and low conductivity clectrodes should be used on high conductivity
malerials. Moreover it should have enough compressive strength (o withstand the applied
welding pressures. In scam welding, clectrodes 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 nccessary since it provides better control of the heat,
allows cach successive increment in the scam to cool under pressure, and minimiscs
distortion, flashes and burns. Butt welding is used to join lengths of rods and wires. The
ends are pressed together and an clectric current passed through the work so that the ends
are heated to a plastic state due to higher clectrical 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 rescarch 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 ficld of defects is of concern here and will be discussed. The most
common defects occurring in welds are given in the following.

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 ¢volved at a time when the metal is becoming mushy and therefore incapable of
permilting 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’. Finc porosity consists of small bubbles of gas usually of diameter less than
1.omm. Blow holes are usually gas pores larger in dimension while ‘piping’ is an clongated
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 a 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 causcs of porosity may include excessive
moisture content of the electrode covering, incorrect electrode current, defective gas
shieiding, contamination of joint surface or filler wire, rapid cooling of the weld metal
or thc composition of the parent metal or electrode core wirc,

- ¢ inclpsion

These may be the result of weld-metal contamination by sub substances on .~¢ surface of
the joint or by the atmosphere. But the usual source is the slag formed by the elcctrode
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 surfzce. In multi-pass weldiag, insufficient
cleaning between weld passes can feave a portion of the slag coating in place to be covered
by subscquent passes. A particular characteristic of slag inclusions is the ’slag line’,
intcrmiltent or continuous. Such slag lines are often accompanicd by a pronounced lack
of fusion to the base metal. In general, inclusions may be duc to any onc of several reasons
which include failure to clean the surface of the joint, failure to remove slag from a
previous deposit, incorrect cdge preparation, incorrect manipulation of the clectrode and
insufficient arc shielding.

T n inclysi

Tungsten inclusions arc pusticles of metallic tungsten embedded in the weld meial 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 electrodc using a d.c. source. Tungsten inclusions can also be caused irom
dipping the electrode into the molten weld mectal or by touching the filler rod to the
electrode during welding. Tungsten inclusions frequently occur at the start of welds when
the clectrode may be cold. Small globular and widely scattercd tungstcn inclusions arc
sometimes permissible, but sharp edged inclusions arc dangerous.

- Lack of fusion

This is duc to the lack of union in a weia between the weld metal and parent metal or
between parent metal and parent metal or between weld metal and weld metal.
Conscquently the lack of fusion can be of threc 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
cdge preparation. Incomplete fusion can also arisc from too high a welding current when
the high mclt 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 scrious.

1.3.2.5. Incomplcte root penctration

1.3.2.6.

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 two-side welding). If the opening between the
two plates is narrow, it is difficult to achicve complete penctration 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
elecirode held at an incorrect angle, an clectrode too large in diameter, a rate of travel too
fast, an insufficicnt welding current, or an improper joint preparation (c.g. joint
misalignment).

Cracks
Cracks can be defined as a discontinuity produced cither by tearing of the metal while in

& plastic condition (hot crack) or by (racturc when cold (cold crack). Cracks can occur in
cither the weld metal or parent mcial. In the former they are classificd 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 the heat-affected zone of the weld, The strength of a welded joint under
any conditions of loading will be scriously reduced by the presence of a crack. Weld metal
cracks are caused by high localised stresses in the joint arising from the shrinkage of weld
mctal, by resistance of movement of the parts or by vibration of the structure during
welding. Thercfore it is important that cach weld run is strong ¢nough to withstand the
shrinkage and to allow as much frecdom of movement as possible. Longitudinal weld
cracks usually occur in the root run and, if left, will eventually propagate through
subscquent 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 stecls. A
considcrablc amount of research has gone into the technigues for welding these stecls and
it is most important that instructions regarding type and condition of clectrode, the degree
and extent of preheat and the restrictions on size of single pass welds are strictly observed
to avoid this form of cracking.

1.3.2.7. Und¢reut
During the final or cover pass the exposed upper cdges 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. Congavily 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 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
grouve if slag is trapped between the molten metal and the backing strip.

1.3.2.9. Excessive pepctration
in welds molten metal sometimes runs through the root of the weld groove producing an
excessive reinforcement at the back side of the weld. In general this is not continuous but
has an irregular shape with characteristic hanging drops of ¢xcess metal.

1.3.2.10. Overlap

Overlap is an imperfection at the toc or root of a weld caused by an overflow of weld metal
on to the surface of the parent metal, without fusing with the later. 1t is caused when the
welding rod has been used at an incorrect angle, the clectrode has travelled too slowly, or
the current was too low.,

1.3.3. Casting Proccsscs

A commonly used method of forming metal objects of complex shape is by pouring molien
metal into a mould in which it sets to the required shape. The mould is then broken away
to expose the casting, or the design of the mould is such that it can be scparated 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
be carcfully positioned in the mould to permit the metal to flow frecly into all parts.
Problems that can occur arc interaction on cooling, It is also unlikely that the crystal
structure of a casting will be optimum in all parts so that its strength may be less than with
other  mcethods of fabrication, Various casting processes include ‘sand dic casting’
‘permanent mould casting','centrifugal casting', and ‘shell mould casting'.

Since the casting  process is complex and o large number  of variables need to be
controlted to ger a good quality product and since it is not possible to give all the details
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here. only the principles and salient features of the above mentioned processes of casting
are bricfly presented.

In this casc 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 are destroyed as the casting is
removed from them. Sand moulds make it possible 1o cast complex shapes that might not
be possible otherwise.

Diffcrent types of sand moulds can be madce to make different castings. Green sand moulds
are madce from moist sand and arc used for practically all fer: ous and non-ferrous castings.

They have the disadvantage of not being very strong as well as requiring moisture during
manufacture which may causc certain defects in the casting, Green sand moulds may be
provided with a dry sand on the surface to give *skin-dry moulds’. Purcly ‘dry-sand moulds’
can also be made by adding to the sand a ’binder’ instcad of moisture.lts main advantages
include a greater resistance to metal crosion, increased strength and a lessening of the
tendency in the casting to acquire moisture related defects. 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’, ‘Tloor moulding’ and ‘pit moulding’.
‘Bench moulding’ is used for small castings. This is usually a slow and laborious process
since hand ramming with a loosc pattern, is usually used. Small and medium moulds may
he made even with the aid of a varicty of ‘mach?.es’ which is usually faster and more
uniform than bench moulding. Medium to large moulds arc made directly on the foundry
floor. Very large moulds made in a pit constructed for the purpose are called ‘pit moulds’.

The sands most commonly uscd in ‘sand dic casting’ contain silica sand which is usually
from 50 1o 95% of the 1otal matcrial in any moulding sand, zirconate and olivine etc. The
most important propertics and characteristics of such sands are
‘permeability’.'cohesivencess’ and ‘refractoriness’. Permeability is a condition of porosity and
is related 10 the passage of gascous matcrial through the sand as well as to the density of
sand grains. Cohesiveness can be defined as the holding together of sand grains or strength
of moulding sand and depends upon the size 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 characieristic of thc moulding sand is
‘refractoriness’ which s its ability to withstand a high tcmperature without fusing. Pure
silica sand can withstand a tempcrature as high as 3148°F. The property of ‘refractoriness’
can be affected by impuritics like metallic oxides. Mould cavities may be produccd by
packing the moulding material around what are called ‘paticrns’. The ‘paticrns’ may be
made from wood, metal or other suitable matcrials. There are a variety of these patierns
uscd in the manufacture of castings. Another important part of the casting process is the
‘core box’ which is a structurc made of wood, mctal 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 paticrn. After the patiern is removed from the sand and the
gating arrangement completed, the mould cavity is filled with molten metal to fonn the
casting.

foermancat mould casting

A casting madc by pouring molten metal into a mould made of some metallic alloy or other
material of permancnce is known as a permanent mould casting. Gray cast iron and
Mcchanite with large graphite flakes are the most commonly used materials in the
construction of permanent moulds. This common use is partly due to the casc with which
they may be machined, Certain steels, particularly special alloy steel that are heat-treated,
of1ien have especially good resistance (o erosion, They have excelient refractory propertics.
Some sluminium alloys on which the surface has been anodised, are also used a moulding
matcrials. Anodising produces Al20, which is very refractory and resistant to abrasion.

These alloys are very casy 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 skiil
. needs less floor  space, better tolerances can be maintained, susface 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.

Centrifygal 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 ceatrifugal casting’,’semicentrifugal casting’ or ‘profiled-centrifugal casting’ and
‘centrifuged or pressure casting’. “True centrifugal casting’ is that in which castings are
madc in a hollow, cylindrical mould rotated about an axis common to both casting and
mould. Cast-iron pipe is commonly made by this method. Iu 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 toform the inner surface
or surfaces. The casting is not dcpendent upon centrifugal force for its shape. A good
cxample 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
nonsymmetrical 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 cngine
rings, piston rings and brake drums are common parts centrifugally cast. Advantages
include the ¢limination of foreign inclusions and the production of sounder castings. The
chicf disadvantages arc the shape and size limitations.

Ipvcstment casting

This process involves making a onc-picce 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 climination of all parting plancs provides improved dimensional tolerances.
Since the pattern is removed by melting or burning out, casting precision is increased
through climinating drift, rapping, and shifts. Various other names arc given to this
process. It is also called * precision-investment casting ', * precision casting ' or the * lost-
wax process . Various types and grades of wax arc the common matcrials for pattern
making for investment casting. Certain plastics that burn without residue are also used as
paticrn matcrials, Some low melting point metallic alloys can also be used as pattern
malterials. In this process of casting the patterns are formed afresh each time by casting
or forging the pattern matcrial in dies made of meial, plastic, rubber or wood. There are
a number of materials applicable as investment material. These are actually the moulding
materials, but due to the process used they are called invesiment material. Fine grained
silica nand with & suitable binder is often used. Plaster of paris and other gypsum products
serve well as @ binder 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 are usually mixed
inta & fairly fluid slurry which is poured into place and vibrated to promote uniform
packing and removal of air bubbles,



1.3.3.5.

Patterns arc first made of wax or other pattern materials by melting it and then injecting
it into a metallic or non metallic dic. Then the patterns are welded or joined 1o gates and
runners, which are also of the same material as the pattern. By this welding or joining of
the pattern to gates and runners a treclike pattern is prepared. This tree is now dipped into
a refractory sand, placed in a metal flask and sealed (o the pallet. Then the investment or
moulding matcrial, 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 dricd and baked and the pattern is melted and the molten pattern material is
taken vut of the mould. Now as a final touch to the mould before casting the mould is
placed in a furnace and is heated to a iemperature of 1300 - 1900°F. This removes all the
wax residuc if any sticking to the investment mould. The mould is then heated to the

casting lemperature.

In genceral investment castings have high precision and extremely smooth surfaces and are
casily produced. The process also makes possible the elimination of most machining
operations and provides for an increased yicld. Investment casting is adaptable 1o more
complex and smaller designs in both limited as well as production lots. AR metallic alloys
can be cast with this process of casting. On the other hand the process is often more costly
since matcrials as well as moulds are single purpose. Casting large objects is impracticable,
the operators need to be more skilled and more technically trained and the production cycle
is a relatively slow one.

Shell meulding process

This process involves making a mould that has two or more thin, shell-like parts consisting
of thermosctting resin-bonded sand. These shells are single purpose in application and
arc hard and casily handled and stored. Shells are made so that the maiching 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
matcrial like sand, steel shot or gravel.

Mctallic patterns are used for the production of shells, as they are subjected to heating
temperatures approaching 1000°F. The patiern must have some provision,in the form of
¢jector pins, for the removal of shellsfrom the surface of the patiern, Clean dry silica sand
is the hulk material used in the making of shell moulds. Grain size and distribution can
vary with use. Thermosctling synthetic resins are uscd as binders for sand. The resins
include the phenolformal-dehydes, urea formaldchydes, 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 (0 600°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 10 20 seconds. The pattern with this
adhering layer of bonded sand is placed in a furnace and is cured by heating to the proper
temperature for from one 1o 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 siripping is sometimes a problem and
can he avercome by using a silicon parting agent.

The main advantages of this process arc that the shell cast parts have gencerally a smooth
surface and thereby reduce machining costs. These techniques are readily adaptable to
mass production by using automatic equipment. The disadvantages can be the initial cost
of metal patierns, the higher cost of resin binders and a general size limitatien,

1.3.4. Casting Defects

Canting defects may be defined as those characteristics which create o deficiency or
imperfection exceeding quality limits imposed by design and service requirements. There
are in gencral three broad categories of these defects, First are the major or most severe
defects which result in scraping or sejection 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 are minor ones which can be easily repaired. The climination and
control of casting defects is a problem that the foundry enginecr 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
arcas 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.

Porosity

Gas holes are spherical holes of varying size, with bright walls, usually fairly evenly
distributed and formed by gas in the metal. The larger holes tend to be found in the
heavicr 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 stcam 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. Blowholcs

Blowholes are mainly found in three forms. Elongated cavitics 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
permcability. Rounded shape cavitics with smooth bright walls are caused by mould or
core gases, coupled with insufficicnt permeability, or venting. They can be avoid=d 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._lnclusions

These are 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 duc to improper gating methods when casting alloys, such as aluminium
bronze, that are subject to surface oxide-skin formation. Faulty closing of moulds can
causc ‘crush’ and loosc picces of sand becoming incorporated in the casting. The
occurrence  of inclusions can be avoided by proper use of cquipment and foundry

practice.

1.3.4.5. Spoagincss

1.34.6.

A defect that occurs during the carly stages of solidification of a casting and has the
appearance, as the name would imply, of a sponge; it may be local or gencral in extent.
The major cause is failure 1o obtain directional solidification of the casting toward the
desired heat centres, such as risers and ingates; insufficiently high pouring temperature,
and placing of ingalcs adjacent to heavy sections,

Sheinkage
A canting defect that occurs during the middle and later stages of solidification of the cast
mctal. Jt has o branching formation, is readily distinguishable from that of spongincss, and

is aform of void. The defect can he avoided by paying particular attention to the direction
of solidification and ¢nsuring adequate risers, or other feeding aids, on the Leavier sections
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of a casting. Modification of casting design, i.c. to make cast sections more uniform for
the flow and solidification of the metal is helpful in avoiding shrinkage. Moulds and cores
are sometimes made too strong and greatly resist the contraction of the cast metal and,
in this way, will causc a brcakdown in the homogeneity of the metal.

Hot tears

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

1.3.4.8. Crack

Well defined  and normally straight, they arc formed after the metal has become
completely solid. Quite large stresses are required to cause fracture, and the walls of such
cracks arc discoloured according to the temperature of the casting when the cracks
formed. Bad casting 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 possible after solidification, will help to prevent build-up of stresses.

1.3.4.9._Cold shyts

These are discontinuitics (a form of lack of fusion) caused by the failure of a strcam of
molten metal to unite with another stream of metal, or with a solid metal scction such as
a chaplct. They arc linear in appcarance, with perhaps a curling cffect at the ends. A cold
shut is caused by the fluidity of the metal being too low (i.c. surfaces oo cold) or perhaps
unsatisfactory methods of feeding in the molten metal.

Cold shuts can of ten be avoided by raising the pouring temperature or pouring rate or both
and reviewing the position, sizc, and number of ingates and the arrangements for venting

the mould.

1.3.4.10._Unfuscd chaplct

A chaplet is of ten 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 fusc into the casting. When unfused the
chaplet will cause a discontinuity in the casting. Design of chaplet and type of chaplet
should be reviewed in overcoming this defect,

1.3.4.11._Misplaced core

An irrcgularity of wall thickness, c.g. onc wall thicker than the other, can be detected by
a double wall technique  radiograph. Tt is caused by core out- of-alignment, carcless
coring-up and closing of mould, or rough handling after the mould is closed.

1.3.4.12._Scgregation

Scgregation is a condition resulting from the local concentration of any of the constituents
of an alloy. The scgregation can be ‘gencral' cxtending over a considerable part of a
casting, ‘local’ when only the shrinkage voids or hot tears are wholly or partially filled with
a constituent of low melting point or *banded’ which is mainly associated with centrifugal
castings but can also occasionally occur in static castings,

1.4.5. Forging Proccsscs

Forging is the working of mctal into a uscful shape by hammcering or pressing and is the
oldest of the metal forming processes. Most forging operations are  carried out hot,
although some metals are cold-forged. The hot working of metals in the forging process
results in an improvement in  the mechanical  properties. This method of shaping is
therefore used in the manufacture of parts requiring good mechanical propertics,
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Improvement in the mechanical propertics results from a general consolidation of the metal
and closing of gas and contraction cavitics by mcans of mechanical pressurc, a refinement
of the erystal structur., a destruction of the continuity of intergranular concentrations of
impuritics and inclusions.

Farging ts donc  on cither a hammecr or a press. A horizontal press (forging machince)
is used in certain instances for forging small parts; othcrwise forging machinces are vertical,
the lower dic of which is fixed while the upper die is movable, being carricd on a vertical
ram. In the casc of hammers the dic is raised mechanically and the blow is struck by the
die falling freely. With presses, foree is used to raisc and lower the dic and the metal is
worked by slow, stcady pressure. Forging is not only employed to produes _arts of a shape
that 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 sct-up.
Tool steels are often forged with a view to improving their propertics.

Forging may be considercd under two categorics. 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-dic’ forging. The second is where impression dies are
uscd and the metal is shaped by being forced into the dic impressions. This is called
closed-die forging. In the first category arc forgings of simple, round or rectangular
cross-scction and forgings of more complicated shape which are so large that ‘sinking’ of
closed dies would be impractical or too costly. Small forgings of complicated final shape
may be rough forged on simple dics and then machined to final form if the number
required is too small to justify the cost of an impression dic. In this category also are
hollow forged parts. For these, the centre metal of the rough picce of proper size is cither
machined out cold (trepaaned), 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
cnds so that thc mandrel acts as the bottom die. In closed di¢ forging on a hammer or
vertical press, the lower dic has an impression corresponding to onc half of the part te he
made whilc th~ upper dic has an impression corresponding to the other half. For relatively
simple¢ shapces the dies may have only onc impression but more commonly they incorporate
a scrics of impressions in which the part is successively shaped to the final form. Closed
dic forging is commonly known as ‘drop forging’. Around the impressions the dics are
shaped to provide space for the cxcess stock, as it is not practical to have exactly the
amount of mctal required to fill the impressions. The excess metal that is forced into this
space is referred to as ‘flashing” or ‘flash’. After forging this is teimmed off in suitable
dics. The closed dic forging business is so competitive that the losses in trim scrap provide
one¢ of the most important arcas for cconomy.

The hot forging process whereby bolts, for cxamplc, are headed is referred to as thot upsct
forging’ or ‘hot hcading’. In this process, a bar of uniform cross section is gripped between
grooved dies and pressure is applicd on the end in the direction of the axis of the bar by
mcans of a hcading tool. The metal flows under the applied pressure and fills the cavity
betweean the dies.

1.3.0. Rolling proccsscs

The flattening of metal between ralters is used for the production of strip, sheet, plate, bar
and scctions. Since the metal is formed by a squeczing action, rolling can be considered
as a continuous forging process with the rolls acting as hammecrs and the metal being drawa
down. Rolling may be performed above the temperature of recrystallisadion (hot rolling)
or below the temperature of re-crystallisation (cold rolling). Hot rolling is always usced for
the initial rolling of the cast ingot. Not only is it casicr to break down the ingot to size
quickly when it is hot and plastic, but the hot-rolling process closcs any casting
discontinuitics and forge welds their surfaces together. This prevents any [aults, which
could lcad to lumination, being carried forward into subsequent rolling operations. In hat
rolling the coarse grains are first clongated and distorted and then formed into cqui-axed
crystals due 1o recrystallisation. The erystals clongated und distorted by cold rolling do not
recrystablise snd the metal therefore remains work-hardened. Rolling mills are described
according to the arrangement of the rolls. The simplest is the two-high reversing mill. In
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this the 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 the rolls rotate
continuously in onc direction. The roller beds risc 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 miill and the cluster miil
the additional rolls ‘back-up’ the working rolls and allow them 10 applv water pressure
on the metal being rolled without deflection. Four-high and cluster mills operate 1n 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 siabbing, cogging and re-rolling.
Slabbing is the process of breaking down the ingot into slabs ready for re-rolling into strip,
sheet and plate. The process is carried out at 1300°C and casting discontinuities in the ingot
arc welded by the process thus making the slab ' omogencous. Cogging is similar to
slabbing except that the ingot is rolled into ‘blooiwns’ icady for re-rolling into bars and
scetions. Two-high and four-high reversing mills are 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 1300°C and passed through a water spray and scale-breaking rolls
to remove the scaie left on the surface of the 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
quantitics of standard scction beams and joints are often laid out to provide a continuous

train,

Whilst materials that arc forged into wire and tubz require the propeny of malleability,
matcrials that are drawn into wire and tube require the property of ductility, combined with
a rclatively high tensile strength and a low work-hardening capacity as the process is
performed cold. The reduction in size of the drawn section is provided by the material
being pulled through a dic. Rods and bars arc drawn using draw-benches. Fine wire,
especially the copper wire used for clectrical conductors, is drawn on multiple-dic
machincs. A capstan block pulls the wire through cach dic and passes it on 1o the next stage
in the machine. As the wire becomes finer its length increases and the speed of the last
capstan has to be very mach higher than the first.

Tube drawing is similar to rod drawing using a draw hench. However, the bill. tis pierced
10 start the hole and the tube is drawn over a mandrel. Where longer Icagths of tube are
required, the stock and the drawn tube have to be coiled. This prohibits the use of a fixed
mandrel, and a floating mandrel or plug is usad.

Anather process which is similar *o rolling is extrusion. In principle, extrusion is similar (o
squcezing 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
10 force the metal through the die is provided by the hydraulic ram. Sincz the billet is
reduced to the size of the finished section in onc pass through the dice, extrusion is a highly
productive process. However, the plant is extremely costly and so is ita operation and
maintenance. Like most hot processes the finish and dimensional accuracy of the section
is lower than that associated with cold drawing. Therefore, where greater accuracy is
required, the extruded section is given a light draw to strengthen the section, improve its
finish, and improve its dimensional accuracy.

1.1.7. Forging and rolling defects

Discontinuities in forgings may originate in the slab  or hillet and be maodified by the
rolling and forging of the material, or may result from the fosging process itself. Some of
the defects that can occur in forgings are similar to those in castings since most forgings
onginate from  some form of cast ingot. 7iven helow are some of the more  specific
defects.
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1.3.7.1. Laminalions
Largc porosity. pipc and nonmectallic inclusions in slabs or billets arc flattened and spread
out during the rolling and forging processes. These flattened discontinuitics are known
as laminations.

1.3.7.2. Scams

Surfacc irrcgularitics, such as cracks, on the slab or billet arc streicked out and lengthened
during rolling and are then called scams. Scams may also be caused by folding of the mctal
duc to improper rolling. Scams arc surface discontinuitics and on finished bars will appear
as cither 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 discontinuitics caused by the folding of metal in a thin plate on the
surface of the forging. They are irrcgular in contour.

1.3.7.4._Centre bursts

Ruptures that occur in the central region of a forging are called centre bursts.. They can
arisc becausc of an incorrect forging procedurce {c.g. too low a tecmperature or too drastic
a reduction) or from the prescnce of scgregation or brittle phasc in the metal being forged.

1.3.7.5. Clinks (Thermal Cracks)

Clinks are cracks due to stresses arising from cxcessively high temperature gradients
within the material. Cracks formed during too 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.Hairling cracks (Flakcs)

Flakes arc very fine internal cracks of circular shape that develop and extend with time and
are associzted with the presence of hydrogen in steel. There is grealer 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 duc to metal being rupturcd and pulled apart during forging. They may
be associated with the presence of local scgregation, scams, or brittle phases.

1.3.7.8._Stringers

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

1.3.7.9. Overheating

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

1.3.7.10._Pipe
If there has been insufficient discard from the original ingot, remnant primary pipe will
normally show up axially. Sccondary 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._Bchaviour of matcrials in service

Materials have to opcrate and perform in widely varicd environments and situations. The
rcquircments of safety and reliability demand that the materials and componcnts should
perform well in their environments and situations without premature failure. There are
a numbecr of factors and proccsses which can cause the failurc of materials. As premature
failurc of critical components can be disastrous i many situations apart 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

14.2.1.

Duc to advances in technology and in the understanding of matcrials and their design, and
due 10 sophisticated inspection and testing methods, such as the non-destructive testing
methods, metal failures occur only in an extremely low percentage of the millions of tons
of metals fabricatcd cvery year. Those that do occur fall mainly into three categorics.
Operational failurcs can be caused by overload, wear, corrosion and stress corrosion ,
brittle fracture and mectal fatigue. In the second category fall the failures due to improper
design. In this it is nccessary to consider whether sharp corners or high stress areas exist
in the design, has sufficicnt safcty stress factor been considered and whether the material
sclected is suitable for a  particular application. The third type of failure is caused by
thermal treatments such as forging, hardening, tcmpering and welding, and by surface
cracks caused by the heat of grinding. These aspects and especially those related to
opcrational or in-scrvice conditions will be described here in more detail.

TrO810Nn

With the exception of some noble metals, all metals are subject to the deterioration caused
by ordinary corrosion. Iron, for cxample, tends to revert back to its natural state of iron
oxide. Other metals revert to sulfides and oxides or carbonates. Buildings, ships, machines
and automobiles are all subject to attack by the environment. The corrosion that results
often renders them uscless 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, wherce the supporting structures have been caten 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 desirc to unitc with oxygen in the atmosphere or
in other covironments 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;

dircct oxidation corrosion, which usually happens at high temperatures, and galvanic
corrosion, which takes place at normal temperatures in the presence of moisture or an
clectrolyte. Direct oxidation corrosion is often scen in the scaling that takes place when a
piece of mctal is left in a furnace for a length of time. The black scale is actually a form
of iron oxide, called magnctitc  (Fc,O,). Galvanic corrosion is cssentially an
clectrochemical process that causes a deterioration of metals by a very slow but persistent
action, In this process, part or all of the mctal becomes transformed from the metallic state
to the ionic statc and often forms a chemical compound in the clectrolyte, On the surface
of some mctals such as copper or aluminium, the corrosion product somctimes exists as a
thin film that resists further corrosion. In other metals such as iron, the film of oxide that
forms is so porous that it docs not resist further corrosive action, and corrosion continucs
until the wholc picce has been converted to the oxide.

It is familiarly known that atoms having positive or ncgative charges arc called ions and

thesc are formed cither by accepting or donating clectrons in the outermost orbit. Mctallic
atomsform positive ions while non-metalsform ncgative ones. lons having opposite charges
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can often combine 1o form compouads. An clectrolyte is any soiution that conducts clectric
current and contains negative or positive ions. Corrosion requires the presence of an
clectrolyte to allow metal ions to go into solution. The clectrolyte may be fresh or salt
water and acid or alkaline solutions of any concentration. Even a fingerprint on metal can
form an clectrolyte and produce corrosion. When corrosion of a mctal occurs, positively
charged atoms are released or detached from the solid surface and enter into solution as
metallic ions while the corresponding negative charges in the form of clectrons are left
behind in the metal. The detached positive ions bear one or more positive charges. In the
corrosion of iron, cach ion atom rcleases two clectrons and then becomes a ferrous iron
carrying two pusitive charges. Two clectrons must then pass through a conductor to the
cathode arca. The clectrons rcach the surface of the cathode material and neutralise
positively charged hydrogen ions that kave become attached to the cathode surface. Two
of these ions will now become ncutral atoms and arc released generally in the form of
hydrogen gas. This rclease of the positively charged hydrogen ions leaves an accumulation
and a concentration of OH negative ions that incrcases the alkalinity at the cathode.

When this process is taking place, it can be obscrved that hydrogen bubbles arc forming
at the cathode only, When cathodces and anodes arc formed on a single picce of metal, their
particular locations are determines by, for example, the lack of homogencity 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 crosion 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 clectrolyte. This causes an increased corrosion
rate of the anodic steel ship’s hull. Impellers of pumps are often corroded by this form of
crosion corrosion in which metal ions are rapidly removed at the periphery of the impeller
but are concentrated near the centre where the velocit is lower. Another form of corrosion
is intergranular corrosion. This takes place intcrnally. Often the grain boundarics 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 chremium content
adjacent to the grain boundaries, thus creating a galvanic cell. Differences in environment
can causc 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 cnvironment, cracking can also be accelerated in the form of stress corrosion
fatigue. It is a very localised phenomenon and resuits in a cracking type of failure.
Cathodic protection is often used to protect steel ships hulls and buried steel pipelines. This
is donc by using zinc and magnesium sacrificial anodes that are bolted to the ship’s hull or
buricd in the ground at intervals and electrically connected to the metal to be protected.
In the casc of the ship, the bronze propeller acts as a cathode, the steel hull as an anode,
and the scawater as an clectrolyte. 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 arc replaced from time to time. Selection of
matcrials 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 (o
prevent corrosion. There are different types of such coatings, for cxample: anodic coatings,
cathodic coatings,organic and inorganic coatings, inhibitive coatings ctc.

1.4.2.2._Fatiguc
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When metal parts arc subjected to repeated loading and unloading over prolonged periods
they may fail at stresses far below their yicld strength with ao sign of plastic deformation.
This is called a fatiguc failure. When designing machince parts that arc subject to vibration
or cyclic loads, fatigue strength may be morc important than ultimate tensile or yield
strength. Fatigue is a un.versal phecaomenon observed in most solids. Cyclic loading



leads to a continuous accumulation of damage which, as in the case of static fracture,
cventually results in rupture. The Fatigue Limit, or Endurance Limit, is the maximum load
that can be applicd an infinitec number of times without causing failurc. But 10 million
loading cycles are usually considered cnough to cstablish fatigue limits. The number of
cycles lcading to fracturc at a given stress is often referred to as the fatigue strength or
cndurance. This phcnomenon of failurc of a matcrial 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 are found in many of the materials of industry. Some plastics and
most mctals arc subject to fatigue in varying degrees as these are widely used in
dynamically loaded structures and machines. It has becn estimated that at least 75% of all
machine and structure failurcs were caused by some form of fatigue. Fatiguc is caused by
a crack that is initiated by notch, bend, or scratch that continucs to grow gradually as a
result of stress reversals on the part. The crack growth continues until the cross-sectional
arca of the part is reduced sufficiently to weaken the part to the point of failure. Even
welding spatter on a sensitive surface such as a stecl spring can initiate fatigue failure.
Fatiguc is greatly influcnced by the kind of matcrial, grain structure and the kind of
loading. Some metals arc more sensitive to sharp changes in scction (notch scnsitive) than
others.

There are various types of fatigue failure. In the case of onc -way bending load, a small
clliptical shaped fatigue crack usually starts at a surfacc 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
ncutral 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
simultancously at oppositc surfaces when the surfaces are cqually stressed. The cracks
procced toward the centre at similar rates and result in a fracture that is rather
symmetrical.

In the carly stages of fatiguc testing. specimens will gencrally evolve an appreciable amount
of heat. Later fissures develop at the surface eventually lcading to failure. The surface
of the specimen is a preferential scat of damage initiation. Corrosive cffects may also
assist in degradation of the structurc at the surface. Corrosion is cssentially 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 rupturcd in cvery cycle allowing further
attack. It is a rather simplificd cxplanation that the microstructure at the surface of the
mectal is attacked by the corrosive environment causing an casicr ard more rapid initiation
of cracks. Onc of the important aspects of corrosion fatigue is that a metal having a fatigue
limit in air no longer possesses one in the corrosive environment and thercfore fracture can
occur at relatively very low stress levels.

In cemmercial alloys the technical fatigue limit generally lics betwcen 0.3 and 0.5 of the
vitimate tensile stress.  The fatigue strength of metals can often be  cnhanced by
trecatments which render the surface more resistant to deformation, Fracture then tends
to start at the interface between the hard surface layer and the softer core. Siress raiscrs,
such as sharp notches, corners, key ways, rivet holes and scratches, can Icad to an
appreciable lowering of the fatigue strength of metal components. Good surface finish and
corrosion protection are desirable to cnhance fatigue resistance. Fatigue is basically a
low temperature problem and at temperatures relatively high with respect to the melting
point, fracturc and hence specimen life are governed by creep.

Fractured surfaces of fatigued metals gencerally show a smooth and lustrous region duc
1o the polishing cffects 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 bearing cross-section by surface cracks and fissures, may look duller
and coarser, as it is cssentially caused by static fracture.
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1.4.2.3. 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 on¢ 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 ultimatcly 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 lubricants. Rapid wear can occur if the load
distribution is concentrated in a small arca 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.

Mciallic 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 somce wear. In somc severe cases the wear surface can become cold welded to the
other surface. In fact, some mctals are pressure welded together in machines, taking
advantage of their teadency to be cold welded. This happens when tiny projections of mctal
make a direct contact on the other surface and produce friction and heat, causing them to
be welded to the opposite surface if the material is soft. Metal is torn off if the material
is brittle. Insufficient lubrication is usuvally the cause of this problem. High pressure
lubricants are 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 stcel 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
mctals when used together for bearing surfaces (for example aluminium to aluminium) have
a very grei tendency to weld or seize. Among these metals there are aluminium, copper,
and austenitic stainless steel.

Cast iron is uscd on the sliding surfaces in machine tools ¢.g. on the ways of lathes or
milling machine tables. It has less tendency than soft metals to scize because the metal
contains graphite flakes that provide some lubrication, although additional lubrication is
still necessary. As a gencral rule, however, it is not good practice to use the same metal
for two bearing surfaces that are 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 scizing. In this application
it is better practice to use a bronze bushing or other hearing matcrial 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 pro, ~tions of bronze are flattened instcad of torn out. Also the bronze will
wear morc tha. (he steel and usually only the bushing will nced replacing when a repair
is nceded.

Different types of wear include abrasive wear, erosive wear, corrosive wear and surface
fatigue. In abrasive wear small particles are torn off the surface of the metal, creating
friction. Friction involving abrasive wecar 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
lubricant is normally used to provide a barricr between the two surfaces. This can be done
by heavy lubricating films or lightcr boundary lubrication in which there is a residual film.
Erosive wear is often found in arcas that are subjected to a flow of particles or gases that
impinge on the metal at high velocities. Sand blasting, which is sometimes used to clean
parts, utilizes his principle. Corrosive wear takes place as a result of an acid, caustic, or
ather corrosive medium in contact with metal parts. When lubricants become contaminated
with corrosive materials, pitting can occur in such arcas as machine bearings. Surface



fatigue is often found on roll or ball bearing or sleeve bearings where excessive side thrust
has been applied 10 the bearing. It is seen as a fine crack or as small picces falling out of
the surface.

Various mcthods are used to limit the amount of wear in the part. One of the most
commonly used mecthods is simply to harden the part. Also, the part can be surface
hardenced by diffusion of a material, such as carbon or chrome, into the surface of ibe part.
Parts can also be metallized, hard faced, or heat treated. Other methbods of limiting wear
arc clectroplating (especially the use of hard industrial chromium) and anodizing of
aluminium. Some nickel plate is uscd, as well as rhodium, which is very hard and has a high
heat resistance. The oxide coating that is formed by anodizing on certain mctals such as
magncsium, zinc, aluminium and their alloys, is very hard and wear resistant. These oxides
are porous enough to form a basc for paint or stain to give it further resistance to
corrosion. Some of the types of diffusion surfacing are carburizing, carbo-aitriding,
cyaniding, nitriding, chromizing, and siliconizing. Chromizing consists of the introduction
of chromium into the surface layers of the basc metal. This is sometimes done by the use
of chromium powdcr and lcad 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 basc
material with silicon. This also greatly increcases wear resistance. Hard facing is put on
a metal by the usc 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 cxtremely hard surface that is very wear resistant. Mctal spraying is uscd for the
purposc of making hard wear resistant surfaces and for repairing worn surfaces.

1.4.2.4. Overload

Ovcerload faifures are usually attributed 10 faulty design, cxtra loads applied. or an
unforescen machine movement. Shock loads or loads applicd above the design limit arc
quite often the cause of the breakdown of machinery. Although mechanical engincers
always plan for . high safcty 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 oficn
tend to use machines above their design limit. Of course, this kind of overstress is due to
operator error. Inadequate design can somctimes play a part in overload failures. Improper
material sclection in the design of the part or improper heat trcatment can cause some
failures when overload 1s a factor. Often a machinist or welder will select a metal bar or
picee for a job based upon its ultimate tensile strength rather than upon its yicld point.
In cffect this is a design error and can uhimately resuit in breakdown.

Basically there are only two modes or ways in which metals can fracture under single or
monotonic 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 individua) 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 cach crystal in a regular, repetitive, three-dimensional pattern. Adjacent cells share
the corner atoms and their positions are balanced by ¢lectrical forces of attraction and
repulsion. Applied forces can cause distortion of the cells, Shear deformation represents
a sliding action on plancs of atoms in crystals. In a polycrystalline metal, slight
deformation causes no permancent change in shape. It is called clastic deformation. That
is the metal returns to its original size and shape, like a spring, after being unloaded. i
a greater load is imposed, permanent or ;lastic deformation occurs because of irreversible
slip between certain planes of atoms that make up the crystal structure, If the applicd load
or force is continued, the shear deformation causes tiny microvoids 10 form in the most
highly stressed region. These tiny vaids soon interconnect and form fracture surfaces. The
cleavage mode of separation of the cell is different. In this case separation accurs suddenly
between one face of the cell and 1the mating face of the adjacent cell without any
deformation being prosens.
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1.4.2.5.
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Fracture will originate whencever the local stress i.c. load per unit cross-sectional arca. first
exceeds the local strength. This location will vary depending upon the strength of the metal
and the applicd 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
mctals 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 excecds the
tensile strength. Brittle mctals always have a fracture that is perpendicular to the tensile
stress and little or no deformation because fracture takes place bhefore the mctal can
deform plastically as ductile metals do.

When a cylinder s loaded in axial compression. a ductile metal becomes shorter and
thicker. In short it bulges when squeczed by the compressive force and there isno fracture.
A brittle mctal in purc compression will fracture parallel to the length of the cylinder.

Brityd { ductile [

Fracture preceded by a significant amount of plastic deformation is known as ductile
fracture, otherwise it is brittle fracturc. Brittle fracture occurs, when plastic flow is
inhibited cither 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
raiscrs in the material.  All materials can be embrittled if the temperature is lowered
sufficicntly. Glass, sealing wax, gecrmanium, silicon and other matcrials though ductile at
tempcratures close to their melting poir: arc brittle a1 ordinary temperatures. In most
matcrials the brittle strength, defined as the maximum tensile stress withstood without the
accurrence of brittle fracture,is low comparced with the ideal strength the fault-free material
would be expected to exhibit. The source of brittle fracture is therefore 1o be sought in
the presence of structural defects.

As has alrcady been mentioned brittle metals always have a fracture that is perpendicular
to the tensile stress and have littde or no deformation becausc fracture takes place before
the metal can deform plastically. Thus a tensile fracture of a brittle metal has a fracture
planc thal is ¢sscatially 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 cexplosion, there are usually
chevron-shaped formations prescat that point 1o 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 s usually brittle across the entire break, showing crystals, striations, and wave
fronts. Brittle fractures are often intergranular (along the grain boundarics); this gives the
fracture surface a rock candy appcarance at high magnification. When grain boundarics
are weakened by corrosion, hydrogen, heat damage, or impuritics, the brittle fracture may
be intergranular. Brittle failures can also be transgranular (through the grains). This is
called cleavage.

Cleavage fraciure is confined to certain crystallographic planes that are found in body-
centered cubic or hexagonal close-packed crystal structures. For the most part, metals
having other crystalline unit structures do not fail by clcavage 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
oricnted through the grains and because of certain imperfections, certain patterns are
form:d on the surface.

Small quantities of hydrogen have @ great effect on the ductility of some metals. Hydrogen
can gel into steels when they are heated in an atmosphere or & material containing
hydrogen, such as during pickling or cleaning operations, electroplating, cold waorking,
welding in the presence of hydrogen-bearing compounds, or the steel-making process itsclf.
There is a noticeable embrittling effect in steels containing hydrogen. This can be detected
in tensile tests and scen in the plastic region of the stress-strain diagram showing a loss in
ductility. Electroplating of many parts is required because of their service enviconment 1o



“ prevent corrosion failure. Steel may be contaminated by electroplating materials that are
commonly used for cleaning or pickling operations. These matcrials cause hydrogen
cmbrittlement by charging the material with hydrogen. Monatomic hydrogen is produced
by most pickling or plating operations at the metal-liquid interface, and it scems that single
hydrogen atoms can readily diffuse into the metal. Preventive measures can be taken to
reduce this accumuladon of hydrogen gas on the surface of the metal. A frequent source
of hydrogen embrittlcment is found 1nthe welding process. Welding operations in which
hydrogen-bearing compounds such as oil, grcase, paint, or water are present, are capable
of infusing hydrogen into the molien melal, thus embrittling 1he weld zone. Special
shiclding methads are often used that help to reduce the amount of hydrogen absorption,
Onc effective method of removing hydrogen is a "baking™ treatment in which the part, or
in some cases the welding rod, is heated for long periods of time at temperatures of 121
10 204°C. 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
cause embrittlement. 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
structucal applications cast irons arc more usefully employed under compressive 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 10 enable them to satisfactorily fulfill their tunction. In some
cascs, it is mecessary to improve the physical properties of the surface material for
resistance to penclration or abrasion. n many manufacturing processes , the product surface
is left with dirt, metal chips, grease or other harmful matcrial on it. Asscmblies that are
made of different materials or from the same malerials processed in different manners,
may require some special surface treatment to provide uniformity of appearance.
\\\\
- Surface finishing may sometimes become an intermediate step in processing. For instance,
cleaning and polishing are usually essential before any kind of plating process. Some of the
cleaning procedures are also used for improving surface smoothness on mating parts and
for removing burrs and sharp corners. which might be harmful in later use. Another
snportant need for surface finishing is for corrosion protection in a variety of
cnvironments, The type of protection provided will depend largely upon the anticipaled
exposure, with due consideration to the material being protected and the economic factors
involved.

Satisfying the above objectives necessitates the use of many surface finishing methods that
involve chemical change of the surface, mechanical work affecting surface propertices,
clcaning by a variety of methods and 1he application of protective coatings, organic and
melallic.

1.5.1. Caschardening of stecls

Caschardening resulis in a hard | shell like surface. Some product applications require
surface propertics of hardness and streagth to resist penctralion under high pressure and
to provide maximum wear propertics. Where through hardness and the maximum strength
ansociated with it are not necessary, it may be more economical (o gain the needed surface
propertics by a caschardening process, Caschardening iovolves a change of surface
propecties 1o produce a hard, wear resistant shell with & tough fracture resistant core. This
is usually accomplished by o change of surface material chemistry. With some materials,
# similar condition can he produced by a phasc change of the matcrial alrcady present.
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Caschardening may be more satisfactory than through hardening in those cases where a
low cost, low carbon steel with a hard shell can be used instcad 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 produoct, because of its soft, ductile core,
is less subject to brittle failure than a through kardencd product. Case hardening is oftcn
suitable for heavy sections that would require very special high alloy stcels for through
hardening to 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 morc usablc method when knowledge is needed directly for service parts is to usc eddy
current tests.

1.5.2. Carburizing

Caschardening 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.
Onc of the more common methods is carburizing which consists of an increase or addition
of carbon to the surface of the part. Carburizing is usually performed on a low alloy or
plain low carbon steel . If an alloy steel is used , it usuvally contains small quantitics of
nickel or some other clements that act as grain growth retarder during the heating cycle.
Low carbon stcels are commonly used to minimize the effect of subsequent heat trcatment
on the corc material. It is possible to carburize 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 stcel by hcating the malerial above its critical
temperaturc and holding it in the presence of excess carbon. The temperatures used are
usually between 850°C and 930°C with the choice most dependent on the desired rate of
penctration, the desired surface carbon content and the permitted grain growth in the
matcrial. Penctration is dependent upon both the temperature and time, with variations of
casc depth from 0.25 to 1.0 millimeter (0.010 to 0.040 inch) possible in the first 2 hours by
varying the temperature between the two extremes. The rate of penctration slows dowa as
the depth increases, as shown in Figure 1.37 |, so that for large depths, relatively tong
periods of time are necessary.

The cxcess carbon for diffusion is supplied from a carbon rich cavironment in solid, liquid
, or gas form. Parts to be carburized may be packed in carbon or other carbonaccous
matcrial in boxes that arc scaled to exclude :ir and then heated in a furnace for the
required length of time in a process sometimes called pack carburizing. The liquid method
makes use of molten sodium cyanide in shich the parts arc suspended to take on carbon.
The cyanide method is wsually limited to challow case depths of about 0.25mm (0.010in)
maximum. The third method often the most simple for production operations requiring a
thick casc depth supplics gascous hydrocarbons from an unburnt gas or oil fuel source to
the furnace retort in which the product is heated. The product 1s usually suspended on
wires or rolled about so that all surfaces are exposed uniformly.

Carburizing steels containing grain growth inhibitors may be quenched directly from the
carburizing furnace to harden the outside shell, bui plain carbon stcels must be cooled and
rcheated through the critical range to reduce grain size. Even the alloy steels will have
berter properties if treated in this maancr, Queaching from above the critical Icmperature
will produce a hard martensitic structure in the high carbon surface material but will have
lintle or no effect on the low carbon core. As in the case of most through hardened steels,
tempering is wsually required to toughen the outside shell. The complete cycle for
caschardening by carburizing is illustrated in Figure 1.38.

1.5.1.3 Flamo hardoning

Another case hardening process that daes not require a change of composition in the
surface material is flame hardening. This method can be used only on sicels that contain
sufficient carbon to be hardenable by standard heat treating procedures. The case is
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produced by selectively heating part or all of the surface with special high capacity gas
burncrs or oxy acctylene torches at a rate sufficiently high that only a small depth from the
surface goes above the critical temperature. Following immediatcly behind the torch is a
water quenching head that floods the surface to reduce the temperature fast cnough to
produce a martensitic structure. As in the case of carburizing, 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 rate of heating, and by the time that
pusses before quenching.

1.5.2 Cleaning

Few if any shaping and sizing processes produce products that are suitable without some
type of cleaning unless special precautions are taken. Hot working, heat treating, and
welding couse oxidation and scale formation in the presence of oxygen. For the same reason
, castings arc usually coated with oxide scale.. If they are made in sand moulds they may
have sand grains fused or adhering to the surface. Residue from coolants, lubricants and
other processing matcerisls is commaon on many manufactured parts. In addition to greasy
films from processing, protective coatings of greases, oils, or waxes are frequently used
intentionally 1o prevent rust or corrosion on parts that are stored for some period of time
hefore being put to use. Even if parts are clean at the completion of manufacturing, they
scldom remain that way for long. After only short storage periods , corrosion and dust from
atmospherie  cxposure  necessitate  cleaning  particularly if further  processing s
required. When using NDT methods such as penetrant testing and ultrasonic testing good
precleaning may be necensary Lo get accurate results and posteleaning 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 penctrant matcrials must be madce of only
certain materiz | so that they do not causc stress corrosion failure.Cleaning sometimes has
finish improve.ment associated with it. Somc shape producing mcthods produce
unsatisfactory surface characlcristics such as sharp corncrs, burrs and tool marks which
may affect the function, handling case, and appcarance of the product. Some cleaning
processes al least parlially blend together surface irrcgularitics to produce uniform light
reflection. Improvement of surface qualitics may be accomplished by removal of high spots
by cutting or by plastic flow as clcaning 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

1.5.2.1 Choicc of clcaning method

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

material,

Some cleaning methods provide multiple bencfits, As pointed out previously, cleaning and
finish improvement are ofien combined. Probably of cven greater importance is the
combination of corrosion protection with finish improvement, although corrosion protection
is more often a necond step that involves coating an already cleaned surface with some
vther material,

1.5.2.2 Liguid snd vapuur baths

iL]

The most widely used cleaning methods make use of a cleaning medium in liquid or vapour
form. These methods depend on a solvent or chemical action between the suface
contaminant to he removed |, the importance and degree of cleanliness |, and the quantity
10 be trested. Amaong the more common cleaning jobs required is the removal of grease and
uil deponsted during manufaciuring or inlentionally coated on the work to provide
protection. One of the most efficient ways 1o 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 are cemmon for this purpose, but as they introduce
some danger of fire. chlorinated solvents, such as trichloroethylene, that are free of this
faull are sometimes substi‘uted. One of the most ¢conomical cleaning materials is water.
However, it is seldom used alone even if the contaminant is fully water soluble because the
impurity of the water itsclf 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 tempcrature 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 time 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 uncven 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 liguids arc made up of approximately Y5% water containing alkaline
cleancers such as caustic soda, sodium carbonate, silicates, phosphates, and borates. The
proportions are varied for differeat purposes and are available under different brand names
for particular applications.

Liquid cleaners may be applied in a number of ways. Degreasing, 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
that might be present. Vapor degreasing is usually done in a special tank that is cooled at
the top to condense the solvent. Cold work suspendced in the vapor causes condensation
of the sotvent, which dissolves the greasc and drips back into the bottom of the tank. The
diffcrence 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 mcthods arc also used with liquid cleancrs. In ncarly all
cascs, 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 usc of a third
clement as in rubbing or brushing. In somc applications, sonic or ultrasonic vibrations ar~
appliced to cither the solution or the workpicee to speed  the cleaning action. Chemical
activity is increased with higher temperatures and optimum concentration of the cleaning
agent, both of which must in some cases be controlled closcly for efficient action.

Washing and rinsing away the clcaning liquid is usually nccessary 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 farge enough, heat picked up from
the cleaning bath may be sufficient to cause fast drying: otherwise, air blasts or external
heat sources may be required.

The term blasting is used to refer to all of those cleaning methods in which the cleaning
medium is accelerated 1o 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 shot, or may be liquid or vapor solvents combined with
abrasive material. The solid media are used for the  removal of brittde surface
cantamination such as the heat treat scale found on forgings and castings. Steel grit has
replaced sand and other refractory type abrasives to some extent hecause of the reduced
health hazard (siliconis) and o reduced tendeney Tor pulverization, Sand, however, can be
uscd without danger to the operator when parts are small enough to be handled by hand
inside & properly designed chamber fitted with a dust collector. $n addition ta cleaning,
aolid particles can improve finish and surface propertics of the material on which they are
uscd, Rlasting tends 1o increane the surface arca and thus set up compressive stresses that
may cause @ warping of thin scctions but in other cases, it may be very beneficial by
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reducing the likelibood of fatigue failurc. When used for this laticr purposc, the process
is mor¢ commonly known as "shotpeening”.

Liquid or vaporized solvents may by themsclves be blasted against a surface for high speed
cleaning of oil and greasc film with both chemical and mechanical action. Water containing
rust-inhibiting chemical may carry. in suspension, finc abrasive particies that provide a
grinding cutting typce action for finish improvement along with clcaning. The blasting
method using this medium is commonly known as “liquid honing”.

1.5.2.4 Abrasive barrcl finishing

A _Low Cost Clegning and Finishing Mcthod. When large numbers of small parts that do

not nced to have sharp detail or accurate dimensions require cleaning, the rotating barrcl
mcthod may be very cconomical. Names used are: Barrcl-finishing; rolling, tumbling and
ratthing. They are all similar but various media may be combinced with the work as indicated
in Figurc 1.39. High polish may be produced by tumbling with picces of ieather to wipe the
surfaces smooth as in a strop honiug opcration. In some cascs 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 loadcd with abrasive media are also used for similar type clcaning and finishing work.

Soaps

Batis ar
Slugs

Roliing Burnishing
Polishing

Tumbling

Barrel finistung

Figure 1.39

1.5.2.5 Wirg brushing

A number of cleaning operations can be quickly and casily performed by usc of a high
speed rotating wire brush. In addition to cleaning, the contact and rubbing of the wirc ends
across the work surface produces surface improvement by a brushing-typc action. Sharp
cedges and burrs can be removed. Scratches, rough spots, and similar mcchanical
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
cconomic feasibility, machines for automatic brushing can be sct up.

Common applications of wire brushing are the cleaning of spatter and slag from weldments;
and the removal of rust, corrosion, and paint from any objcct whose base matcerial is strong
cnough 10 withstand the brushing. Wire brushing produces a distinctive pattern on the
surface and in addition 10 cleaning it sometimes is used to produce a decorative sui‘ace,

A precaution regarding surface defect detection should be kept in mind. Any mcthod of
surface cleaning involving abrasion or rubbing may smear the surface material in such a
way an to disguise or cover over surface defects and prevent their detection by usual
methada. Careful selection of a method may be necessary, or in some cases, such drastic
mcthodn as ciching may be needed. Machining, including fine grinding, also has similar
effects 1o g denwer degree but should be remembered when small defeets could be serious
regarding service dife of the part under coasideration. Penctrant tests arc most severely
affected and can be rendered practically uscless if defect openings have been smeared.



1.5.2.0_Polishin

The term polishing may be interpreted to mean any nonprecision procedure providing a
glossy surface but is most commonly used to 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 lcaves of coated abrasive, of felt or fabric to
which loosc abrasive is added as nceded, or of abrasives in a rubber matrix., These wheels
diffcr from grinding wheels only by being flexible, which enables them to apply uniforin
pressure to the work surface and permits them to conform to the surface shape. Polishing
is usualiy done manually except where the 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 undcrlay for plating, which 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 mcans of improving fatiguc resistance for products subject to this kind of

failure.

1.5.2.7Buffing

Abaout the only difference between buffing and polishing is that, for buffing, a finc abrasive
carricd in wax or a similar substance is charged on the surface of a flexible wheel. The
objectives are similar, With finer abrasive, buffing producces higher gquality finish and 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 and other surface flaws to
improve both appearance and resistance to corrosion,

1.5.2.8 Elcctropolishing

if a workpicce is suspended in an clectrolyte and connected to .ac anode in an clectrical
circuit, it will supply metal to the clectrolyte in a reverse plating process. Material will be
removed faster from the high spots of the surface than from the depressions and will
thercby incrcase the average smoothness. The cost of the process is prohibitive for very
rough surfaces because larger amounts of metal must be removed to improve surface finish
than would be nccessary for the same degree of improvement by mechanical polishing.
Elect-opolishing is cconomical only for improvine a surface that is already good, or for
polishing compley and irregular shapes, the su.faces of which are not accessible to
mechanical polishing and buffing cquipment.

1.5.3. Coatings

Many products, in particular those exposed to view and those subject to change by the
environment with which they are in contact, need some type of coating for improved
appearance or for protection from chemical attack. All newly created surfaces are subject
to corrosion, although the rate of occurrence varies greatly with the material, the
cnvironment, and the conditions. For all practical purposes, some materials are highly
corrusion resistant because the products of corrosion resist further corrosion. For example,
a newly machined surface on an aluminium alloy will immediately be attached by oxygen
in the air. The initial aluminum oxide coating protects the remaining metal and practically
stops corrosion unless an cnvironmental change cccurs. Corrosion rates are closcly
dependent on cnvironment.  Rates increase with rise of temperatlure and greater
concentration of the attacking chemical. The nced for corrosion protection for maintenance
of appearance is obvious. Unless protected, an object made of bright steel will begin to
show rust in a few hours of cxposure to ordinary atmosphere. In addition to change of
appearance , loas of actual matcrial, change of dimensions, and decrease of strength,
corrosion may be the cause of eventual Toss of service or fail'ire of a product. Matcrial that
must carry loads in structural applications, espesially when the loads are eyclic in nature
. may Faif with fatigue if corrosion is allowed to take place. Corrosion occurs more readily
in highly stressed material where it attacks grain boundarics in such a way as to form
points of stress concentrations thay may be nuclei for fatigue faiture,
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The correction for corrosion problems include choice of materials that resist attack from
the environment to which they arc exposed, sele~tion or control of the environment to
minimize corrosion cffects and the use of sclective corrosion by placing materials with
greater susceptibility to corrosion near to those to be protected. The latter is illustrated by
the usc of magnesiuni 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 i significant. Another
correction for corrosion, when the others are impractical, is the ¢oating of the surfaces
nceding protection with a matcrial that resists the environmental clements that arc harmful.
Thickness of coating may bc 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. Lifc of a coating
is usually also closcly associated with uniformity and depth of coating layer. Many coatings
arc inhcrently porous to some degree and resistance to corrosion is likely to require
thickness sufficient to resist penctration of liquids and gases. For those rcasons
manufacturing specifications frecquently list minimum thickness for coatings and an NDT
mcasurcment is usually the only way to know when that specification is being met.
Although other methods are possible, gaging with cddy current methods is common.

In addition to stabilizing appcarance by resisting corrosion, coatings arc often very valuable
for providing colour control, changing appcarance and providing varicty which may be
important in cnhancing sales appeal. Some coatings such as fillers, paint and others with
substantial body, improve surface smoothness by filling pores and cavitics. Some coating
matcrials can provide uniform appcarance for products made as asscmblies of diffcrent
matcrials. Coating of various typcs may be usced to change or improve surface propertics.
Casc hardening of stcel has been discussed carlicr and although it is a surface property-
changing mcthod, in most of its forms, caschardening docs not consist of the addition of
a coating. Hardness and wear resistance can. however, be provided on a surface by plating
with hard mectals. Chromium plating of gages subjcct to abrasion is frequently used to
incrcasc their wear life. Coatings of plastic materials and asphaltic mixture are somctimes
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 varicd in cither direction by application of a coating. Rubber and some other plastic
matcrials may be applied for increasc of friction. An cxample would be the special
compounds applicd 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 co-cfficient 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 mctal surface. However, some matcrials hold
together tighter on a surface that has been slightly roughencd by some process such as
sand blasting, whilc 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 carlicr in this chapter is usually essential before any kind of coating
should be applied. Practically in cvery case a clean dry surface is nccessary for coating
adhesion. Whether or not a2 combination of cleaning and smoothing operation should be
uscd 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 the latter, scratches, surface faults, and cven tool marks can
continue to show on the final surface although the coating tends to blend and soften their

appcarance.

1.5.3.2Paints,varnishes and cnamels

Painting is a generic term that has come to mean the application of almost any kind of
organic coating by any method.

82



Paini: As originally dcfined and as used mostly atl present, paint is a mixture of pigment
in a drying oil. Color and opacity arc supplied by the pigment, The oil scrves 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 drics 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: Enamecl is a mixturc of pigment in varnish. The resins in the varnish cause the
material to dry to a smoother, harder,and glossicr surface than produced by ordinary
paints. Some cnamels are made with thermosetting resins that must be baked for complete
dryness. Thesc baking cnamcls provide a toughness and durability not usually available
with the ordinary paints and cnamels.

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 acctate. Present day lacquers are strictly air drying and form films very quickly
after being appliced, usually by spraying. No chemical change occurs during the hardening
of lacquers conscquently, the dry film can be redissolved in the thinner. Cellulose acctate
is used in placc of ccllulosc 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 cxtent as protective films
on such matcrials as polished brass, but the majority arc pigmented and used as color
coats. The pigmented lacquers are sometimes called lacquer enamels. Lacquers are widely
used for coating manufactured products because of their ease of application and speed of

drying.
1.5.3.4_ Qrganic coating applications

Dipping Dipping is common for applying protcctive coatings to forgings and castings to
prevent rust during storage and processing and to serve as primers for final finish. Many
other products madc in large quantitics also arc finished by dipping. Dip application is
limited 10 parts that do not have recesses, pockets, or shapes that will hold the liquid paint
or prevent its flowing 1o an even coat.

Bryshing: Brush painting is slow and uscd litile in manufacturing work cxcept on large,
heavy or odd shaped parts that cannot be moved or manipulated in a spray paint arca.
Brushing and rolling are commonly used for coating structural surfaces such as walls and
ccilings of buildings. Brushing does provide efficient , use of coaling matcrial, 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 coalings arc applied industrially by
spraying. This mcthod is uscd most with lacquers and fast drying enamels. The short drying
time causes parts to become dust free very quickly so that they can be moved away from
the spray arca and advantage can be taken of this fast application mechod. Spraying is done
in booths designed for this purposc where adequate ventilation carrics fumes and spray
particles away from the operator. Spray painting of automobile badics and other large
objects that arc conveyorized is often done automatically with a number of spray heads,
some stationary and some movable, adjusted to spray a uniform layer over the cntire
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
corners difficult to contact with a brush,

Electrostatic spraying: For clectrostatic spraying the paint particles arce sprayed through a

high voltage clectrostatic ficld. Each paint particle takes on an clectric charge from the
field and is attracted towards the grounded article to be painted. Thi, method provides
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better cfficiency of paint usc than ordinary spraying, but even more important, causes the
coating 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 cdges of newly

painted objects.

As indicated previously, organic coating is often done in frece air. Some solvents and
vehicles are so volatile that drying is accomplished almost immediately. Others require
several days for drying, and still others require clevated temperatures for necessary
polymerization to take place. Heat for drying and specding 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 rcgulate the time of cxposure by the length of oven and the speed of conveyer

opcration.

1.5.3.5Vitrcous cnamels

Vitrecous, or porcclain, enamcl is actually a thin layer of glass fused onto the surface of a
mectal, usually steel or iron. Shattered glass, ballmilled 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 shurry called slip. This is applied to the picpared mctal surfacc by dipping or
spraying and, after drying, is fired at approximately 800°C to fuse the material to the metal
surfacc. For high quality coating, more than onc layer is applied to guard against pinholc
porosity. Glass applicd in this way has high strength and is usually flexibie cnough to
withstand bending of the steel within the elastic limits of the basc metal. The coatings have
excellent resistance to atmospheric corrosion and to most acids. Vitrcous cnamcls can be
madec suitable for use over a wide range of (cmperatures. Some special types have been
uscd for corrosion protection on exhaust stacks for aircraft engines. Considering their high
quality protcction, vitrcous enamels are relatively inexpensive and find many uses.

The advent of rockets and missiles has introduced , an entircly new ficld in which high
tcmperature corrosion protection is cssential. Porcclain enamel has been  satisfactory in
some of these applications, but ceramic coatings with better refractory characteristics arc
more commonly used. Some are applied in the s«me way as porcelain enamel. Ot ers are
fused to the metal surfaces with the intense heat of a plasma jet.

Porosity of porcclain or ccramic coatings can be checked with penetrants and coating
thickness determined by usc of eddy curreni methods.

1.5.4 Mctallizing

Mectal spraying, or metallizing. is a process in which metal wire or powder is fed in to an
oxyacetylene heating flame and the same after melting, is carricd by high velocity air to
be impinged against the work surface. The small droplets adhere to the surface and bond
togcther to build up a coating. The nature of the bond is dependent largely on the
materials. The droplets are relatively cool when they make contact and in fact can be
sprayed on wood, lcather, and other flammable matcrials. Little, if any, liquid flow aids the
bonding action. If, however, sufficient affinity cxists between the mectals, a type of weld
involving atomic bonds may be established. The bond is largcly 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
spraycd coating. tend to be porous, coatings of two or more times this thickness arc used
for cathodic matcrials such as tin, lead, and nickel. The cathodic materials protect only by
isolating thc base¢ matcrial from its environment,

Another important application for metal spraying is in salvage operations for which a wide
varicty of metals and alloys may be used. Surfaces, usuvally after first being roughen-d, are
built up 1o oversized dimensions with metal spray. The excess material is then machined
away to the desired dimension. Expensive parts with worn bearing surfaces or new parts



that have been machined to undersize can sometimes be salvaged by this rclatively cheap
procedure.

1.54.1Vacyum mctallizing

Some mctals can be deposited in very thin films, usually for reflective or decorative
purposcs. as a vapor deposil. The metal is vaporized in a high vacuum chamber containing
the parts 1o be coated. The mctal vapor condenses on the exposed surfaces in a thin film
that follows the 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 uscd mctal for depasit 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.

1.542 H ip platin

1.54.3

Several metals, mainly zinc, tin, and lead. arc applicd to steel for corrosion protection by
a hot dip process. Steel in sheet, rod, pipe, or fabricated form, properly clcansed and
fluxed, 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 nccessary baths and even finally
inspected before being recoiled or cut into shects. Zine is one of the most common
matcrials applicd to stecl in this manncer. In addition to protection by exclusion, clectro-
chemical protection (the source of the term galvanized iron) occurs when exposed stecl and
adjacent vinc arc connected by conducting moisture. Zinc is onc of the most favoured
coating for corrosion protection of stecl because of its low cost and casc of application. In
addition to hot dipping, zinc can also be applicd by elcctroplating, spraying, and
sherodizing. Sherodizing is a process by which stecl, heated in the presence of zinc dust,
bccomes coated with zinc. Tin plating and terne plating, the fatter using a mixture of
approximately four parts lcad to one part tin, arc also donc by hot dipping.
Elcctroplating

Coating. of many meotals can be deposited on other metals, and on non-metals by
clectroplating, when suitably prepared. The objectives of plating arc to provide protection
against corrosion, to improve appcarance, to establish wear and abrasion resistant surfaces,
to add material for dimensional increasc, and to serve as an intcrmediate step to multiple
coating. Some of the most common mdtals deposited in this way arc copper, nickel,
chromium, cadmium, zinc, tin, silver and gold. The majority are used to provide somc 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 sct up. When direct-current power of high
enough voltage is applied 1o two clectrodes immersed in a water solulion of mectallic salt,
current will flow through the circuit causing changes at the electrodes. At the negative
clectrode, or cathode (the work), excess clectrons supplicd from the power source
ncutralize positively charged metallic ions in the salt solution to cause dissolved metal 10
be deposited in the solid state. At the positive electrode, or anode (plating metal), metal
goes into solution to replace that removed at the other clectrode. The raic of deposition
and the propertics of the plated material are 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 0.025 millimeter (0.0001 to 0.001 inch).
Chromium applicd for appearance only may be used in a thickness of only about onc-tenth
these amounts, but when used to provide wear resistance and (o build up dimensions as on
pages, may be applicd in thicknesses of as much as 0.25 millimeter (0.010 inch).

When plating  thickness is a critical consideration, measurcment and control may be
cstablished with NDT. Both cddy current methods and radiation back scatier are uscful.

Layers of different metals are sometimes plated for maximum propertics. For example, an

abject such as a steel bumper for an automabile may first be copper plated to provide good
adhesion and coverage of the steel and to facilitate buffing 1o a smooth surface necessary

8s



o] 94
Power Supply

~—4— Metal Salt
Solution

Plating Metal (Anode) Work (Cathode)

Efectroplating

Figurc 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, wear-
resistant, bright bluc-white color coating over the softer tarnishable nickel.

Somc problems cxist with clectroplating. Deposit on irrcgular shapes may vary widely in
thickness. Projections and cxposed surfaces may plate rcadily but recesscs, corners and
holes can somctimes be coated only by using specially located clectrodes or clectrodes
shaped to conform to the workpicce shape. Electroplating can be costly because it involves
payment for considcrable clectric power and the metal plated and lost. Because plating
thicknesses are usually very small, the coating has little hiding power.

1.5.5 Chemical conversions

A rclatively simple and often fully satisfactory method for protection from corrosion is by
convcersion of some of the surface material to a chemical composition that resists attack
from the cnvironment. 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
chcmical reaction with the base matcerial. Onc 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 entircly different types may be applicd over them.

1.5.5.1 Agodizing

Aluminium, magncsium, and zinc can be trcated 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 namc anodizing for the process. Aluminium is
commonly treated by anodizing that produces an oxide film thicker than, but similar to that
formed naturally with exposure to air. Anodizing of zinc has very limited use. The coating
produccd on magnesium is not as protective as that formed on aluminium but does provide
some protective valuc 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 trcated in a sulfuric acid clectrolyte that slowly dissolves the
outside and al the samc time it is converting the base metal to produce a porous coating.
The coating can be impregnated with various matcerials to improve corrosion resistance. [t
also scrves as a good paint basc 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
al the same time cxtend below the original surface. Each of these cells has a pore in its
centre that extends to a solid barrier layer near the bottom of the cell. These numerous



1.5.5.2

pores permit impregnation of the surface with various desirable materials but they are also
a source of problems for penetrant testing of anodized aluminium surfaces. The penetrant
can eater 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.

chr in

Zinc usuvally 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 acrated water films or immersion in stagnant water containing little oxygen
causcs 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 7inc can be substantially slowed by the production of chromium saits 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 Phosphatc coatings

Phosphate coatings, used mostly on steel, results from a chemical reaction of phosphoric
acid with the metali to form a non-meltallic coating that is essentially phosphate salts. The
coating is produced by immersing small items or spraying large items with the phosphating
solution. Phosphated 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 parkerizing and bonderizing.

1.5.5.4 Chemical oxide coatings

A number of proprictary blackening processes, used mainly on steel, produce attractive
black oxide coatings. Most of the processes invoive the immersing of steel in a caustic soda
solution heated to about 150°C(300°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 casc of most of the other chemical conversion procedures,
this procedure also finds usc as a base for paiot finishes.

1.0 METROLOGY

1.6.1 Units and standards of mcasurcment

From carliest history nations have had standards for length, volume and mass. These have
differed from country 1o country and even from time to time, so that a large number of
units for mass, leagth volume and area were in wide spread use by the 18th century.

In 1773 the French Government adopied the decimal/metric system wherein the basic unit
of length was defined as one ten-millionth of Earth’s polar quadrant ( as determined from
latitude surveys), to be called the meter. The basic unit of mass was defined as the mass
of one cubic decimeter of water, to be calied the kilogram. For working standards a
platinum bar was marked with fine lines one meter apart and a platinum iridivm cylinder
was constructed cqual in mass to a cubic decimeler of water, When later refinements in
measurement showed that ncither of these standards exactly realizea che units as originally
defined | the discrepancics were climinated by redefining the units in terms of the materials
from which they had beea constructed.
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The United States in 1866 legalized the use of the metric system without making its use
mandatory and in 1875 signed a treaty with 18 other countries providing for international
standards of measurcment. An international commitiece on Weights and Measures and a
laboratory were established near Paris , known as the International Bureau of Weights and
Mcasures (BIPM). In 1893 the United States reccived prototypes of international standards
of the meter and kilogram. In 1975 the United States adopted the Metric Conversion Act
1o 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 gencrally accomplished within 10 years. By
1980, many major industries had successfully adopted metric conversion and ¢ncouraging
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 industrics, c.g. the
dimensions of oii dniiing equipment or altitude mcasurement in aviation or the size of a
football ficld. The wide spread practice in aviation control is to scparate aircraft flying in
various directions by 500, 1690,0r 2000 feet in altitude. Altimeter pointers making one
revolution for cach 1000 feet 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 International
System. Thus it is likely that there will always be exceptions to uniformity, requiring
knowledge of special units for at least some people cven if the whole world goes metric in

principle.

1.6.2 Intcrnational System of Units (S1)

At present the International  System of units (abbreviated to SI from the French
terminology of System International d’Unites) is constructed from scven 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 81 BASE AND SUPPLEMENTARY UNITS

Quantity Unit Unit
Name symbol
ﬂ'“ Y ! Iﬂilﬁ
Length meler m
Mass kilogram kg
Time second 5
Electric current Ampere A
Thermodynamic Kelvin K
emperature
Amount of substance mole mol
Luminous intensity candela cd
Plunc angle +adian rad
Solid angle steradian sr
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In TABLE 1.4 are listed 19 St derived units with special names,



TABLE 1.4 S1 DERIVED UNITS WITH SPECIAL NAMES

S1 unit

Ouantity Name Symbol Expression Expression

in terms in terms

of other of Si

units units
Frequency Hertz Hz s-1
Force Newton N m.kg.s”
Pressure Pascal Pa N/m? m'.kg.s’
stress
Encrgy,work  Joule J N.m m’ kg.s?
quantity of heat
Power,radiant flux Watt W s m*kg.s’®
Quantity of  Coulomb C Ass s.A
electricity,
clectric charge
Electric potential Volt \Y W/A m’kg.s’A’
P.D..EM.F.
Capacitance  Farad F Y m2kg's'A?
Electric Ohm o] V/A m’kg.s?.A?
resistance
Conductance Sicmens S AV m2kg's'A?
Magnetic flux  Weber Wb Vs m’ kg.s?A7
Magnetic flux Tesla T Wb/m2 kg.s?A"
density
Inductance Henry H Wb/A m’kg.s?A"!
Celsius degree °’c K
tfcmperature  celsius
Luminous flux Lumen lm Cd.Sr
Huminance  Lux lm/m’ m %cd.sr
Aclivity (of a Becquera) Bq s
radio nuclide)
Absorbed dose,  Gray Gy J/kg m’s’
specific energy
imparied,kerma,
absorbed dose index
Dose cquivalent  sievert Sr J/kg m?s?
dose equivalent
index

Sume more 81 derived units are given in TABLE 1.5.

cw

B9



TABLE 1.5 DERIVED UNITS OF THE INTERNATIONAL SYSTEM

area
volume
frequency
density

velocity
angular
velocity
acceleration

angular
acceleration

volumetric
flow rate
force
surface
tension

pressure

viscosily
dynamic

viscosity
kincmatic
work torque,
energy,
quantity of
heal

power heat
flux

heat flux
density
volumetric
heat release
rale

hcat transfer
cocfficicnt
heat capacity
(specific)
capacity rate
thermal
conductivity
quaniity of
clectricity
clectromotive
foree
cleetric ficld
sreagth
clectrie
Fesiatance
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Name of Unit symbol  Unit expressed
unit where in terms of
differing from base or
basic form supplementary
units*
square meler m?
cubic meter m?
hertz Hz s’
kilogram per cubic kg/m’
meter
melers per second m/s
radian per sccond rad/s
meter per second m/s’
squared
radian per sccond rad/s?
squared
cubic meter per m’/s
sccond
newton N kg.m/s?
newlon per meter, N/m,J/m’ kg/s?
Joule per square
meter
newton per square N/m’,Pa  kg/m.s?
mcter,pascal
newton-second per N.s/m?, Pa.s kg/m.s
square meler, pascal
sccond
meter squared per m’/s
sccond
joule,newton-meter J.N.m W.s kg.m?/s’
watt-second
waltt,joule per W, /s kg.m?/s’
second
wall per square  W/m’ kg /s’
melter
walt per cubic  W/m’ kg/m.s
meter

watt per square W/m* K kg/s' K
meter Kelvin

joule per J/kg.K m?/s’ K
kilogram Keclvin
watl per Kelvin - W/K kg.m?/s*.K

wall per meter  W/mKJ.m/s.m’ K kg.m/s
Kclvin

coulomb ¢ As

Valt vV, W/A kg.m?/A.s}
Volt per meter V/m kg.m/A.s
Ohm 8, V/A kg.m’/A s!



TABLE 1.5 (cont.)

electric
conductivity
clectric
capacitance
magnctic flux
inductance
magnetic
permeabiliy
magnctic flux
density
magnetic ficld
strength
magnetomotive
force
luminous flux
luminance

illumination

activity(of
radionuclidcs)
absorbed dose
dosc cquivalent

heory per meter H/m

testaweber per - T,Wb/m?
square meter
ampere per meter

amperc

lumen Im
candela per square
meter

lux,Jumen per Ix, lm/m’
square meter

becquerel Bq
gray Gy, J/kg
sieverl Sv

Name of Unit symbol  Unit expressed
unit where in terms of
differing from base or
basic form supplementary
umits*
ampere pervolt  A/V.m A.s’/kg.m?
meter
farad F.As/V A% /kg.m®
weber Wb,V.s kg.m’/A.s?
heary H.V.s/A kg.m’/A%s?

Kg.m/A%s?
kg/A.s?

A/m

* suppicmentary units are : planc angle, radian(rad), solid angle, steradian(sr).

The sct 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 UNMITS IN THE Sl

Rgo-ATm
=
-

a
5
-
=

megsahertz
kilometer

....................................................................................................................

.

milligram (mg)
microgram (uR)
asnosceond (ns)
picofarad (pV)
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1.6.2.1

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

.Natural ypits

In some cases quantities are 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 me
Proton mass m
Bohr radius af
Elcctron radius r*
Compton wavelength of €,
clectron

Bohr magncton P,
nuclear magneton n
speed of light c
Plank’s constant h

1.6.2.2,\Units acccpiable for usc with S

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 S!

Name Symbol Value in SI unit

minute min 1 min = 60s

hour h 1h = 60 min = 3600s

day d 1d =24 h = 86400s

degree ° 1° = (x/180)rad

minute ' ' = (1/60)° = (x/10800)rad
second " 1" = (1/60)' = (x/64800)rad
liter L IL = Idm’ = 10°m*®

metric ton t It = 10°kg

hectare ha tha = 10'm’

9

1t is likewise necessary to recognize outside the International System the following units
which are used in specialized ficlds.

¢lectron volt ev
unificd atomic mass unit u
astronomical unit AU
parsce pe

TABLE 1.8 gives cxamples of conversion factors from non-81 units.



TABLE 1.8 SOME COMMON UNITS DEFINED IN TERMS OF Sl units

Quantity Namec of unit Symbol Definition of unit
length inch in. 2,54 x 10%m
mass pound(avoirdupois) Ib 0.45359237 kg
force kilogram-force kef 9.80665 N
pressure atmosphere atm 101325 Pa
pressure torr torr (101325/760) Pa
pressure conventional mmHg 13.5951x980.665
-millimeter of mercury x107 Pa
encrgy kilowatt-hour kwh 3.6x10% )
cnergy thermochemical cal 4.184 J
calorie
cnergy international steam  calyr 4.1868 J
table calorie
thermodynamic degree Rankine R (5/9)K
temperature(T)
cuslomary degree Celsius °C 1(°C)=T(°K)-273.15
temperature(t)
customary dcgree Fahrenheit °F t(°F) =T(°R)-459.67
temperature(t)
radioactivity curie Ci 3.7x10'Bg
cnergy # clectron volt eV eV = 1.60219x10"'%)
mass# unificd atomic mass u u = 1.66057x107kg
unit

* 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.s’. The mmHg differs from the torr by less than
2x107 torr,

# These units defined in terms of the best available experimental values of certain physical
constants may be converted to SI units. The lactors for conversion of these units are subject to
change in the light of new experimental measurcments of the constants involved.

1.6.3. Intcrmationally acceplcd dcfinitlions

1.6.3.1.

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

Mass

The kilogram (kg) ir cqual to the mass of the inlernational Prototype kilogram. The
international Prototype is 4 platinum-iridivn cylinder prescrved at the International Burcau
of Weights and Measures at Sevres, France,

Prototype No 20 is kept at the U.S, National Burcau of Standards. Equivalent prototypes
are kept by other countries. Mass is the only one of the base quantitics 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 1 part in 10°,

16.3.2. Timg interval

The sccond is the duration of 9 192 631 770 periods of radistion corresponding 1o the
tramsition between the two hyperfing Jevels of the ground state of the cesium-133 atom.,
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1.6.3.3. Leogth upits

The meter(m) is the SIunit of lengih. The use of special names for decimal submultiples
of the meter should be avoided, and units formed by at(aching appropriate Sl prefixes to
the meter should be used instead. Thus the micron (u) which was defincd as 10°m shouid
be replaced by the micromelter (um) which has the same value: and the millimicron (mu)
which was defined as 10”° m should be replaced by the nanomcter (n). The fermi which was
dcfined as 10" and was used to measure nuclear distances should be replaced by the
femtomeler (fm) which bas the same value. The Angstrom (A) is equal to 10'm. Although
it has been accepted for tcmporary use with the Sl it is preferable to replace this unit with
the nanometer, using the relation 1A = 0.1nm.

The nautical milc (nmi) equal to 1852 m has been accepted for temporary use with the S1
in navigation,

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

Relative mcasurements 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 experimeals. For this recason, x-ray wavelengths and dimensions of crystal
lattices bave 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 the x- ray wavelengths with ruled gratings
indicated that the x-unit exceeds 10> by about 2 parts per thousand. Furtbermore, in
practice, workers in the ficld began using definitions of the x-unit bascd on various x-ray
wavclcngths instead of the calcite grating definition and subsequent precise measurements
indicated that thesec wavelength standards differed from each other and from the calcite
grating by as much as 20 parts per million.

The x-unit has been superseded by the A* unit introduced by J.A. Bearden in 1965. 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 wavelengtl tables have been published in terms of this unit. At the
time the A* unit was defined it was thought to be cqual 1o 10"m (the angstrom unit. A )
within 5 parts per million but the A* unit is now believed 10 be 20 + per million larger than

10 °m,

1.6.3.4. Usils uscd ju astronomy.

Special units whose values are oblained cxperimentally are used in astronomy. The
astronomical unit and parsec are accepted for use with the SI. The parsce rather than the
light-year is used in technical literature.

1.6.3.5_Arca umils

The square meter (m?), the SI unit of arca, is the area of a square with sides of length 1.
Other arca units are defined by forming squares of various length vpits in the same
manner. The hectare (ha) is equal to 1 square hectometer (1 hm®) or cquivalent to 10' m’.
Its une with the St is permitted for expressing land or water arcas.

Cros sections which measure the probability of interaction heiween an atomic nuclews,
atom or malecule and an incident particle have the dimensions of arca and the appropriate
S unit Far expreasing them is therefore the square meter. The barn (b) a unit of cross
aection equal to 107" m? has been accepted for temporary use with the 8. Typical nuclear



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

sterdian.

1.6.3.6._Time unils

The second (57 :s the S basc unit of time. However other units of time in customary usc
. such as the minute (1min = 60s), hour (1h = 60min) and the day (1d = 24hr) are used
in the 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 m hertz if it goes through n cycles in 1 s. Other units of
frequency are defined by forming reciprocals of iime units in the same manner.

1.6.3.8._Spced and velocity unils

1.6.3.9.

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 manncr.

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

Pr r ni

The pascal (Pa) , the SI unit of pressure and stress, is the pressure or stress of 1 newton
per squarc meter (N/m?). This a rather small unit for most practical purposes. For
example, atmospheric pressure is approximately 10° Pa. Thus most pressures are most
readily expressed in decimal multiples of the Pascal formed by attaching the appropnate
SI prefix.

Pressure has been frequently expressed im terms of the bar and its decimal submaltiples,
where 1 bar = 10°dynes/cm®=10° Pa. A reference level of 1 microbar (1ubar = 10 bar =
1 dyne/cm?® = 0.1 Pa) is commonly used in the calibration of microphones, hydrophones
and loud speakers. The millibar (1mbar = 10® = 10? dynes/cm® = 10° = 0.1 kPa) is
commonly used in metrology. The temporary use of the millibar within the $1 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 becen 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
cnergy 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 fi.lb/s or approximately 745.700 W. It has been employcd
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 definitions 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 S| 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.

(i) Siemens

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 differcnce
of 1 volt. The conductance G is defined by the equation I = 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 (p) to illustrate the fact that the wnit is the
reciprocal of its resistance in ohms.

(i) Maxwell

The maxwell (Mx) , the cgs electromagnetic unit of magnetic flux, is the magneiic 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® weber, as can be seen from the following

equation,

1Mx = 1abVs = 10® Vs = 10® wb.

1.6.3.12. Photometric ynits

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/m?) 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. 1t
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) Luminoys ¢nergy units

The lumen-second (1m.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. Bel

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 Iwo current readings or the sound pressures of an
acoustical signal is twice the logarithm of the ratio of the currents. It is convenient in
acoustics to express sound intensity in logarithmic units because of 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/1z). where 1 is the intensity of the sound
and Iy 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 praclice to express sound intensity in
decibels. The level of a sound of intensity I in decibels relative to a reference intensity Iy

is given by,
10 loggl /1

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

10 log,oP*/P’r = 20 log,,P/Pg

The referencc pressure is usually taken as 0.0002dynes/cm’? 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 n:: as 32 ms which would mean 32 milli seconds.

(iil) Decimal fractions are always started with 0. For example a half meter is written as 0.5
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 uznit symbols in derived units where two unit
symbols adjoin. e.g. the unit of torque may be written as Nm (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 units
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.

c.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 with Sl units bave been allowed

initially, e.g. km /hr, rev/min.



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 aad 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 fuston 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 radicgraphy 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 sttuctures 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 clectromaguetic radiation just like light. The only difference between X-rays
and ordinary light is that X-rays have scveral thousand times smaller wavelengths. X-rays
usually used for radiography have wavelengths in the range 0.0001 A° to 10 A® where 1A°
= 10% 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 rays

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 clectromagnetic radiation is expressed in meters, centimetres,
millimetres, micrometers, nanometres and in Angstrom units where 1A" = 10® cm. Figure
2.1 shows the position of X-rays and gamma rays in the spectrum of electromagnctic
radiation.

99



10 kM eedem 10"
TN e 103
100 M e 102

0 m —1—10’

10 cm =g 10"

1em =t 102

1 mm —=p= 10
heat rays

100 pm e 907"

10 pm —t—1g® infra red rays

1 PM e 1076
B visible rays + UV

100 M e 307
10 nm ___10'! p— 100 eV

1M e 0™ =1 Keb

L S grenz rays = 10 KeV
roentgen

-1 rays
gamma rays - 1 MeV

= 100 KeV

,,.
]
|
2
=]

0.1
L[]
0.01 A anfew 1012

100 fm e 1078 10 MeY
e 100 MeV
10 fm g 10t ®

1 fm —_10_15 =) G!V

Figurc 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
clectrons 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 )n 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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Figure 2.2 Characteristic x-ray spectrum

The cnergy of an electron of charge (¢) 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 1 ,;, = hc/eV =12.4/V

where,

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

Characteristic X-rays are produced in quitc 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 grcat cnough, 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

E = hf = he/h
which gives A = he/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, Figurc 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
cu & K ¢,. Their wave lengths are 1.40 A and 1.54 A 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
) whcreas 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 onc
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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 ccbalt-60 have 1.17 MeV and 1.33 MeV energies.

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

i. They are invisibic

ii. They cannot be felt by human senses



iii. They cause materials to fluorcsce. The fluorescent maierials are zinc sulfide, calcium
lungstatc, diamond, barium platinocyanide, naphthalene, anthracene, stilbene, thallium
activatced sodivm iodide, etc.

iv. They travel at the speed of light i.e. 3 x 10%m/scc
v. They are harmful to living cells.

vi. They can causc ionisation. They can dctach electrons from the atoms of a gas,
producing positive and ncgative ions.

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

viii. They obey the invcrse 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 I « 1/r* where I is the intensity at a point distant r from the source of
radiation.

ix. They can penetrate cven the materials through which light cannot. Penetration depends
upcn the encrgy of the rays, the density and thickness of the material. A monoenergetic

beam of X-rays obeys the well known absorption law,
I1=1, el-#%
where,
I, = the incident intensity of X-rays and
I = the inteunsity of X-rays transmitted through a thickness x of material having absorption
coefficient u .
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 Law

The intensity of radiation reaching a point is governed by its distance from the source. The
intensity varics 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 rccording surface is moved to 24cm from the source at C, , 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 C, 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 filra has to be altered then the exposure should be modified in accordance with the

inverse square law,

Thus the exposure that would he adequate at C, musl be increased four times in order to
produce at C; a radiograph of cqual density. In practice this may be done by increasing
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Figure 2.5 Schematic diagram illustrating the inverse square law

cither 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; ) (1, )?

I, (intensity at C, ) (1, )?

where ry, and r, are respectively the distances of C, and C, from the source,

Since I'xI/E, and I, x 1/E,,
therefore E;/E, =(r/r; )?

where,

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

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, = (r,/1y ).

Here D, & D, are radiation dose rates at distances r; and r, from the source. D, and D,
have the same units and r, and r, 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 = 1/10% ) 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 kecp his radiation dose down.



2.2. RADIOACTIVITY

It has alrcady been stated in 2.1.3.1. that some of the isotopes of an clement are stable
while others may be unstable. The unstable atoms may become stable by cmitting
radiation. The process which is followed by the emission of .adiation is commonly known
as disintegration and this ppbenomenon of disintegration of atoms of (naturally occurring
or artificially produced) elements iz called radioactivity. Maltcrials exhibiting this
phenomenon are termed radioactive matcrials, or radioisotopes. Curie (Ci) is the unit of
radioactivity and is cqual to the disintegration rate of 3.7x10'°d.p.s. Smaller units of
radioactivity arc millicuric and microcuric which arc one thousandth and onc millionth purt
of a curie respectively. The internationally agreed system of cohcrent unit for radioactivity
that is now in use for all scientific and technological purposcs in many countries is the
bacquere! (Bq). The bacquercl is defined as one disintegration per second. The relationship
between curic and bacquerel is 1 curic = 3.7 x 10'° bacquerel.

2.2.1.Radioactiv: 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 cxponcntial law, known as the
radioactive dccay law. Mathematically it may be stated as N = N, e** where Ny 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 aad is called the disintegration constant. A
is a charactcristic of the radioactive material. Malcrials with higher valucs 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,,, . This is defined as the time required
for one-half of the atoms originally present to decay. 1t 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 earlicr refercnce time t, . The half lifc is a characteristic of
a particular radioisotope and is essentially differcnt for different radioisotopes. It varies
from a fraction of a sccond to millions of ycars. 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 = N_ /2 and t = T, the decay equation may be modified as

Ng/2 = Ng ¢ which gives T,;; = 0.693/2
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 defincd as the number of rays per second falling perpendicularly over
a unit arca, The radiation output of a given source is measured in terms of roentgens per
hour a1 a distunce of 1 meter from the source. This is known as the RHM 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) produccs ions
cquivalent to one e.s.u. of charge of either sign. Roentgen is alsu 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 ¢m 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 scurce , usually measured in curics 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 sclf
absorption of radiation and so a greater cffective 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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Figurc 2.6 Decay of radioactive matcrial with
a 24 h half-lifc

Typical decay curves for Iridium-192 arc showr in Figure 2.7 and 2.8 while thosc
for cobalt-60 and other radioisotopes of intercst can be casily drawn knowing their
half lives. (Figure 2.9)

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

2.2.3. Other radiations from radioisotopes

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

Whereas alpha radiation consists of relatively large 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. Bcta radiation has a slightly larger
penetrative power (obviously dependent on the 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 th-'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 placc since the ncutrons 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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wit: atoms, and the smaller the difference in mass between the nucleus hit and the neutron
the larger the energy loss (i.e. the atienuation). Thus the materials with small atomic
nuclei, i.c. hydrogen and its chemical compound- e.g. water, organic substances and similar
as well as other elements having light atomic weights, cause a much greater attenuation of
ncutron radiation than elements having larger atomic nuclei e.g. lead. This seemingly
paradoxical attenuation behaviour t.as led to neutroi radiography becomingfairly important
in the prescnt day.

2.3. INTERACTION OF RADIATION WITH MATTER

When a bcam 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 varions 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 phecnomenon is called absorption of X or gamma rays in matter. The amount of
radiation lost depends on the guality of radiation, materiai/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 specnaen mean a change
in thickness (c.g. a void) or change in density (e.g. inclusion of forcign 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 monockromatic parallel beam of
radiation is incident, Figure 2.10.
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Figure 2.10. Absorption of radiation.

If the incident beam intensity is I, and | is the transmitted beam intensity then I = I, exp
(- u x) where p is called the linear absorption coefficient which depends on the incident
radiation cnergy and the specimen material /density. The attenuation takes place through
three principal effects: photoclectric absorption, Compton absorption and Compton
scattering. A fourth mechanism, pair production, is operative above 1.02MeV and is of
relatively lesser importance. Taking into account all these effects the value for p can be
written asp = (T + @ + k ) where p is the total or linear atteauation coefficient, t is the
attenuation coefficient due to photoelectric absorption, o is the scattering coefficient. @
has two components o, - Compton absorption coefficient and @, - Compton scattering
coefficient and k is called the pair production coefficient.

2.3.1.1. Photoclectric absorption
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In this process a photon 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 clectron out of the shell and giving it some kinetic energy.( Figure 2.11)
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Figure 2.11 Photoelectric absorption

Photoclectric absorption process is most efficient when the interaction takes place with the
most tightly bound electrons of an atom and cannot take place with free electrons as a third
body is needed to share 50 as to conserve momentum. Therefore it is the K-sheli 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 increzse in the absorption. The energy
at which this sharp change occurs for K clectrons is called the K absorption edge and
represents the situation where the kinetic energy of the ejected electron is zero. Further
increcase of photon 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
cmission of photo-electrons and characteristic X-rays.

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

It is because of the latter fact that lead (Z=282) and uranium (Z=92) are very effective
shiclds against X and gamma radiation.

-

mpton rin,

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.
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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 prob: Litity of Compton interaction increases lincarly 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 Compton 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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2.3.13.

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).

Pair pr ion
When a photon has sufficient energy (2 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.
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Figure 2.13 Pair production

Unlike Compton and photoclectric processes, pair production does not result in ionisation
of the atom struck, but the nucleus does have to take 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 cocfficient

9

In the equation for absorption p 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
u, must be dimensionless, p will have dimensions of cm™.

The distance 1/p  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 = 1/p, B, = 1is called one relaxation length.

The value of p = KA%® which shows that u depends upon the wavelength of the primary
radiation and therefore soft or lower energy rays will be absorbed to a greater degree. p
also depends on the atomic number Z of the absorber material and increases with Z.
High atomic number materials will therefore absorb morc radiation as compared to the
low atomic number materials. In the equation for u , k is a constant which depends on the
physical density of the absorber material.

As cxplained carlier 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 attenuvation coefficient due to photoelectric
absorption( t ), the Compton scattering coefficient ( o ) and the pair production
cocfficient ( 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 g for lead while, Figure 2.16
shows the variation of p for aluminium,lead and iron.



The absorption equation can be graphically presented as in Figure 2.14. In a linear scale
this curve is shown on Figurc 2.14 a. In a semilogarithmic scale the curve is a straight line

and its slope gives the attenuation coefficient.
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Figure 2.14 : Attenuation curve (a) in linear (b)in semilogarithmic scale
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Figure 2.15 Energy dependence of attenuation coefficient and its various components

The equations and curves given relate only to monochramatic radiation. If a radiation
spectrum is composed of more than one spectral line (radioisotopes) or is a continuous
spectrum (Bremsstrahlung) then for cach radiation energy a different aitenuation
cocfficicnt 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
compased of two different encrgies and corresponding attenuation coefficient g, = 0.7cm’
"and u, = 3.5cm’.

Attenvation curves for those monochromatic radiations are straight lines, whercas 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
heterogencous radiation approachces 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)
are more effectively absorbed and through thicker layers of the absorber practically only
the radiation with higher energy is able to penetrate, The values of lincar absorption
cocfficient for some materials of interest are given in Table 2.1,
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Figure 2.16 Variation of attenuation coefficients of ». Al, Pb and Fe with radiation energy

Figure 2.17. Attenuation of a radiation beam composed
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TABLE 2.1 LINEAR ABSORPTION COEFFICIENT

of two differcnt energies

Absorption Coefficients (¢cm™')

Fe Al H,0

1.06 0.33 0.14

0.63 0.23 6.090
0.44 0.16 0.067
0.40 0.14 0.057
0.33 0.12 0.048
0.31 0.10 0.042
0.30 0.090 0.038
0.27 0.082 0.033
0.24 0.074 0.030




Sometimes it is convenient touse @ , (= p / p ) instead of p , where p is the density of
the shield material. p,, is called mass attenuation coefficient and is expressed in cm”/gm.
In most of the literature, the values quoted are in p,, and when using these values from
the literature in the cquation I=1I, e ¥, g should be calculated by multiplying u, with
the respective p of the material.

2.3.2.1. Build-yp F r

The simple absorption cquation is bascd upon the assumption that scattered radiation is
completcly 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 scaitcred radiation wili 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 cmerges together with the unattenuated 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 duce to multiple scattering. Thus,
in practice, the absorption equation is modificd by introducing another guantity 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,

=1 Be*™

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) = 1/1, ¢*.

With the introduction of the build-up factor into the absorption equation, it wil! be
obscrved that the actual dose is significantly higher than that calculated using the simple
cxponential law. This is of considcrable 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
cffect 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)/(image forming) radiation reaching the film is therefore a useful

wantity 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 thickacss

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 once half the intensity of radiation
(of a given cnergy) passing through it. Substituting 1 = I,/2 in the absorption equation
we get HVL =0.693/u. Radiographic half value laycers 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
shiclding the HVL will be the thickness of a shiclding 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 1 = 1,/10 in the absorption equation we get TVL = 2.30/u .
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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 Attenpation in Air
Equivalent rated =00 cceemeeem
voltage (kV.qui,) Air HVL Air TVL

(m) (m)

Lead 125 1.5 4.8

Parafiin 150 1.6 5.2

Baryt- 175 1.7 56

concrete

Aluminivm 210 1.8 5.9

Concrete 210 1.8 5.9

Steel 225 2.0 6.5

2.4. IONISATION

Atoms and molecules are generally clectrically ncutral, 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. Frece electrons, not attached to any parent atom, arc
negative ions and frec 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
jonisation. Radiation, cither particle or clectromagnetic, has the ability to ionisc. 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 clectron
in an atom and cause the electron to leave its orbit. The clectron may attach itself to an
atom. The first atom then has a positive charge and the latter atom a negative charge. and
these are 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 originaily. 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 losc
their energy to atoms by the three ionmisation 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 clectrodes across which a potential difference is applied.

The charged particles are collected at the plate of opposite polarity and their 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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Figure 2.19 Pulse size as a function of applied voltage in gascous 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 defincd as that amount of radiation which produces in unit volume of dry air at 0° C and
760 mm Hg pressurc a charge of 1 c.s.u. of either sign. The pocket dosimeters which are
uscd to measurc radiation dose are a kind of ionisation chamber.

The number of ion-pairs produced in the ionisation process by the incident radiation
depends on the 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 recombinc.
The ionisation is limited in the planc 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
puises received per second is constant. Every ion is collected at the clectrodes before
recombination t1akes place, if the voltage is high cnough. 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 elecirons is now incrcased and they have sufficient energy to produce more
¢lectrons hy further collision with gas atoms. Both the pulse height and the no. of pulses
per sce. 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.c. the no. of clectrons freed by the collision. M varies from unity
in the ionisation region to about 10* at the upper end of the proportional region. The
initial no. of ions produced depends on the type of radiation i.c. 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 mcans that higher counting rates arc possible.
This region is called the proportional counter region. In region ‘d’ the number of pulses
per second continues to increase but proportionality between pulse height and amplification
factor in no longer maintaincd. This is because the electrons previously produced have
cnough cnergy to ionisc further atoms. The discharge tends to fill the tube witk ions.
Region ‘¢’ is the Geiger Counter region. Because of the high voliage the discharge is no
more confined to a small region of the gas but spreads to fill the whole volume between
the clectrodes. 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 mcasurc of the radiant intcnsity. 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, clectrons because of their light mass arc
readily collected whercas positive ions move slowly towards the cathode. Thus there are
two ions present in the active volume of the counter. If the velocity of these 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 cxternal 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 sclf 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 cither by the cut off action of mcthod (i) or by a shcath of +ve ions in a sclf
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 the production of full sized
pulscs is called the recovery time.

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

Tonisation chambers are¢ used to measure the dose rates in mrem/hour and rem /hour and
have a wide range from a fraction of mrem/hour to thousands of rem/hour. Such
ionisation chamber dectectors/ratemeters/survey-meters are both mains and battery
operated and portable and nen-portable, They are also used as personal dose rate alarms,
personal dose rate threshold alarms and remote area/ficld monitors.

G.M. tubes are very sensitive and are 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
sizes. The thin walled tubes permit the passage of low energy beta particles. Very thin
walled tubes are also available to detect even alpha particles and beta particles of very low



penetrating power. Such tubes are usually built with fairly «aick walls except for one end
of the tube. In such cases only the thin end of the tube is used as a detector. Such tubes
are called end window type G.M. wubes. As the voltage across a G.M. tube is very much
bigher 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 Uy 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 defirition
is reproduced here. One roentgen is that amount of radiation whick produces in unit
volume of dry air at 0°C and 760mm Hg pressure a charge of 1 e.s.u. of cither 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 matcrial.

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

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

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

R.B.E. is also termcd the quality factor and is denoted by Q.F.

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 sievert (Sv) defined as i rem = 107 Sv. The lower
denominations of sievert are milli-sievert 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
mcter from the cffective 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

cmulsions, 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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2.5.

~
P

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 encergy hy a negative ion Br' releases
its electron and passes to a neutral state.

ic.Br + hy-Br + e .

The released electran neutralises the positive silver ion Ag*® by the reaction
Ag” + ¢~ 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 visibie.

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 propertics
will be described in detail in Section 4.

Fluorescence

Several substances such as cadmium sulphate, barium platinocyanide or calcium sulphate
c¢mit 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 scrcens on which a picture of the
cxamined object can be observed) and in radiography. where fluorescent intensifying
screens are used to increase the photochemical cffect of radiation. The fluorometallic
radiographic screens also employ this effect for image intensification. Us.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
saturatc with small amounts of radiation after which the glow remains constant, and the
image contrast cannot be improved further.

2.5.3. Electronic detectors

120

Most electronic detectors employ scintillation detectors which are just another
sophistication and extension of the fluoroscopic principle. A scintillation detector consists
of a crystal and a photomultiplier tubc. The crystal may consist of many different
materials, some of which are, activated rhodium or lithium iodides. Tke 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 photoelectrons 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



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 photomultiplier tube. There is a multiplication
at each diode and the resulting multiplication can reach well in excess of 10°. These
clectrons are finally collected at the anode. The current pulse is amplified in a
preamplifier and fed through an analyser or discriminator to a scaler or ratemeter.
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3. RADIOGRAPHIC EQUIFMENT

3.1. X-RAY EQUIPMENT

Bricfly, three basic rcquirements 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 ie. a
high voltage supply, and a target for the electrons to bombard i.c. a heavy metal. These
requirements are fulfilled in an X-ray tube which consists of a glass envelope in which two
clectrodes are fitted: cathode and anode. The cathode serves as a source of electroas. 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

FILAMENT
GLASS ENVELOPE \

! usery |
’IX-RAY BEAM\

Figure 3.1 A typical X-ray tube

3.1.1. Electron source

When a suitable material is heated, some of the electroas in the material become agitated
and escape from the material as free clectrons. 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
clectron emitter. When a voltage is applied across the filament, the sesultant current flow
heats it to electron emission temperatures. The filament is heated with an AC current of
1to 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 ar 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
to the anode. An arrangement is also made to focus the stream of electrons oato 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. Targcet

X-rays are 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
propertics: namely, high atomic number, high melting point and high thcrmal conductivity.
The high atomic number gives the best efficiency of conversion of elecivon energy into X-
rays. A high mclting point allows high tube currents for a given size of focal spot thereby
providing large X-ray output (i.c. intensity). High thermal conductivity reduces the amount
of cvaporation 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 anodc.

Taking away the heat generated due to the electron impacts is onc of the major
considcrations in the design of X-ray tubes. The necessary cooling is done by liquid coolant
such 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
anodc with an aperturc to permit the clectron 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 uscful
beam by absorption. The part of the anode target on whick the electrons impinge is called
the focus of the X-ray tubc.

To get sharp shadows, theorctically 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 duc to the
vaporisation of the target. If the arca of the focal spot is extended to say 3 x 1 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 clectron becam 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.
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Figure 3.2 Actual Vs effective focal spot size

If the actual size is 3mm x 1mm, with an inclination of 71°, as shown in Figurc 3.2, the
cffective size of the focal spot is,

3Cos7t°x 1Tmm = 098 x Tmm =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 tubc fonger, but such tubes are not used for industrial radiography because of
relatively low tube currents.

3.1.4. Tubc covclope

Thc tube envelope consists of a glass envelope in which two clectrodes are fitted; cathode
and anode. The filament portion of the cathode functions as a source of free clectrons and
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thc anode as the target upon which the clectrons 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 cnvelope also has sufficient strength to resist the implosive
force of the high vacuum interior. Inside the envelope there is a vacuum of the order of
10° mm Hg.

A high vacuum cnvironment for the tube element is necessary to prevent oxidation of the
clectrode materials, to permit recady 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 entirc tube is enclosed in a metal casing lined with sufficient lead to restrict the
radiation bcam to the outlct port. Tubeheads usually contain the X-ray tube, high voltage
and filament transformers and insulating oil or gas. In addiion, the metal case is carthed
to climinate possible electrical hazards due to the high voitage used.

3.1.6.Tube window

The X-ray bcam cmerges 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 (c.g. beryllium). Dircctly
below the window in the useful bcam arca is the diaphragm, a shielded opening that
permits changing of the useful beam size. In many machines a copper filter may be
incorporated in or located close to the diaphragm. This copper filter shiclds out the low
energy portion of the X-rays produced, making the useful bcam that falls on the specimen
more nearly uniform in energy.

3.1.7.Duty Cycle

The duty cycle is gencrally expressed as a percentage of exposure versus total time. For
example a 100% duty cycle means that the tube can be operated continuously;50% mcans
that it is necessary to provide cqual rest time after cach exposure and so on. The life of
an average tube operating under conventional loads may be from several hundred to over
onc 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 (o give the required high voltage.

(b) Gear to controtl the high voltage applied between the cathode and anodc i.e. kV control
knob.

(c) Gear 10 control the filament current i.c. mA control knob.

(d) Automatic trip system to protect the cquipment from damaging itself duc to
overheating, overvoltage, overcurrent, ete.

In portablc X-ray units, a self rectifying circuit, Figure 3.3, is frequently uscd. In this
circuit X-rays are only gencrated during onc half-cycle of the applied voltage. Normally
no clectric current can travel from the anodc of an X-ray tubc towards the cathode; the
negative half-cycles of an alternating current do not pass through the tube and only the
positive half-cycles are used. For this circuit the tube current must be kept low, since if
the anode becomes too hot it may cmit 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 ol a strike back and the tube can
thus carry a hcavier load.
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Figure 3.3, Sclf rectifying circuit
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Figure 3.4 Single valve circuit

Figure 3.5. shows a circuit diagram for a Villard circuit. When the current flows in the
dircction shown by the broken line arrows, the two condensers arc charged. When the
current is in the opposile 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 Greinacher circuit, Figure 3.7, the condenser C1 is charged during one half-cycle
(solid-linc arrows) while C2 is charged during the other half-cycle (broken-line assows).
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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Figure 3.5. Villard voltage doubling circuit and wave forms

Figure 3.6. Graetz circuit

Figure 3.7, Greinacher circuit
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3.1.9. Conlrol consoles

Wherever a high voltage circuit is used, provision has to be made if possible for varying and
mcasuring the high voltage applicd to the X-ray tube and the current passing through the
tubc. The third variable that has to be controlled is the cxposurc. At a given kilovoltage
the integrated output from a given equipment is proportional to the quantity of electricity
passcd through the tube, that is, the total number of milliampere seconds (mA.s). In some
mcgavoltage machines such as linacs, a radiation-mecasuring chamber is built into the head
of the machinc closc to the target which will measurc both integrated dose and
instantancous dose rate and convert these to doscs at the plane of the film, but such
instruments arc very rarc on lower coergy X-ray equipment. A direct method of measuring
the total X-ray dose on the specimen or the film is rarcly used but could be of
considerablc value. It could automatically compensate for slight variations in kilovoltage
and tube current during the exposure time.

In most of the older X-ray machincs the knobs for controlling the kilovoltage,
milliamperage and time are present and have to be manually operated to select the given
paramcters. 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

9

8

Much of the encrgy of the impinging clectrons is dissipated as heat. In very low voltage
tubes 0.1% of the encrgy 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 efficicncy 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
107 for tungsten.

The quantity or the intensity of X-rays produced depends on the number of electrons
hitting the target i.c. 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 hcating current through the filament. Increasing the milliamperage
increascs the number of clectrons that are available to strike the target. This is turn
incrcascs 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.

100KV
4mA 50KV
: :
2 2
S ]
= 2ImA g 20KV
10KV
WAVELENGTH WAVELENGTH

Figure 3.8 Effect of mA and KV on X-ray output



The quality or the cnergy of X-rays produced depends upon the energy of electrons striking
the target. The cnergy of the striking clectrons is controlled by the accelerating potential
which is of the order of kilovolts (KV). An increase in KV results in the gencration of
more cnergetic (morc penctrating) X-rays, Figure 3.8.

3.1.11. Modcrn X-ray cquipment

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

(a) incrcascd 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
coergy.

(¢) portability /mobility of the units.

(d) directional and panoramic X-ray outputs.

(¢) safc and simple operation of the equipment.

Equipment is manufacturcd by many firms and can be catcgorised as follows:-

i) Dircctional X-ray Units

Fully portablc and mobilc versions from 100 to 400 KV rangc arc available. Kilovoltage
can be varied continuously or in steps. The cmergent beam angle is normally 40° but tubes
with differcnt bcam angles are also available. Effective focal spot size normally varies
from 0.5x 0.5t04 x4 mm. Tube currcnts 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 usc a small focal spot at
low tube currents and a largc 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. Automaltic cxposure devices can be used with these units and knowledge of specimen
thickness and matcrial is then not necded.

ii) Panoramic X-ray 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 cffective focal spot sizes may be 4
x1,48x 1, 5x 1.5mm, ctc. with tube current up to 15mA. These tubes are specially
uscful for the radiography of circumferential welds in large diameter pipes. A directional
beam can also be obtained using protcctive collars generally provided with these tubes.

Panoramic X-ray tubcs with rod anodcs are also available. A dircctional beam with anglcs
90°, 120°, 180° and 360° (dirccted perpendicular to the anodce) can be obtained by using
diaphragm attachments provided with such tubes. Focal spot size may be 5mm dia. with
6mA tube current.

iii) Radiographic Lincar Accclerators

For the radiography of thick samples, X-ray encrgy in the McV rangc is required. This has
now become possible with the availability of radiographic accelerators. The cnergy of the
X-rays can bc varicd smoothly from 1MV to 2.5MeV and is suitablc for the thickness
range of 2 to 20cm of stecl. Focal spot size is 2.5 x 2.5mm and 10cm stec! can be
radiographcd in onc 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 dosc
of 170 rads/min at 1 meter). Varian manufacture radiographic linear accelerators of 4MeV
and 8 McV suitable for radiography of up to 38cm ol steel. The X ray beam is available in
15° and 40° conc angles. Max. focal spot diameter is 2mm. In thcir improved version
(Linatron 2000) sclection of ¢ither 5.5, 8 or 10McV is possible from a switch on the control
consolc. A dosc output of 2000 rads pcr minute at onc meter is achieved at 8McV.
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iv) Microfocus X-Ray System

Geometric 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 of electron beam welds in the main
engine mount of TFE31 jet engines.

v) Flagsh X-ray Tubes

An electron beam of very high intensity can be produced by ficld emission from a smali
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 targel 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 IR at 1m 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 overioaded by the
transient voltages within the generator. Capacitors, spark gaps and charging nctwork 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 250-600k V, peak current 10000A, pulse width 20ns,
weight 300kg.

The electrode system used is the classical onc for gencration 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 10 torr.

vi) Belatrog

The principle of this machine is to accelerate the electrons in a circular path by using an
alternating magnetic field. The electrons are 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 magnctic 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 ficld 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 ficld at
the orbit grows at an appropriate rate. The acceleration continucs as long as the magnetic
flux is incrcasing, 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
mcans of a d.c. pulse through a set of deflecting coils. The electrons then strike a suitable
target. The clectrons may make many thousands of orbits in the doughnut before striking
the target, so that the path length is very great and the vacuum conditions required arc in
consequence very stringent. The radiation from betatrons is cmitted in a series of short
pulscs. 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
McV. Betatrons in general have a very small focal spot size typically about 0.2mm, but the
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 ficld size.



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
accclerated by the field in a microwave resonator whichk is placed in a homogencous
magnctic ficld 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 clectrons. The magnctic 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
machinc an output of 6000 R/min at 1m has been achieved, but although some microtrons
were produced in the 1960’s very few are in industrial use compared with the pumber of
linacs.

3.1.12. Comparison of X-ray generators

Table 3.1 shkows the specifications for some X-ray machines that arc commercially

available,

TABLE 3.1. PARAMETERS OF X-RAY GENERATORS
Unit Max. Wecight Current Focal Rad. Max.insp.
Descrip- kv of head rating spot  output thickness
tion in Kg in mA in mm R/min. Fe Al

at Im

HT Cable 50 6 30 1.5x1.5 10 - 0.5
Light wt 80 9 2 1x1 - 03 3
tank
Microtank 100 45 5 3x1 32 04 35
(Philips)
Tank type 100 47 8 1x15 20 05 4.0
(Andrex)
Micro tank 200 45 5 3x1 24 35 105
(Philips)
Tank type 250 454 10 5x5 20 6 17
(Baymex)
Seifert 300 91 5 4x4 40 7.5 22
(Ht Cable)
Laboratory 400 350 10 4x4 50 10 25
(HT Cable)
G.E.Resonance 1000 1364 3 7x7 50 12 50
Transformer
Van de-Graff 3000 3600 0.35 2.5x2.5 350 30 -
Linatron 400 4000 900 - 2 500 30 -
Linatron 3000 990 - 2 2000 38 -
2000A
Linatron 15000 3900 - 3 6000 46 -
6000
Betatron 18000 2000 - 0.2x0.2 100 50 -

3.1.13, Classification and Sclection of X-ray Equipment

X-Ray cquipment is usually classificd by its voltage rating. As the energy or penctrating
power is a function of the voltage, it therefore represents the equipment capacity. From
a practical point of view the classification of X-ray cquipment may be made as laboratory
type, mobilc type, portable type and cnclosure type. Laboratory units arc intended for
permancnt lcad lined or concrete room installation. These arc usuvally the constant
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potential type. Mobile cquipment 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 temsion
transformer and the X-ray tube. Qil or gas insulation is used in the tube /transformer hcad
and if oil is used it can also be pumped round the head to assist in cooling the tube. In most
scts 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 bc 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 sclection of X-ray equipment will primarily be dictated by the type of applications for
which it is intended. Somc 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 inspccting a material of a particular thickness. The intensity of radiation or
mA rating will determine the length of cxposure time nceded to inspect the desired
matcrial. The focal spot size will indicate the capability of the machinc 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 arc 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 covcred 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 penctrating 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 gencrally available X-ray cquipment, 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 thcy are produced,
radioactivity, radioactive decay, half life, specific activity of radioisotopes, 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 sourccs

3211
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The most commonly used radioisotopes are listed below along with their characteristics for
rcady reference. Approximate thickness ranges of materials that can be radiographed using
a particular source are also given. Although greater thicknesses may be penetrated,
exposurc time would be very long.

N M . jioi

Prior to the introduction of artificially-produced radioactive sources, radium was almost
aniversally used for gamma-radiography. lts great merit was its very long half-life - 1590
years - and its rclatively 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 250 mg of an clement in the
form of a salt of the mctal and is scaled in a platinum capsule. Prominent encrgics emitted



3.2.1.2.

3.2.1.2.

arc (1.6, 1.12 and 1.76 McV which arc 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 stecel. Onc curie of the source gives 0.83
roentgens per hour at one meter.

Artificially produced radioisotopes

The radioisotopes that are most commonly used in radiography are the ones which are
artificially produced. Somec of these arc produced by bombardment with ncutrons in a
nuclcar reactor. The (n.y) reaction is employcd for the production of most gamma sources.
This (n,y) rcaction is primarily a thermal ncutron reaction.

The ncutron is captured in the nucleus of the bombarded clement and the material
produccd is a radioactive isotope of the original clement. For example ,

~59 .
#C% 4! 00" + oy

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

a = 0.6xdxa x(1-c 1,2
37x10"x A
Where,

a is specific activity in Ci/g

& is neutron flux of the rcactor in n/cm’

o is activation cross scction in barns (1barn=10% cm?)
A is atomic weight of the irradiated clement

t is irradiation time

T\ is half lifc

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

1. Cobalt - 60

Cobalt i5 a hard metal of density 8.9 g/cm® 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 (.31 McV beta-particle, followed by two gamma photons in cascade, of cnergy 1.17 and
1.33 McV. The half-life is 5.3 ycars and the radiation output is 1.3RHM/Ci.Cobalt has a
high slow-ncutron capture cross-scction 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 somctimes nickel-plated for protection.

Because of their high energy cobalt-60 sources require considerable shielding. A container
suitable for a 30Ci source is likely 1o weight at Icast 150kg. A few cobalt-60 sources of
strengths 1000-3000 Ci are in use as static radiation machincs; these are being used as
alternatives to linacs and betatrons for the radiography of large thicknesses of steel, from
100-200mm. They are, of course, very much less expensive than megavoliage X-ray
cquipmcent 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 sclf- 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/cm® 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 (n, ) rcaction and two radioactive isotopes are
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producced, iridium - 192 with a half-life of 74.4 days. and iridium - 194 with a half-life of
19h. Itisusual to allow the activated source to decay for several days bef ore measuremei,
s0 as to virtually climinate 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
MecV. The source is radiographically comparable with X-rays from a unit operating at 500
KV. Cre curic of iridinm 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
arce encapsulated in holders of aluminium alloy and are available in differcnt sizes varying
from 0.5x 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 Ci are
available and a 60Ci source can be as small as 2 x 2mm in size.

3.2.1.2.3. Cagsium - 137

Cacsium - 137 15 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 3.5g/cm’ and the specific activity is limited largely by
the presence of other isotopes of cacsium. Because cacsium chloride is a soluble powder
special double-cncapsulation methods are used.

Cacsium - 137 decays by bela - emission to an isomeric state of barium - 137(0.52MeV
beta-92%,1 17McV beta-8%) from which a 0.662McV gamma-ray is emitted. The half-life
is 30 ycars and the radiation output is 0.37RHM/Ci. Cacsium-137 is used chiefly for the
radiography of steel thicknesses between 40-100mm. For a given physical size of source
it docs not have the radiation output intensity of an iridium - 192 source and it is morc
expensive but its much longer half-life makes it attractive to the user who requires a
gamma-ray source for occasional rather than continuous use.

3.2.1.2.4._Thulium - 170

The need for a radioisotope having a low-cnergy gamma-ray emission suitable for the
radiography of thin stecl specimens and for light alloys led to the introduction in 1953 of
thulium - 170. ls half life is 127 days. Thulium is one of the rare earth elements and. as
the metal is difficult to produce, it is gencrally 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/cm’. Thermal neutron capture converts the naturally occurring isotope thulium-169 into
thulium-170. Decay is by emission of 0.968 and 0.884McV beta-rays: the excited state of
the nucleus is stabilised by emission of 0.084McV gamma-ray photons or by intcrnal
conversion; only 3.1% of the disintegrations lead to the emission of gamma-rays. From
internal conversion a 0.052MeV 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 arc comparable
to X-rays from units operating at 120KV. Its RHM valuc 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 size pellets which are encapsulated in holders of

aluminium alloy.

3.2.1.2.5. Yuerbium - 169
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This is a much more recently available source. Ytterbium occurs as a mixture of several
stable isotopes and on newtron 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 cnergy
cmission 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 time, After a relatively short time most of the Yb-175 will have decayed and
the source will be mostly Yb-169.
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TABLE 3.2 CHARACTERISTICS OF RADIOISOTOPES USED FOR

RADIOGRAPHY

Radiovisotope  C0-60) Ir-192

Half life 5.3Y 74d

Chemical form Metallic Metallic

Density(g/cm?®) 89 224

(Gamma ray 1.17 031
cnergies (MeV) 1.33 0.47
0.64

Activation cross 36 370
section in barns

Ultimate
specific

activity(Ci/g) 1100 10000

Practical
specific
activity (Ci/g) 300 450

RHM per curie  1.33 0.5

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

Practical radio-

graphic source

activity (Ci) 100 50
Approx.diam(mm) 3 3

Shicld weight
(kg) 10 20

Half valuc
layer(mm lcad) 13 2.8

INDUSTRIAL

Cs-137 Th-170 Yb-169
30Y 127d 30d
Cs-Ce Metallic Ybo,
or
Tmy0,
3.5 4
0.66 0.87 0.17-0.2
0.052
- 130 5500
25 6300 Depends
upon the
enrichment
of Yb-168
25 1500 2.5-3.5
Ciin
1x 1mm
size
0.37 0.0025 0.125
20- 2.5- 3-12
100 12
75 50 2.5-3.5
6 3 1
50 i -
8.4 - 0.88
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Yuterbium-169 has a gamma-ray spectrum consisting of several spectrum lioes, the principal
ones being 0.063, 0.198., 0.177 and 0.109MeV.

The radiaion output is reported to be 0.125 RHM/Ci al a distance of 1m. Recently
sources have been made from 24% enriched patural 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 1-3Ci in 0.6 x 0.6mm and 100-500 mCi in 0.3 x 0.3mm pellets. Higher percentage
cnrichments have also been reported.

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

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

Source Enc lation
The source of radiation used in radiography is extremely small and cnclosed in a
sealed prolective metal covering. Fig. 3.0 shows a typical sourcc. Most isolopes
uscd in radiography arc right cylinders whose diamcter and length are
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
arca.

INNER CAPSULE

SPACER

RADIOACTIVE PELLET

GUTER CAPSULE

WwELD

Figure 3.9 Cut away of a typical radiography source

The diamcters 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 somelimes 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
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As gamma ray sourccs cmit radiation at all times and in all directions, it is not safe to usc
them dircctly in the capsule form for radiography. They are enclosed in specially designed
containcrs known as gamma projectors or gamma radiography cameras. The containers are



3.2.3.1.

gencrally made of good radiation-absorbent metals such as lead, tungsten or depleted
uranium to reduce the cmergent radiation intensity to a permissible level. The design of
the container is such as to give ample protection when the source is not in usc and to
provide a becam of radiation when required. Gamma projectors are available in several
designs suitable for various applications. One may choose one or other best suited 10

onc’s requirements.
The main points lo be bornc in mind in designing an exposing container are:
i) Provision must be made for loading and exchanging the source capsule casily and quickly.

i) 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 hcading.

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

iv) There should b a positive indication of the exact position of the source.

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

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

vii) Scatiered radiation, although less of a problem with pamma-rays than with X-rays,
should still be kept to a minimum; it is desirable, thercefore, to be able to adjust the beam
width to suit the specimen and film size.

A few commonly uscd gamma projectors or cameras are briefly discussed below:

Rcmovable plug type unit

Figure 3.10 shows onc of the simplest projectors suitable for directional exposures. Units
of this type up to 2Ci of Co 60 (100Ci of Ir 192) capacity are available. A conical stepped
plug can bc removed from the main body when a beam of radiation is required. The plug

J——
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T eee WPLUG IN ON
o goeemTTT ROSITION

MOV:ME'\H

‘-‘w- ,JO EXPOSE

\ Figure 3.10 Removablc plug typc gamma projector
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can be held at a position such that it does not obstruct the beam. The steps are made lo
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 unit

Figurc 3.11 shows a D-type gamma projector suitable for pipe radiography (double wall
single imagc). Such units arc 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 1o a desired
position when required. When the beam is required the inner source holding cylinder is
rotatcd about its axis so that thc source comes in front of the aperture in the outcr
shiclding. The source is in the ccntre of the shielding when not in use.

OPERATING HANDLE

SHIELDING

l —— THIN WINDOW

SOURCE (SHIELDED POSITION] / BACK-SHIELDED SOURCE HOLOER

/[

Figure 3.11 Rotating shutter lype exposure container

3.2.3.3.Torch models

This typc of cquipment was originally developed for the testing of pipeline welds but
adaptors arc usuvally provided so that it can bc used for other work as well. For pipe
radiography, the torch is taken from the container and put into a shiclding holder attached
to the pipc. The shiclding in the torch protects the operator while this is dore. This model
is illustrated in Figure. 3.12.

3.2.34. Remote control gamma radiography units

These units can be operated from a remote distance which makes them suitable when large
activity sourccs are to be used. The source can be pushed out of its shielding (o a desired
position via guide tubes and brought back when the exposure is complete. Units that can
hold very large Ir-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 systcm 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
containcr, at the termination of the exposure time, by rotating the handle in the opposite
direction.
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Figure 3.12 Torch type exposure container
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Figure 3.13 Principle of remote control gamma projector
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TABLE 3.3: COMMERCIAL GAMMA PROJECTORS

Unit Isot.:pc
Description
1 2

Tech/Ops Ir-192
Model 660

Iriditron Ir-192
(Sperry)

Model - 520

Gammat Ir-192
Model TI

Model TI-F Ir-192

Gamma Indus. Ir-192
Model 35

Pipeliner Ir-192
Model 1

Tech/Ops Co-60
Model 684

Model 741 Co-60

Modet 680 Co-60
(Sperry)

Unitron
Modcl-110 AB Co-60 or
1r-192

Model151,161 Co-60

Gammat
Model TK 10 Co-60

Model TK 30 Co-60
Model TK 100 Co-60

Gamma Indust
Gammatron Co-60
Model 20A

(Gammalron
Model 50 A Co-60
Gammatron
Model 100 A Co-60
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Capacity Shielding WeightRad.leakage
in Ci in Kg
3 4 5 6
100 Depleted 20 Well below
Uranium max.allowed
by IAEA &USNRC
100 ~do- 18.18 SOmR/hr at 6"
from surface
40 Metallic 12 200mR /hr at
Uranium surface
100 -do- 15 -do-
35 Depleted 11.36  SOmR/hr at 6"
Uranium from surface
100 -do- 14.5 -do-
10 -do- 102.3 Well below
max.allowed by
IAEA & USNRC
30 -do- 136 -do-
100 -do- 184 -do-
10 Lead 27272 Less than 200
300 mR /hr at surface
200 -do- 1363.63 -do-
10 Dcpleted 95 Less than 200
Uranium mR /hr at surface
30 -do- 120 -do-
100 -do- 140 -do-
20 Depleted 136.36 -do-
Uranium
enclosed in
polyurethane
50 -do- 152.27 -do-
100 -do- 204.54 -do-
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b) Pncumatic Type

It consists of a shiclding 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
into the container by a suclion stroke.

Gamma projectors available commercially along with some of their important
characieristics are summarised in Table 3.3.

3.2.4. Selection of a gamma ray source

3.24.1.

3242,

3243,

3.244.

3.2.4.5.

To asscss the uscefulness of various sources for a particular job various characteristics must
be considered. Bricf guidelines are given below:-

Half lifc

The source should have a half lif¢ long ¢nough to complete the job. If, however, duc to
other considerations a short lived source is selecled, it should have high initial activity. For
cxample, the Radon source has a half life of 3,825 days and will decay rapidly but a source
of about 150mC initial activity will be radiographically useful for up to a fortnight.

Ener f macr

The cnergy of gamma rays from the source must be sufficient to penetrate the thickness
of the specimen Lo be radiographed. Uscful thickness ranges of meltals for various gamma
ray sourccs are available in the literaturc. It is usual practice to restrict the thickness to
specified ranges to minimise the loss of radiographic quality.

As the encrgy 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.

Siz L

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
cxamined using 2mm x 2mm source at the ceatre wherc as for a 5cm bore 0.5¢m thick pipe
a lmm x 1mm source would be required to keep the pcnumbra within allowed limits.

Higl ific activi

To keep exposure times short it is necessary to have an adequate quentity of radiation (i.e.
high activity). For optimum dcfinition thc source must have a high activity and be
concentrated into a minimum volume. [ts specific activity is cxpressed as activity per unit
mass (Ci/g or Bq/g).

Availabili

The source should be casily available and preferably of low cost. Finally, it is useful to
note that Cobalt-60, Thulium-170 and Iridium-192 can be reactivated but Caesium-137

cannot.

3.2.5. Advantagcs and disadvantages in the use of isotopes

Advantages
(a) The cost of cquipment and source is much less than that of an X-ray machine with a
comparablc cnergy range.

(b) The isotope cquipment is more casily transported than X-ray equipment.
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(c) The isotope svurce 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
arcas.

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

(f) Radiation from some radioisotopes has a very high penctrating power. This makes it
possible 10 obtain satisfactory radiographs of very thick metal workpieces.

Disadvan

(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) Pcnetrating ability is solely dependent upon the particular isotope used and cannot be
changed or varicd without changing the isotope.

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

3.2.6. Exposure techniques with gamma rays
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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 tube can be adjusted to match the specimen thickness.
The only method of varying the gamma-ray erergy is by choice of radioisotope.

The three most frequently used radioisotopes, Ir-192, Cs-137, and Co-60, all emit relatively
high ¢nergy 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 seasitivity with any gamma-ray source is poorer than that on a good X-
radiograph, and this foss 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 of ten 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 exlensively 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 cobalt-60 source represents a much smaller outlay than a megavoltage 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 caslings have to be radiographed these can be oriented around a single
gamma-ray source and left for an overnight exposure.



By using several tiers of castings a hundred or more radiographs may be exposed
simultancously in one overnight exposure; if these are set up in a locked room there need
be no radiation hazard and no supervision. Conseque atly 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.
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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 operalion 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 are [or 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 pecls off,
anode penctration), 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
tube is generally prevented by overvoltage, overcurrent and overtemperature limiting
circuits, but the cooling conditions are not always completely measurable (e.g. bubble
formation in anode area),

143



144

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 operaling levels (s¢e 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 transflormer) or the cooling water (not usually necessary in the case of one-tank
devices), blecding 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 pancl, then one
should check not orly 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 100 much. [t 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-cnergy 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 the 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 SOR
rod dosimeter) assuming that the radiation conditions remain constant over the observed

time period.

The energy distribution of the spectrum can be checked by taking radiograpbs of wedges,
obviously under sct conditions, in that one compares the contrast of the various steps with
onc anotber. This obviously only provides a relatively rough indication, i.e. for a possible

tendency ‘o e.g. "hardening”.

Attention should also be paid to 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 the case of gamma devices the check and maintenance procedures are mainly limited to
the remote handling systems and locks etc., and on the radiation protection provided
(radiation protection measures are of course included in the X-ray machine test). Bowden
cables, guide tubes, bearing surfaces ctc. must be regularly cleaned and lubricated. 1t is
often recommended to use graphite (or Mo$,) for lubrication since oil can tend towards
resinification caused by the radiation, A frequent cause of malfunction are bowden cables
(or guide tubes) being bent too sharply causing sticking of the source holder.



4, PHOTOGRAPHIC AND NON-PHOTOGRAPHIC RECORDING

4.1. CONSTRUCTION OF RADIOGRAPHIC FILMS

Radiographic lilms consist of a transparent, flexible base of clear cellulose derivative or
like material. One or both sides of this basc is coated with a light-sensitive emulsion of
silver halide suspended in gelatine. The silver halide is distributed throughout the emulsion
as minutc 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 the exposed
film is treated with a chemical solution (calfed 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 basc, that constitutes the image. Figure 4.1 is an expanded
pictorial view of the general make-up of a film.

Supercoat

Subbing layer

Base

LU

Subbing layer

Supercoat

»u_MJL..JJA

Figurc 4.1 Construction of radiographic films.

The supercoat is a thin layer of clear hardencd gelatine which protects the underlying
c¢mulsion from damage during normal handling. The emulsion is the most important layer
of the film because it is sensitive o X-rays, gamma rays, light, heat, pressure and some
chemicals. The emulsion consists of a large number of minute grains of silver bromide
(silver halide) embedded in a supporting medium of gelatine, about 0.025mm thick.
Modern films usually contain a small amount of silver iodide with the bromidc as this
increases sensitivity, When radiation strikes the emulsion a change takes placc 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 basc
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 seasitive emulsion is far too 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 eellulose acetates. The
majority of radiographic film emulsions used today are coated on cellulose triacetate or
polyesters such as 'Estar’ which forms a tough, transparent, but flexible base.
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TABLE 4.1. CLASSIFICATION OF RADIOGRAFHIC FILMS

Film Characteristics Speed* Grain Contrast *
TYPE 1

For critical inspection

higher voltages and very extra high

radiography of light slow fine

mectals and their alloys

TYPE 1I

For radiography of

light metals at lower

kilovoltages and slow fine high
heavier steel parts at

1000 at 2000 KV

TYPE il

Highest available speed

gamma rays or high-

voltage X-rays are used medium medium medium
direct or with lead-

foil screens.

TYPE IV

Highest available speed

and high contrast when

used with fluorescent

scrcens. Lower contrast fast medium medium
when used direct or

with lead-foil screens.

* Note: These relalive speeds and contrasts apply only to use of the fiim in direct exposures or with
lead-foil screens,

4.2, CHARACTERISTICS OF RADIOGRAPHIC FILMS

Radiographic film is manufactured by the various film companics 10 meet a very wide
diversificd 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 (¢) 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 dictatcd by what would be the most effective combination of
radiographic technique and film 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 with large grain size have higher speed than thosc 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 than one haviog relatively large grains,



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 [ilms used with them are differcat 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.
Quaantitatively, it is defined by the following relation

Density = D = logl, /I,
Wherc,

I, = the intensity of light incident on the radiograph and,
I, = the intensity of light transmitted through it.

The ratio 1, /1, is known as the opacity of the radiograph, while the inverse of it i.e. 1,/1,
is called the transmittance of the radiograph.

TABLE 4.2. RELATIONSHIP OF RADIOGRAPHIC DENSITY TO OPACITY AND

TRANSMITTANCE

DENSITY OPACITY TRANSMITTANCE
LOG (1./1,) /1, L/L,

0 1 1.00

0.3 2 0.50

0.6 4 0.25

1.0 10 0.10

2.0 100 0.01

3.0 1000 0.001

4.00 10000 0.0001

Table 4.2 indicates that if the light transmitted through the film is balf of the 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 mcasured either by
comparison with a film strip (density wedge) or by the use of instruments known as
densitometers. The density wedge consists of a range of known deasities and the density
of a radiograph is mcasured 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 are studied also exert a great influence on the result obtained.

If. for example, the area to be assessed hies in the centre of a large radiograph, it is not
possible to place the 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, Ncvertheless, a calibrated film strip serves as a uscful guide to density
in many instances when a densitometer is not available.

147



lnstruments 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,
¢.g. 0.0 to 3.0, with which the radiograph to be measured may be compared.

The photoelectric densitometer 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
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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 these 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.



Relative cxposures are used because there are no convenient unils suitable to all
kilovoltages and scattering conditions, in which to express radiographic exposures. Hence,
the exposures given to 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 toc region, which curves upward.

(1i1) it has an approximately straight-line portion.

(iv) it has a solarisation or shoulder region, where density decrcases with incrcasing
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 cxposure 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: onc is the inherent density of the basc of the film, since it is not fully traasparent;
and two is the chemical fog density, which is duc to the fact that some grains are capable
of being developed even without exposurc. 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 11S/11W-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
ploited 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.
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Figure 4.4 Effect 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 Jocation 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 becavse 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 shuw 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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Figurc 4.6 Typical characteristic curve for ‘direct’ x-ray film.



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 imporiance of film contrast.
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Figurc 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.
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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
diffcrence in the image on film B.
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In Figure 4.7 two exposures were made on the same type of film for the same specimen but
onc was given a longer exposure so that a region of the characteristic curve representing
higher film densities is used-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 sensitometry with
film exposcd to lighi, the "straight-line” portion was thought to be truly straight and its
slope (contrast) was called "gamma” and was constant. But more carcful 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 characte. *ic curve is now called the film gradient and not gamma. By
definiiion the slope of the vnaracteristic curve is the film contrast, which means that film
contrast increases with increasing deusity 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 mctal screens or no screens.
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Figure 4,10 Measurcment of slope (contrast) as an average between two densilies.
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The straight-line portion of the characteristic curves of direct or no-screen films cxtends
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 rclatively lower deasities (Figure 4.9).

From the above discussion it is obvious that for direct type films, working at higher
densities is desirable, but vsing 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, theref ore, reccommended by most standards.
For scrcen type films the recommended optimum working deunsity 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 casier 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
diffcrence between the two specific densities by the difference between the two log relative
exposurcs 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, arc graininess and the effect of secondary
¢lectrons. Graininess is a subjective condition which is caused by the statistical fluctuation
in the number of devcloped grains per unit area of the viewed film. Graininess depends
upon:

@)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 KV X-ray 0.05
200 KV X-ray 0.09
300 KV 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 MV X-ray 0.80
31 MV 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) Degrec of development; longer development times result in increased graininess. The
longer development times 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 lo 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 inhcrent unsharpness, U;. Increase in the energy of
radiation increases the inherent unsharpness of a film by increasing the kinetic cnergies of
the secondary electrons. Table 4.3 gives measured unsharpness values for direct type films
for a range of radiation cnergics.

49, 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.

154

From Figure 4.11 it is easy 1o scc 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 time (Figure 4.12).

jii. Film contrast (determined by the slope of the characteristic curve) increases with the
increasing development time, Figure 4.12 shows this effcct.
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Figure 4.12 Dependence of the characteristics of a typical radiographic film on the development

time

Another cffect, not shown by Figure 4.11, is the increase of graininess of the radiograph
with increasing development. Carcful 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

4.10.1.

Films used in industrial radiography are divided into two groups :

Salt screea type films

This type of film is used with salt intensifying screens (For screen types sce Scction 4.13)
and is capable of producing radiographs with minimum exposurc. They are rarely used in
industry, but can be advantageous where a reduction in exposurc is important.

TABLE 4.4. ASME (SE94) CLASSIFICATION OF RADIOGRAPHIC FILMS

Film Type
Speed Contrast Grainincss
1 Low Very high Very fine
2 Mcdium High Fine
3 High Medium Coarse
4(a) Very high(b) Very high(b) (c)
Medium(d) Medium(d) Mcdium(d)

Notes: (a) Normally used with fluorescent screens.
(b) When uscd with fluorescent screens.
(¢) Grainincss is mainly a characteristic of the fluoresceat 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
cxposurc using lead screens. Some of these films may zlso be used with fluorometallic
screens.

4.10.3.Films for fluorometallic scrcens

Thesce films arc specially designed to be used with fluorometallic sercens. A screen type
film can be uscd with metal foil screens instead of salt screens, but it usually yields lower
contrast than non screen film with a similar speed.

Radiographic films are classified into different groups by various standards. Classification
of films according to ASME (American Society for Mechanical Engincers) 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 Typc

1 Ulera-fine-grain, high contrast
2 Finc-grain, high contrast

3 Mcdium spced

Film Class Description

Gl Very fine grain
Gl Finc grain
Gin Medium grain

Data about films manufactured by five of thc most popular firms namely Agfa Gevaert,
Kodak (U.K.). Kodak (U.S.A), Fuji and Dupont are given in Tables 4.7, 4.8, 4.9, 410 &
4.11 respectively.

The term cxposure factor or film factor used in these tables is defined as the exposure
required by a film, to bave a certain density relative 1o the exposure required by a
particular film to have the same density. For example, exposurc factors of Agfa Gevaert
films arc given in terms of structurix D7. This means that if D7 requires 1mA-min to have
a density of 2, for the same density structurix D4 would require an exposure of 3.3mA-Lin
(reference Table 4.7).

TABLE 4.7. AGFA GAEVERT INDUSTRIAL RADIOGRAPHIC FILMS

USE EXPOSURE CONTRAST GRAIN DIN ASTM FILM TYPE
FACTOR 1) (2) CLASS CLASS
13.2 5.3 0.23p,, ! special D2
WITH OR 33 4.80 0.55%, 4] 1 D4
WITHOUT 1.8 4.65 0.68u,, n 1-2 DS
LEAD 1 4.60 0.88u,, 1§ 2 D7
SCREENS 0.10-0.17 4,24 - - . RCF




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 Classification
to Industrex AX Film)
50KV 150KV Co-60 and ASTM British
1o to high energy Standard
150KV Ir-192 source

Industrex With or

MX  without 220 230 400 1 ultrafine
Icad high
screens contrast
AX 100 100 100 2 fine grain
high contrast
X 70 65 60 2 finc grain
high contrast
Kodak No - - 3 -
screen
film

Kodak X- Salt
OMAT RP intcns- - - - -
film ifying

screens

Film Sereens Exposure Factor (rclative Classification
to Industrex AA Film)

100KV 200KV Ir-192 Co-60 ASTM

Indusirex R With or 14 13 12 10 1
(singlec coat) without

Industrex R lcad 16 15 14 12 1
(doublc coat) screens

Industrex M 50 45 35 30 1
Industrex TMX 60 60 55 50 1
Industrex T 80 70 65 55 1
Industrex AX 100 100 10v 100 2
Industrex AA 100 100 100 100 2
Kodak No 3
screen film

Kodak Blue  Salt - - - - 4
Brand film sCrecns

.................. D Lt L T T T DR AR S UPII U
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Film

TABLE 4.10. FUJI INDUSTRIAL RADIOGRAPHY FILMS

Screens Relative speed (Type No 100 Class.
is taken as a standard

X-rays Co-60 X-rays with ASTM
fluorometallic fluorescent
screens(SMP308):screens(KZ-S-F)

Withor 25 25 - - 1

without 5 50 25 - 1

screens 100 100 100 100 2
180 180 - - 3

Fluor- 1000 1000 4

escent

screens

Screens Relative speed (at density of Classification
2 exposed at 200KV with lead
screens at standard ASTM DIN
processing times )
With or 28 1 Gl
without 45 1 Gl
lead 100 1 Gll
screens 152 1-2 Gl
205 2 GIIl
266 2 Gl
salt - - -
sereens

4.11. FILM PACKAGING

Films arc supplicd in diffcrent types of packaging as follows: folder wrapped ;envelope

packed

;bulk packed ; ready pack rolls.

4.11.1 Foldcr wrappced ( intcricaved )

These films are 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 cxcept in a darkroom. They can be used with or without lead screcns. The paper
folder must be removed before placing the film between the screens.

4.11.2 Eavclope packed
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These are 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.



4.11.3 Ready pack rolls

The film is sandwiched between two lengths of yellow and black duplex paper ,scaled along
both edges and wound on a cardboard corc. 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 donc 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 shects adhering to one anothes. In some cases necessity dictates
that the storage area be closc 10 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

4.13.1

The degree of photographic effect of X-rays and gamma rays depends on the amount of
radiation encrgy that is absorbed by the sensitised coating of the film. This is about 1
percent for radiation of medium penetrating power. The remaining 99 percent of radiation
passes through the film and is not used. To overcome this the film may be sandwiched
between two inteansifying screens. Under the »~**on of X-rays and gamma rays these screeas
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, salt or fluorescent aid fluorometallic.

Lcad foil scrcens

These arc used extensis :ly for industrial radiography. The intensifying cffect is caused by
the liberation of clectroas from the lead foil under the excitation of radiation. With X-ray
cquipment ,the lead foil absorbs more scattered radiation than primary radiation and
intensifies the primary more than the scattered radiation. The main advantages of lead foil
screens are a reduction in exposure time above 120KV and a reduction in scattered
radiation giving greater contrast . Lead screens are 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 are 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 stopping as much of the secondary radiation scatter which has a longer wave length
and is lens penetrating. The front screen is usually 0.1mm (0.004in) thick and the rear
screen about 0.15mm (0.006in) thick. 1t is however possible (0 use two screens of the same
thickness, Flaws on screens such as seratches or cracks in the melal are visible on the
tadiographic image. Therefore damaged sereens should not be used. Lead intensifying
screens are not particularly cffective with X-ray cquipment below about 120KV,
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4.13.2 Salt intensilying screens

These consist of a thin flexible base coated with a fluvrescent layer made up of [ine crystals
of a suitable metatlic sall - usually calcium tungstaic. Two main lypes are used in industrial
radiography:

(1) high definition (Tine grain) screens made of small salt crystals

(2) screens giving high intensification ( rapid or high speed screens ) made of larger salt
crysials.

Exposure Lo X-rays causes the sall crystals Lo glow with a Dlue lght. This light affccts the
[ilm and produces the main part of the Jaleni film image . Salt screens reduce exposure
time and allow a lower kilovollage Lo be used. However, definition is affected by salt
screens depending on the sice of the salt erystals. Faster sereens give the worst effect. The
radivgraphic film 1s placed between two sereens coated with these salts so that the salt
coaling is in contact with the lilm. The screens and the film are then placed in a metal or
plastic cassetic ur {ilm holder so that they are in intimate contact,

Salt screens should be examined frequently (v ensure that they are Tree from dust and dirt,
They can be cleancd with a slighily svapy sponge ur wad of cotton wool applicd gently until
all traces of dirt bave been removed. Al no time should the spopge or cotton wool be wet
cnough (o allow drops of waler (o fall on the screens. Wipe over once with a moistened
damp cloth pad. Dry with a clean sof€ cluth [ree from loose fibres.

4,13.3. Fluvromclallic screcns

These sereens are a combination of the lead screen and the salt screen giving the eleciron
cmissivn cffect and the fluorescent effect.

They consist of pairs of screens made up of a flexible or card support, ikin lead foil and
a layer of fine grain fluorescent salt.

They are normally used with finc grainhigh contrast direet (ype [ilm giving an
intensification which can reduce the exposure by as much as pine limes ,yetl withoul losing
tvu much sensitivity of flaw detection, They are made in different grades (o suit different
X-ray and gamma cocrgies. Their use is largely conlined (0 routine inspectivn when speed
of exposure is essential but where urdinary sall screens wouald give oo great a loss in
critical inspection.

4,13.4 Intcnsilication laclur

The intensilication Tactor is capressed as the ratio of the exposure without using screens
o thai using screens as follows:

Intensification Factor = Exposure without screens

Expusure with screens
sand it varics with the kilovoltage and the
circuitry of the X-ray scl being used.

Figure 4.13 shows the intensification factor compared tu the kilovoltage used for salt and
lead screens. With lead sereens the iniensification cffect is only obtained above 120Kv
while with sult screens the maximam cffect is obtained at sbout 200Kv. That is why sall
serens are rarely used with gamma radiation,

4.14, Fila cusaciics
Film canscites can be flexible or rigid. The flexible cassetie is made from sirong, black PVC

and is used extemsively Tor site 1o diography because it can be readily adapted o various
shapes and sections auch un pipework and circumfercatial welds, There are two designs:



Sall screen

Lead screen

Iniensification {actor

Kilovoltage

Figurc 4.13 Variation of intemsification facior with kilovoltage.

1) Duuble cuvelope cassetlies - these have an inner and vuier eovelope. The vuler envelope
15 closer 1o the film sizc than is possible with a rigid cassciie. This makes aceur ‘e
positioning of the film [or exposure casier.

2) Single envelope casseiles - these have a nylon press down fastener which gives good
light-tight scaling. It also cnables the casselte to be opened or clused at a touch.

Rigid casscites constst of a thin aluminium [ront with a felt pressure pad to keep the film
and screen surfaces in intimate contact, 1t is therefore betier (0 use a rigid cassette f an

intensifying sereen is required.

4.15. FILMLESS RADIOGRAPHY

Mcihods that do not use film (o produce a radivgraphic image may be advanlageous when
speed of operation, observations in motion or magnification of the vbject are considered
of primary importance. The filmless radiographic methods are usually much fess expensive
than film radiography and arc used when rapid results are required. The filmlcss methods
arc limiled by the size of the vbjects that can be cxamined. Production of permanent
records af(er inspection is solved by photography.

4.15.1 Fluuroscopy

4.15.1.1. Gepcration of (he image

Figures 4.14 and 4.15 iHlustrate iwo fluoroscopic arrangemenis - vne with and one without
the use of a mirror. The X-ray tabe, (he object and the [luorescent sereen are encased in
protective shiclding and the object is placed between the tube and the [luorescent screen.
The X-rays passing through the object eacite the fluurescent material producing bright
spols in the more heavily irradiated arcas. Thus the fluvrescent image is positive , whereas
the developed film produces a negative image. The fluorescent sereen may be viewed
direetly or by means of a mirror as showa in the illustrations. The mirror allows the viewer
to sce the image on the fluorescent sereen without being in the direct line of radiation
although (he sensitivity thus oblaiued is usually somewhatl ioferior (o that provided by
direct viewing,

4.15.1.2. Fluvrcacenl scrcens

Fluorescent sereens give different image qualitics depending o the grain of the fluorescent
chemical,its nature and the applicd radiative. Brightness is propurtivnal o the intensity of
radiation and therefore a comprumise is necessary belween sereen brightness and the cost
of protectivs from radiation, The brightoess of cach type of sereen depends on kilovoltage.
However cach chemical offers ils best brighiness at different potentials and manufacturers
uf the scrcens supply data for the application ranges of their cquipment.

4.15.1.3. Opugativnnl conditions

Viewing should be conducted in a room with very little light (o cpable the cye (o adapt
ilacll for the iuspection, The uperaton shuuld work fur periods nol eaceeding one hour al
the viewing window Lo avoid latigue.
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1 - Source

2 — Specimen

3 ~ Fiuorescent Screen

4 — Leac Glams

5 — Lead Glass Viewing Window
6 — Mirror

7 ~ Lead Backing

8 — Support

Figure 4.14 Fluoroscopic arrangement with mirror

Figure 4,15 Fluoroscopic arrangement without mirror

The atlention of the vpcerator is stimulated by movement on the screen. This can be
produced by adjusting the source - ubject distance , moving the stage ur working on a
conveyer. To increase the screen brighiness it is advisable (o maintain a short tube - serecn
distance. Screens that pioduce betler brightness must have larger grain and therefore affect
definitivn adversely. Scatier interferes with the image and the fullowing measures should
be used to reduce it

(a) the fluoroscopic cabinel should be lined with fead.

(b) the cone of rudiation should be restricted with musks and diapi- agms to cover the
specinen only.

(¢) when u mirror is used for viewing it should be backed with lead.

A semilivity of 3% may be ubtuined by lluuroscopy vader idesl lsborstory conditions, but
in general the seanilivily seldom caceeds 5%,



4.15.1.4. Applicaiions of [luoroscopy

In the meials ficld fluoroscopic inspeciion is carried vut vn bight alloy castings up Lo 40mm
in thickness. In many cases the castings are screened by this method and castings with
vbvious large delects are rejected befure usual inspection using [m radiography. The same
praclice may be applicd (o other thin meial parts, welded assemblies and coarse sandwich

constructivns.,

Plastic parts may be checked for the prescoce of metal particles or cavities. Other
applications inciude inspection of clectrical cquipment such as switches, fuses, resistors,
capacitors, radio tubes, cables and cable splices in which breaks of metal conductors, short
circuiling or wrong asscmbly may cause troublesome elecirical testing. Ceramics, [ire bricks
and asbestos products fend  ibemsclves  perfectly Lo fluoroscopy. Packaged and canned
fouds are cxamined for the amount of filling aed for the presence of Torcign objects.

4.15.2 Elccironic Muoroscopy

Elcetronic methods may be applicd to increase the brighiness of the tmage,tmprove the
defioition and transmit the piclure o a place remoie from the radiation source. These
systems are usually known as image inlensificrs, image amplifiers or closed- circuit
television systems. The latter may be based cither on image transmission systems or on
direet image gencration without a lluorescent sereen. The equipment is rather intricate and
costly and its special arca of operation is in the lield of small objects. Although very uscful
for inspection of fused joints, the method can ve eapensive for testing large objects.
Assessment of clectronic components, particularly for miniaturised cquipment, presents the
must important [icld of application.

4.15.2.1. High brighincss fluoruscopy

High image brightness is obtaincd by dircciing the X-rays through an object onto a
fluorescent screen inside an insirument koown as an image intensifier or image amplificr.
The principle of the vperation of this type of instrument is shown in Figure 4.16. The X-
1ays pass through the glass window of 1he intensificr tube and produce fluorescence in the
{luoresceni screen which is coupled (o the photocathode. This in turn emits clecirons in
propurtion (o the intensity of fTuorescence. The clectrons are aceclerated and direcied by
a high poteatial applied between the photocathode and the hollow anode to impinge upon
the small observation screen. The resuliing image is observed through g low magnification
microscope. Phe brighiness amplification is obtained by locusing the eleciron beam on Lhe
small screen thereby reducing the arca of the image. By oplical means the picture is
magnificd back to its original sizc. Amplification increases the eye’s perception and helps
to ubtain a better contrast.

This usually cmploys cither an ‘image orthicon” tube or “Vidicon-type” tube. These tubes
transform light or X-rays into ¢lectrical signals that may be converied into light in the
picture tube of a televiston camera, The Vidicon system is in more general use than systems
using an image orthicon tube. The image orthicon ube is bowever more light sensitive. A
diggram of the Vidicon Lube is shown in Figure 4.17 and an image orthicon lube in Figure

4.15.3. Summary of fluvrvscopic methods

A summary of the [luoroscopic inethods of most importance is shown diagrammatically in
Figurc 4.19 beginning with a direct viewing [luorescenl screen.

(a) Muorescent screen

{b) solid slale image intensificr

(¢} clectronic image intensificr in which a large light sensitive layer is in direct contact with
the fluorescent sereen in vacuum, The layer emits clectrons which are accelerated and
voncentrated 1o achieve an image intensification.

163



Figure 4.16 Noreleo industrial image intensificr (A) Fluorescent sereen (B) Photocathode
(C) Conductive coating (D) Viewing screen (E) Anode (F) Eleciron paths (G) Optical
system

UU

1]

Figurc 4.17 Photoconductive X-ray pick-up iube cmployed by Vidicon Television Systems. (A) X-
rday sensitive plate (B) Screen grid (C) Electron gun (D) Electron beam
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Figure 4.18 Image orthicon tube
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Figurc 4.19 Summary of diffcrent fluoruscopic arrangements.

(d) Transmissivn and intensification of the fluvrescent sereen image with the aid of a highly
sensilive (elevision camera on Lo a Lelevision screen,

(¢) transmission and intensification of the image vn an electronic image intensifier with the
aid of a television camera,

(I} X-ray television camera tube in which an X-ray sensitive layer is built into the television
camera. The layer alters its conductivity under the influence of X-radiation aed is directly
scanned with (he electronic beam. In this manner,a video signal is oblained which is laken
directly Lo a ielevision transmission system.

4.15.4. Xeroradiography

This is considercd as a "dry” method of radiography in which a xcrographic plaic tukes the
place of (he X-ray [ilm. The plate is covered with a sclenium powder and charged
clectrostatically in the dark room. Exposure (o light or radiation causes the charge (o decay
in proportion to the amount of radialion received and a latent image 1s formed.

4.15.4.1. Xeroradiographic Plaic

The selenium coated plate acls as a capacitor and is sensitised or charged by means of a
corona discharge from a suitable clectric apparatus. The charge may stay on the plate for
more than 24h depending on the plate characteristics. The plale is in a casselie protecled
against light and is exposed to the radiation in (he same way as a [ilm with the sclenium
coaled surface facing the exposed ubject. The radiation causes loss of charge proportivnal
to the irradiation as shown in Figure 4.20. The preferential loss of charge causes
differences in attraction of the ‘developing powder’ which produces an image on the plate.
The powder may be stripped by contact with adhesive coated plastic and a permanent
record oblained. Afier cleaning and recharging, the plate is ready for use again. The

divgraphic response of the plates depends on the thickness of the selenium layer.
carcless handling or cxposing the plaies (v high temperature gradienls may cause
permanent dumage by scparation ur cracking of the diclectric, Ammonia (umes, alkaline
liquids, sunlight,strong artificial light and high tcmperatures may damage the plates. The
plates gradually deteriorale after repeated high charging and “xposure to high kilovoltages.
The image becomes darker and the contrast sensitivity is decreased. The plates should be
stored in closed casselics at a temperature not exceeding 20°C i the expected life of
approximately 600 exposures is Lo be obtained,
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4.15.4.2. Charging the plaics

Scasitising is perfurmed in a light tight cabinet in which one array of wires supplics a
voltage of approximately 7KV while the oiber is held at a lower poteniial of several
hundred volts Lo shicld the plate from sparking. The metal plaie is grounded and the corona
¢ffcel from ihe high negalive voltage of the wires above the selenium plate creates the
charge. The casscile s inseried into the charger and the cover slide is removed. Charging
is carried out and the cever reinseried befure removing the casselle [rom the carrier. The
cover 1 left on unlil the image is developed. Tt is preferable o process the plate
immediaicly after charging but a few hours storage does not aflect the performance to amry
greal cxicnl. Charged plaics must nol be exposed 1o any radiation duriag the period
preceding their eaposure and development.

4.15.4.3. Qperalion

The exposure of acroradiographic plates is similar (o that of films. The plates are more
semsitive o soft radiativn than most films and al high kilovoliages their speed equals that
of Type II film. The sensitivity of the plates (o low polential radiation requires care in
reducing scalter Dy using diaphragms, backing the cassciles with lcad, maskingete.
Xcruradicgraphic images have youd three dimensional appearance and offer very goud
radivgraphic semsitivily om maicrials with low radiation absorption coefTicients,
Penctrameter sensilivily may be betier than 2% up (0 50mm of aluminium and 4% up v
40mm of steel.

The developing powder is sprayed on the plate in a light tight box. The parlicles are
charged by [riction while passing the spraying nozde. While powders have best conirast
with the black selenium surface but present problems in transferring the picture to paper.
Coloured powders on iransfer produce negative images while fluoresceni powder gives the
same piclure as while powder and can be viewed under "black light” both before and alter

transfcr.
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Figurc 4,20 Disgrammatic representation of xeroradiography



5. PROCESSING OF RADIOGRAPHIC FILMS

5.1. INTRODUCTION

Ap X-ray [ilm is composed of a transparent, cellulose base, both sides of which arc coaled
with an cmulsion of silver halide suspended in gelating, the silver halide being distributed
throughout the cmuisivn as minute crystals. When hight, X-rays or gamma rays strike the
silver halide erystals, a change takes place such thal a lateot image is formed in the crystals
which is made visible and permancnt by chemically processing the film.

The processing is carried oul under subdued lighting of such a colour and intensity that it
does not expose the lilm (uriber. The colour and intensiiy of the salc light is recommended
by the manufacturer of the [ilm and these recommendations should be strictly followed.
The processing solutions are normally conlained 1o deep lanks so that [ilms held in hangers

may be suspended verlically in the solution.

5.2. SAFELIGHTS

Exposing [ilms (o whiic light aflects the crystals; consequently X-ray films should vnly be
handled under sale-light conditions. It should be remembered however, that even under
safclight illumination it is nol wise Lo allow undeveloped films (0 receive excessive expusure
to salclight illumination as the (ilm may become Tugged. It should be noted thal cxposcd
[ilm is more sensitive io light than unexposcd [ilm. The intensity and location of salclights
must be carefully considered. Furthermore, the safclight intensily should be eniform
throughout the darkroom. The "saleness” of such safelights 1s directly related (o the correct
wallage, lype of filier and position ( distance)of lamps in relation to (he [ilm. Hence it is
quile imporlani (v guard [1lms against dircel salclight illuminativn when lvading them on
hangers preparatory Lo group development.

5.2.1 Test for safclight illumination

Tests should be carried oul when a dark room is [irst used, salclight filters appear
discoloured or when a film of a faster speed is going to be processed. Two simple and
popular methods are as [ollows:

a) Place an uncovered, unexposed [ilm [lat down on the lvading bench, Lay [lat objects,
sech as a ruler, pencil,sirip of metal,eic., on Lop of the film. Leave the film and objects
under normal safclight illumination for one and a half (o twice Lhe lime a film is pormally
left there, If no vutline of the objects can be seen on the properly processed (ilm then (he
safclight illuminztion can be comsidered of a low enough level.

b)Place an uncovered unexposed (ilm Mlat dowa on the loading bench. Cover it completely
excepl for a lengthwise strip aboul 25mm wide alung ovme side. At a number of
predelermined sme intervals (e€.2.5 min.) move the covering picce so (hat 4 new 25mm sirip
is exposcd cach time. After the desired number of time intervals have clapsed the [ilm
should be processed under normal conditions and examined when dry. The [ilm can then
Le scanncd acruss the strips with a densitomeier for density vanation(if any) for the
different exposure limes and an assessmenl made of the safelight illumination level.

5.3. FILM PROCESSING PROCEDURE

The esacntial stages in processing a radiographic [ilm are as foflows:

a) development
b) rinsing

¢) flining

J) washing

¢) dryiag
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5.3.1. Preparation privr tv processing

The radiographer should always follow these important steps belore beginning processing:

1) Stir all sulutions before use. ( Solutions tend Lo separate vut when undisturbed)

it) Check the temperature of the tank solutions. It is impurtant that these be cqualised as
closely as the method of conirol permits and that the developer be brought as closely as
possible o 20°C.

i) Check the level of solutions in the tanks. The radivgrapber should maintain a careful
watch over the fevel of the solutivas in the tanks and wash waicr. The level should cover
the cruss bars of the bangers. Should (he solution level be fou low, the addition of
repienishment solution will bring it to the proper level.

iv) Ensurc there is an ample and stcady flow of waler in the rinsing and washing tanks.
v) Consull the table of development times and, when necessary, the time-temperature
development chart that all manulacturers supply and sct the timer accordingly.

vi) Clean all working surfaces and wiash hands.

vii) Turn off all lights and proceed (o work under salelight conditions only.

5.3.2 Developing

When the [ilm s placed in the developer solution, the unexposed crystals are pot allected
ur removed al this step, but the developer reacts on the exposed crystals latent image,
frecing the silver [rom 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
varricd vul. The best rosuils, however, are obtained at ¢ cmperature of 20 C. A higher
temperature resulls in a more inicnse chemical fog and in a more marked grain. Also,lhe
developer will deteriorate sooner and [aults due (o a lack of [reshness in the film and\or
the baths or to insufficicnl washing aficr developing cle. wili be more likely to oceur. At
high emperature the ¢mulsivn coating may be found (v undergo reticulation, become
detached or mell. On the other hand the further the temperature [alls below 18° C the more
the contrast producing clement of the developer will be restrained.

5.3.2.1. Time-tewaperature relativoship

When all vther laclors remain constant the amount or degree of development is a function
of both time and icmperature, By linking these two together in a time-lemperalure
rclationship it is possible to compensale [or a change in one by changing the other. Thus
within certaio limils a change in the rate of development caused by an increase or decrease
in lemperature can be compensated for by adjusting the development time in accordance
with the lime - (emperature relationship set up for that particular developing solution, All
manufacturers of solutions pruvide time-temperature relationship date wiih their chemicals.
Figurc 5.1 illustrates a typical relationship in a char( form.

By using the alore mentivned relativoship, pusitive control can be had vver the developing
procedure; errors in X-ray technigue can then be recognised casily and not confused with
development problems, Sight development, even al best, s an inexact method because it
depends un the technician’s judgment, which in (urn depends upon oumerous factors, such
as fatigue and leagth of time in the dark room,

5.3.2.2.Agilation
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Film agitation is the movement of film in the various processing solutions in such a manner
that fresh sulution is brought to the surface of the filn su that the proper reaction vecurs
between the film cmulsion art) solution. Agilation is most important during the
development cycle. If a Tilm is placed i the developing solution and allowed w develop
withoul any movement, the reaction products of development will flow dowa the surface
of the film thus keeping [resh solution away from the film's surfuce, The greater the fitm
density (he greaier the flow duwuward causing uncven development in the areas below.
This may shuw up in the form of streaks,
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Figure 5.1 Time-temperature relativnship for the development of a radiographic film.

In manual processing, agitation is done by hand. Stirrers or circulaiiog pumps arc gencrally
discouraged because preferential [lows are usually sci up in the solution when these
mechanical devices are used and worse conditions of uncven develvpment can occur than
with nu agitation at all. Acceptable agitation is provided when litms are shaken vertically
and boricoatally and moved from side (o side in the tank (or a few sceonds cvery minute
during developing. More satisTactory renewal is oblained by lifting the film clear of the
developer, alluwing it 10 drain from vae corner for 1-2 sceonds, then re-inserting it into the
developer and then repeating the procedure with drainage from the other corner. This is
repedted al one minute inlervals during the development cycle.

5.3.3. Rinsisyg

After development, the filmis rinsed in the stop bath for about 30 (0 60 secunds, The stop
bath consinsty of @ 2.5% sulution of glacial acetic seid i.c. 2.5mL of glacial acctic acid per
litre of water, The acid is uned Lo stop the action of the develuper on the film. Tt slso
inhibits the tranafer of the developer into the fixing bath which would be spoiled otberwise.
Il wlacial scctic acid is not availabie, the film can be immersed o Cean running wates for
al Jeunt 12 minutes.
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5.3.4. Fixing

The functions of the fixing or "hypu” bath are:

(a) to stop lurther development

(V) o remove from the emulsion all undeveloped silver salts thereby leaving the developed
silver as o permancol image.

(¢) to barden the gelatine of the emulsion so that it will be more stable during subsequent
washing, drying and bandling opcrations.

The interval belwecea the placing of the {ilm in the [ixer solution and the disappearance of
the original, diffused, yellow milkiness is known as the clearing time. This is when the fixer
dissolves the undeveloped silver halides. An equal amount of time is required for the
dissulved silver halides (o diffuse out of the ¢mulsion and for the gelatine to barden
adequately. Thus total [ixing time should be at least twice the clearing lime. Films should
be agitated vigorously when first placed in the {ixer, in the same way as carried out in (he
developing procedure.  Fixer should be maintained at the same (emperalure as the
developer and stop bath (between 18-24°C).

5.3.5. Washing

5.3.5.1.
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The cmulsion of the [ilm carries vver some of the fixing bath chemicals from the lixing bath
v the wash walter. I these chemicals were allowed to remain on the lifm, they would cause
the radiograph (o become discoloured and lade after a storage period. To prevent this the
film should be washed under conditions thal are moust suitable for the removal of these
chemicals. The [ollowing are the most imporlanl practices (o follow when washing a
radiographic lilm :-

(d) use clean running waler that is so circulated that the eniire emulsion arca will receive

frequent changes.
(L) cosure thal the bar and clips of the lilm hangers are immecsed.

{¢) wash for al lcast 20min.
(d) walter temperature should nout exceed about 25°C su (hat emulsion does nol sulten and

wash away.
(v) walcr lemperalure should ol go below 15° C because below this lemperature hypo

sululive will not dissvlve well.
(I') water flow should be such thai the volume of the tank is replaced four (o eight (imes

per hour,
Mcthods of washing
(a) Si P ] ] p i ; The [irst films should be placed at the

inlet side of the tank and mouved prugressively luwards the oullel end of the lank as more
films are added (o the tank,
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Figure 5.2 Single lunk with running waler.
(b) Cans; i i The cuscude meihod of wushing is the most ceonomical

of waier und gives belter washing fur the same period of lime. la this method the washing
cumpartment is divided into two scctions, The lilms are tuken from the fixes solution and
pluced in compartment A, Aller they huve been partially washed they are moved (o
compariment B, lcaving comperiment A ready (o receive more films (rum the liacr,
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Figure 5.3 Cascade washing lanks
(¢) Multipic Tapk (Where no runping wa'er is available or a small supply of (resh walter

1s available). This method consists of placing the [ilms successively in four different Lanks
cach of which is filled with standing waler. The advanlage of this method compared with
that of placing {ilms in vac tank of standing water 1y thal, as the films are placed
suceessively in each of Lthe four tanks, a decrease in the fixer content is obtained.

. Drying

Drying has an important bearing vn the guality of the linished radiograph. It should be
dunc without causing any damage (v the emulsion or marks from uoeven drying, and
withuut expusing the damp cmulsivn (o dust or linl. To avoid drying marks and to speed
the rate of drying, the [ilm is immersed in a "drying” solutiva that is commercially available,
for about 15-30 s. This bath vvercomes the surface lension of the waler, thus preventing
the formation of water droplets. If a drying solution is not used then the film can be wiped
down with a sponge. The [ilms are usually dried in cabinets by circulating temperature
cuntrolled air. The temperature should be such that it dues not cause the [ilm to buckle
ur dry uncvenly, Care should be taken that films do nol (ouch one anuther in the cabinet.

5.4. MAINTENANCE OF PROCESSING TANKS

5.4.1. Develuper Tank

As adeveloper is used, its developing power decreascs, partly because the develuping agent
deterivrates through use, partly because of the resiraining effect of accumuiaied reaction
products of development, and (o a small extent, acrial (or atmospheric) vaidation of the
developiag ageal, cvea when not ia use. Ay accurate way Lo cheek develuper activity is
test it at regolar intervals with [ilm sinps that have been cxposed under siandard
conditions. Onc procedure is Lo expose a film through a sicp block withoul screcas of any
kind: then cut standard size strips (o scrve as standards when a new tank of developer is
put intv use. Afier that, develop individual stripy al pre-determined intervals and compare
the densitics with those of the standard sirip. When the developer replenisher system is
uscd in processing rudiograpbic film, replenisbment is carricd vut for (wo reasons ;

(4) (v maintain the level of the solutions in the tanks so that they cover buth film and [ilm
haogers.

(b) 0 maintain ibe activity of the sulutivns su that the results oblained are consistent.
Replenishment sulutions are made up sccordiog (o manufacturer’s instructions und cun be
the same ws the svlution replenished or of g leas dilute nature. A practice of len carricd vut
in « laborutory darkroom is just (0 muintuin t+o Jevel of solution in the tunks by the
addition of replenisher and this system can be adequate. More precise replenishment is
attuined buwever, by following the manufacturer’s recommended practice of solution
replacement 1o the required tank level os dictated by the volume of films processed,

5.4.2. Fiacr task

The life of a fiaing solution depends on its ability o peulrelise the ulkali on the films. The
time tenuired o cear @ film s » good gauge of liner eabhdustion. When it eacceds
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approaimatcly 8min, the bath should be replenished. This prolongs the life of the liacr and
maintains a rapid [ixing time. When exbausted solutions are used, the emulsivn is pot
sufficiently hardened. In addition, the radivgraphs may have a brown stain that is scen by
reflected light but is not nuticeable by iransmitied light.

5.5. CHEMISTRY OF PROCESSING

5.5.1. Developer

All X-ray developers essentially have the following five cunstituents:-

(i) Developing Ageul

1t is basically a mild organic reducing agent which reduces only expused silver. The most
commonly used developing agents are :

(a) Munomcihyl paraminophenol sulpbate

(b) Hydruguinone

ln X-ray developers, both of these are used at the same time. A Jatent image developed
in munuvmethyl paraminophenol sulphate comes up very quickly bul gains density very
slowly, while with hydroguinone the image comes up very slowly but gains density rapidly.
(1) Accelerglor

Its function is to aceelerale the action of the developer, It is basically an alkali. Sodium
carbonate and sudivm hydroxide are the ones commonly used as accelerators.

(i) Breservative

Develuper gets uxidised due Lo contact with air and thus loses its developing 1 -operties (o
sume ealent. A preservalive when added (o the develuper prevents this uxidation. Usually
sudium sulphitc is used as prescrvalive,

(iii) Restraiger

h controls the activily of the developer and allows it 1o reduce unly the exposed silver
halide to black metallic silver. Potassium bromide is the vne used as restrainer.

A Lypical X-ray developer furmula is as follows :

Monomcethyl paraminophenol sulphate 23 gm
Soudium sulphite (anhydrous) 72 gm
Hydruyuinone 8.8 gm
Sudium carbonaic (anhydrous) 48 ym
Putassium bromide 4um
Walcer to make 1000 ¢

To make the sulution, dissolve the constituents o distilled water at 32°C (90°F) in (he order
given and develop the film for 5 minutes at 20° C (68°F).

5.5.2. Ruplemisher
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The level and activity of the developer are lowered with use. So it shsuld be replenished
properly to keep up the level and wetivity of the developiog bath. A typical formula fur a
Repleuinsher in ws follows ;

Monumctliyl paruminophcaol sulphatc 4 ¥y
Sudivm sulphite (anhydrous) 72 gm
Hydroguinune 16 gm



Sudium carbonale (anhydrous) 48 ym
Sudium hydroxide (caustic suda) 7.5gm
Waier (0 make 1000 cc

Dissolve (he ingredients (in the urder given) in distilled walter at 32°C (90°F) W0 make Lthe
sulutivn.

5.5.3.Fuxer
The essential ingredicnts of X-ray fixer are given below :-
(i) Hypo.

It dissulves the undeveloped silver halide erystals only and thus removes them from the film
which olherwise will obscure the desired image by getting darkened as a resull of light
activn. The commuonly used Tixing agenls (also called hypo) are sudium thivsulpbale and
ammonium lhivsulphale.

(ii) Duveloper Noutraliser
It ncutralises the developer carried with the film alter development. It is acelic acid
(glacial) which is added (o the lixer as developer neutralises.

(ii1) Preseevalive

It prevents the decomposition of thivsulpbate by the acetic acid. Sodium sulphile added
lu the Tixer scrves as preservalive.

(iv) Hardgner

It bardens the gelatine of the cmulsior lest it should swell or soften during washing and

drying. Besides, the hardenced film drics more guickly than otherwise. Polash alum is
cvommonly used as hardener.

A lypical furmula for an X-ray fixer is given below ;-

Sudium thiosulphate (bypo) 300 gm
Sudium sulphite (anhydrous) 5 ym
Acetic acid (glacial) 10 ¢
Boric acid crystals 5 gm
Polash alumn 10 gm
Waicr (0 make 1000 ¢¢

To make solution, dissulve the constituents simultancously in distilled or tap water. For
standard processing the develuper and the fixer as recommended by the manufacturer of
the films should be used.

5.6. PROCESSING UNITS

There are three lypes of processing units which can be used 1o process X-ray films and X-
tuy instanl paper. They are discusaed below.

5,0.1. Munuul procossiog unit

1t conniata of a developing bath, a stop bath, two Tixing baths, u washing buth und a photoflo
bath and all these buths arc contained in s big tank (Figure 5.4). It is also cquipped with
a lhermontatic temperature control 1o keep the processing svlutivas al @ constant
temperature, Though i uffers @ sluw processing yet it is used where there is Jess work
load, 14 in preferably uaed Tor wraining purposes. It is @ must for learacrs, because it
provides a thorough understending of all the stages of processing an X-ray film.
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Figure 5.4 Manual processing lanks

5.0.2. Autlomalic proccdures
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Automalic [ilm processors are available thal greatly speed up the processing of Tilms and
minimise manual processing of Tilm artefacls. With an automatic lilm processing unil, the
radivgrapher needs only to remove the exposed film (rom the cassetie, and feed it into the
processing unit.  The wail thea takes vver and, o aboul 15 min, ibe film is ready for
viewing., The advanlages of course, are that the vutpul is increased and the film quality is
improved. The automatic method is achicved by the roller transport principle (Figure 5.5)

A scries of small driven rollers arranged in offset positions  transport cach Tilm
independently through the solutions. The rolling action aicates @ vigurous and uniform
surface agitation and, logether with proper operatiog lemperalures and  solution
recirculation, achicves o reduction in processing time,  Comsequently, cfficicncy and
uniflormity uf processing are achicved. Because of the intimale relationship belween the
chemical and mechanical requircients of the system, special chemicals have been
developed Tor use with the sutomatic processing system. These chemicals both control and
maintain the physical and chemical churacteristics of the film within the required tolerances
of the roller transport aystem. Furthermore, the solutions function under rigid time
temperature conditions. The reanon for this is that, since surface liquids are removed by
1oller squeese action as cach Tilin passes [rom one solution to the neat, the solutions are
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not degraded. These three lactors working together permit cach film (o be processed and
dricd in less than 2 min:

{a) the nature of the chemical system prepares the film properly.

{b) wash water is roller squeesed from the [ilm as it leaves the wash tank, climinating
carry-over of surface watcer,

(¢} as the [ilm iu moved alung in the drier section, warmed air is direcied at high speed
ihrough precision slits to both film surfaces.

5.6.3. Instanl prucessing unil

1t is meant for processing radivgraphs which are expused vun insiant X-ray paper. The
modern insiant processing uniis promise 10 seconds as the tolal processing time. Inslant
X-14y paper and instant processing unils are used when information is needed as yuickly
and cheaply as possible. Radivgraphic sensitivity is adequaic for many situations where
maximum scasitivily is ool required.

5.7. DARKROOM

Goud plaening and layout of the darkroom is cssential for successful radiography. I
should be desigaed o meet individual requirements based upon the amount and pature of
ihe work being done. The size should be related to the (s pe of work, whether it will copsist
of a rouline processing of radiographs, whether il includes enlarging, reducing, printing and
copying, and whether it will be used to produce photographs. It is preferable to restrict the

Haanger

ll?c:: ?‘\’I‘;:: Dr_ ng cabinet
Film
processing
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Figure 5.6 A iypical daheoom layout.



darkroom (o the processing of radiographic films. The darkroom should be kept clean. A
light, glossy inicrior is practical. li should:

(i) bLe complelely light prool and remote from sources of X-ray and gamma radiation.
(11) be ventilated and heated [or comlortable working conditions.

(iit) have running hot and cold waicr and good drainage.

(iv) Dbe dry, casy 0 clean and locaied away [rom sunlight, na-. casy access to the
radiographic work arca, but be away from contaminating gasses from chemicals or coke
ovens,and

v} be laid vut so that the work can be carried out in a logical sequence, with wel and dry

arcas clearly established.

Figurc 5.6. shows a [ypical darkroom lgyout.

5.8. HANDLING OF X-RAY FILMS

Films should always be handled carclully o avoid physical strains such as pressure,
creasing, buckling and friction. Marks resuliing from contact with fingers thal are moist
or contaminated with processing chemicals, as well as crimp marks, will be avoided of  the
fitms arc always grasped by the cdges and aliowed (o hang free. Avoid drawing [ilm rapidiy
from carions and cxposure holders (any movemeni that causes friction) so that clectric
discharges do not occur and mark the film with circular or iree-like markings.

5.9. CHECK LIST OF PROCESSING DIFFICULTIES AND FILM BLEMISHES

Blemish or Difficulty Causces
Black crescenis Kinking of [ilm belure processing
While crescents Sharp bending or [olding of the

processed film

Ovcer-all fog Over-development
Over-age [lm
Prolonged caposure to salcelight
Salelight (oo Mlier
Unsuitable safelight filters
Insufficicnt protection 1o storage [rom
radiaiivn sources.
Film siored where temperature and/or
humidity are too high.
Viewing developed [ilm before it is properly

fixed

Black strcaks or blotches Light lcaks duc to faulty [ilm  holders or
casseiie

Sircaks Whiic and black sircaks at points where [ilm

was altached to hanger caused by processing
soluiion remaining on clips [rom prior use.
Inadequate agitation during development.
Removing fiim o view during development
period causing developer (o run across film
uncvenly,

Contamination by chemically-active deposits.
Inicraction of developer and [ixer
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Blemish or Difficulty

Drying spols and streaks

Black spols

Brown stains

Dark deposits

While crystalline deposits
Milky appcarance
Sharply outlined hight
and dark arcas

Blisters

Air bubbles
(light spots ur patches)

Roticulation

(lcather-like appearance)
Frilling

(lousening of cmulsion)
Stalic marks

(black bird track elfects)
Scraiches

(black, crack-like lines)

Dark lingerprints

Light lngerprints

White spols and arcas

Brittle radiographs

Drops of water on scmi-dricd {ilm or drops
of walcr running down semi-dried surface.

Develuper splashes before placing
cotire [ilm o developer.

Inadequate fixing or cxhausied

{ixing solulion.

Prolonged development in old developer.
Inadequate rinsing.

Oxidised products from developer or reacting
silver salts.

Inadequate washing after processing
Incomplelie fixing. Exhausted fixing bath.

Uneven development. Films not agitaied
during development. Films hung oo close
together in developer.

Formation of gas bubbles in [ilm cmulsion.

Air trapped on [ilm surface during
development.

Solution to warm
Exlreme lemperature differences in
successive processing baths.

Fixing in warm ur cxhausted bath.
Prolunged washing at high (emperature.

From stalic clectric discharges
caused by [riction between [1lm
and some uther object.

Improper handling

Film touched with dirty [ingers
before development.,

Film touched with greasy fingers
before development.

Piiled or worn sereens
Dirt on film ucreens

Excessive hardeming in {ixer
Excessive drying time
Tou high drying lemperature.



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 gammad rays. To obtain a radiograph, therefore, we place the specimen between a soaree
ol X or gamma radiation and a photographic film for a predetermined time, Figure 6.1.
The appearance of the shadow of a defect is influcnoced by the following lactors.

{1) Shape of the defect.

(it) Oricnlation of the defect with respect Lo the direction of radiation and the plane of the
{ilm.

{111)Sizc of source and its distances [rom the defect and the film.

(iv) Position or location of the defect in the specimen.

Radiation
. -, —"' )+ source
oo M
ey ™

[ v

P B TR Y
s ) [ v
d \ M

%. //2////: Specimen

Photographic film

Figurc 6.1 Source, specimen and [ilm arrangement {0 oblain a radiograph.
As regards the geometric aspects of shadow formation only the rectilinear propagation
property of the X or gamma rays is impurtant and, therefore, we shall discuss the shadow

form>tion in terms of ordinary light.

6.1.1. Shape of the dofect

Defects of differcnt shapes will give rise o different types of shadows c.g. a gas hole will
be shown up as a circular paich, a crack if detected will form a line, cic,

6.1.2. Oricatation of the defect with respect to the direction of radiation and the planc of
the (ilm

I the beam direction is not perpendicular or if the plance of the defeet is not parallel w the
plaoe of the film the shadow will be disiorted as shown in Figure 6.2.

3 Source Source ’ [ Source
. 4
§ //’
1 s
i oW 7,
iy 7
I/ 7
nooy \ //A ;
I’l 1y .
I" L L ! Defect
P '; . Defect ,’Ej Defect
¢ A e )
! 1L ‘', ’
Film
Film
{a) ib} {c}

Figure €.2 Effect of (4) sormal beam, (b) oblique beam and  (¢) inclined film on the shadow,
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Because of this distortion sumetimes a particular defect can produce g shadow which may
be inferpreled as soume other type of defect. A fine crack may be diffused alivgether hardly
leaving any image behind. Although before taking a radiograph one may not have any idea
about the oricntalion of the defects presenl, efforts are usually made to piace the [ilm as
parallel Lo the specimen and as normal o the direction of radiation as possible.

6.1.3. Size of the source and its distance [rom the defecl and the [ilm

Figurc 6.3. claborales the formation of shadow of a defect due Lo a source of [imite
dimension AB.

/‘

~
-

Film

NI

Penumbra Penumbra

Figure 6.3 Formation of shadow of a defect,

Each and every point of the source AB ¢mils radiation. The shadow cast by the defect on
the Tilm will be the resultant of vverlapping shadows cast by these points which are slighily
displaced [rom une another. The met effect is that the shadow i1s diffused around the

boundarics. The shadow may be divided into (wo purlions ;-
Umbrg Where no direct rays are incident on the film,

Peoumbryg The arca which is partially exposed. This gives rise Lo the unsharpaess of the
image and is undesirable in rediography,

Cunsidering the simple geometry of Figure 6.3, it can be shown that:

XY =20=20 ...... (6.1)

AB C0 CZ-Z0
Where,
XY = Sizc of the Penumbra = P,
AB = Sice of the source (or focal spot) = F
Z0 = Distance of the defect (rom the film = ofd
CZ = Source (ur Tocal spot) o lilm distance = sfd (or [Td)

Equation 6.1 can be written in terms of the above symbols i.c.

P uld P=Fod = F ... 6.2)
cee Tewemmmes L
F  afd-ofd sfd-ofd sfd -1

old



Since penumbra, P, is the cause of unsharpacess of the shadow, attempts should be to reduce
P as far as pussible. From cquation (6.2) it is vbvious that P decreases when

(i) F decreases
(1) sfd increases and
(1) ofd decreases

Hence to reduce P oor (o incrcase the sharpness of the shadow :

(i) Size of the source (or fucal spot) should be as small as poussible.
(i1) Source (o film distance should be as large as practicable and
(iii) Film should be as cluse to the specimen as possible.

It has been found that the image of a defect recorded on a film is reasonably sharp when
the penumbra is 0.25mm. This is the limiting valuc for critical cxamination because the
human cyc can not deteet any difference in sharpoess below ihis limit. For rough work
penumbra up (o 0.5mm is usually acceplable.

in a particular X-ray machine or gamma ray source, the source dimensions are [ixed.
Hence we have litde control on this variable, While calculating penumbral sice, distance
of the defect from the film is taken (0 be (he distance beiween the Lop surface of the
specimen (i.e. the surface towards the radiation source) and the film. This ensures that the
penumbral size of any defect even i it s very ncar Lo the top surface remains within
acceptable limits. It is usually possible (o place the [ilm just below the specimen and ofd
in this case will be the thickness of the specimen itsell.

We can calculate the minimum source (o film distance that will give rise (o penumbra
within the limiting values for any defect present in a specimen of thickness d placed on the

(ilm.

Equation {6.2) can be writlen as

Sfd = ofd (F/P + D (6.3

Hencee
SMdmin = d (F/025 + 1) ....... for crilical cxamination.
and sfdy, = d (F/0.5 + 1) ... for rough work.

(All dimensions in mm).

6.2, IMAGE QUALITY IN RADIOGRAPHY
6.2.1. Scasilivily of flaw detection
Quantitatively the sensitivity of flaw detection, 8y, can be defined as,

Sy = Sice of the smallest detectable flaw x 100

Specimen thickness

This is an ideal but impraciical furmula, because sensitivity of flaw detection is 8 complex
functivn of the size, shupe, pusition and absorpiiva coeflicicnt of flaw, grade of the film
uscd and densi,; of the imuge oblained. It s, therefore, not possible to calculate or find
the scmnitivity of flaw detection, However, it is desirable to have some idea abuut it
Fortunately radiographic scositivity ia indicative of sensitivity of flaw detection and there
ure means avaitlable (0 mewsure it )
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6.2.2. Radivgraphic scositivity

The sensitivily of a radiograph is an indircet indication of ils abilily (o reveal llaws or
thickness changes in the specimen being cxamined, and it is, therefore, a measure of
radivgraphic qualily. The scositivity is expressed numcrically in lerms of smallest
deleclable variation in specimen thickness as a percentage of total thickness.

Though delintlion of sensitivity in the above form, applics Lo specimens which are cxamined
to detect internal [aws, it is not of parlicelar - alue in the radiography of assemblics. Since
in this type of specimen, radiographic imspoction is usually concerned with correciness of
assembly rather than the quality of material used in its construction. In this application of
radivgraphy, the individual details of assembly themselves will usually provide a reliable
means of assessing radivgraphic quality.

6.2.3. Image quality indicators

Radivgraphic seositivily is usually measured in lerms of sume artificial clement which does
nol nccessarily bear much resemblance (o a [law 1o tbe specimen. Thus, the two must
widcly used methods are :

(i) To specifly sensitivily in terms of the ability to detect a wire of the same material as the
specimen cxamined, when the wire is laid va the surlace of the specimen remote from the
film. The diamcter of the thinnest detectable wire is used as a criterion of sensitivity.
(i) Tou use series of drilied holes i a plate of (be same malcerial as (he specimen, which
is laid on the specimen, and (o specify sensitivity in terms of the smallest hole which can
be detected on the radiograph.

These devices - sets of wires of different diameters, or step wedges with drilled holes - are
called Image Quality Indicators (10Q1).

6.2.4. Characteristics of an L.Q.I.

The desirable characteristics of an 1.Q.1. are as [ollows :
(i) I should be sensitive in ils readings (o changes in radiographic technigucs.

(i1) The method of reading the image of the Q1 should be as simple and as unambiguous
as pussible; different inspectors should oblain the same value [rom the radiograph.

(iii) It should be versatile - i.c. applicable 1o a range of specimen-thickness.

(iv) It should be small - the image of 1Q1 has (o appear on a radiograph and therefure it
shuuld oot mask or be mistaken [or [Taws in the specimen.

(v) It shuuld be casy to use.

(vi)It should incorporate some means of identification of its size.

6.2.5. Types of Image Quality Indicators
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The perfect design has not yel been found, but afier extensive experiments on two paticrns
of 1.Q.L, unc vriginuling in France and the other in Germany and Scandinavia, the
Intcrnational lostitute of Welding (LLW.) recommends these patterns as inlernational
standerds,

Thease bave been wccepied by laternativnal Stundards Organisation (1.5.0.) and published
6 180 Recommendution R1027 (1969) "Radivgr -+ phic Imuge Quality Indicaturs, Principles
and Identificutions”.

These (wo paticrus gre ;



6.2.5.1. Wire-lype LOL

These consist of serics of straight wires (at least 25mm long) of the same basic malterial as
the specimen, with wire diameters selected from the values shuwn in Table 6.1. The
tolerance on the wire diameler s + 5%,

The wires are placed parallel and Smm apart, between iwo sheets of Tow x-ray absorbent
malterial such as polycthylene sheel. For the thinnest wires it may be preferable (o streteh
them acruss a melal wire frame and have no absorbent sheet, although this results in a
relatively [ragile construction. The IQ1 should have identifying symbols showing (he
malcrial of the wires and (he wire numbers used.

TABLE 6.1. WIRE DIAMETERS FOR 1.Q.I.

Wire Niameler Wire Diamcler
Number (mm) Number (mm)
1 0.032 12 0.400
2 0.040 i3 0.500
3 0.050 i4 0.630
4 0.063 15 0.80
5 0.080 16 1.00
[ 0.100 17 1.25
7 0.125 18 1.60
8 0.160 19 2.00
9 0.200 20 2.50
10 0.250 21 3.20
11 0.320

6.2.5.2. Slep and holc type LO.L

These consist of a part or an assembly having 1 scries of steps of (he same malerial as the
specimen. Each step has one or more drilled holes (hrough the Tull thickness of the step
al right angles (o the surface.

The diameter of the hole is cqual Lo the thickness of the siep and is taken (rom the values
shown in Table 6.2. Steps with thickness greater or equal (o 0.8mm bave only une single
bolc. Sicps with a thickness of less than 0.8mm may bave (wo or more holes arranged
differently from step (o step. The distance from the centre of the hole (o the edge of the
slep, or between the cdges of (wo hules, should in no case be fess (han the bole dismeter

plus lmm,

TAPLE 6.2. RECOMMENDED HOLE DIAMETERS AND STEP THICKNESSES

Sicp Hole diameter and Step Hole dismeter - d
Number sicp thickpess(mm)* Number siep thickness(mm
1 0.125 10 1.00
2 0.160 il 1.25
3 0.200 12 1.60
4 0,250 13 2.00
5 0.320 14 2.50
6 0.400 15 3.20
7 0.500 16 4.00
L 0.630 17 5.00
9 0.800 18 6.30

- Eectmamtsseeraeemscaveaccenracnacennas teane

* The tulerunce on these dimenmsions is + 5% .



6.2.5.3,

TABLE 6.3. DIAMETERS AND DIMENSIONS OF STEPS AND HOLES RESPECTIVE OF BS

Image Qualily Indicators, Lased on Lhe above lwo patlerns, commoaly used in radiography
arc now discussed.

British Stuodard (S.8) i . lity indic !
The British Standard (BS 3971, 1980) describes 1QEs suitable for assessing the gmality of
radivgraphs on malerials having a thickness range of 3mm (o 150mm inclusive.

(n) Brilish Wire Type

British wirc type QT consists of straight wire having a length of 30mm, and spaced parallel
at intervals of Smm and having diamelers sclecled from Table 6.1, These image quality
indicaturs are standardised in a series of models A (o E.

Model A contains wires 4-10 inclusive.
Model B conlains wires 9-15 inclusive.
Model C contains wires 15-21 inclusive.
Moudel D conlains wires 1-21 inclusive.
Mudel E conlains wires 1-7  inclusive.

Model D, conlaining all 21 wires, has been included for general purposes, and moded E,
conlaining the very small diameler wires, is inlended Lo e used for radiography of thin

malcrials.

(b) British Step/Hole Type 101

British step/hole Lype 1QT consists of a series of uniform thickness melal cach conlaining
a hole drilled through the lull (hickness and al righl angles to the upper surlace.

The step thicknesses and diameters of holes shall be selected form Table 6.3,

STEP/HOLE 101

Diamcler and step Step Diamcter and step
thickness mm No. thickness mm
0.125 10 1.00

0.160 11 1.25

0.200 12 1.60

0.250 13 2.00

0.320 14 2.50

0.400 15 3.20

0.500 16 4.00

0.630 17 5.00

0.800 18 6.30

Fur stcps 1 to 8 two holes shall be drilled, cach bole being located approximalely  3mnm
from cach other and (rum the edge of the step. For steps 9 10 18 4 single hole, located in
the centre of the step, shall be drilled.

For cunvenicace, the plaque may be machined as a scries of sleps on s single plate or, for
flexibibity, scparute pluics muy be muunted un luw radiation sbsurbing materiul. The
individua! atcps shall be rectangular or triangular, with s side having a length of
appronimuicly 12.5mm,

Thene image quality indicuton are standardined in a serics of modeds, A ‘0 C as shown in
Tuble 6.4,



6.2.54.

TABLE 6.4. STANDARD MODELS OF BS STEP/HOLE TYPE 1QI'S

Siep/hole Lype

1 0o 6 inclusive
7 iv 12 nclusive
13 10 18 inclusive

(¢) BS IOl ldentdication

Marking of BS image yuality indicaturs is as shown in Figure 6.4. Here the number of the
thinnest and thickness wires or smallest and largest hole sices and the malerial are
indicated by lead symbols of sufficient thickauss to show clearly on ihe radiograph.

The German Siandard IQI (DIN 54109) consisis of 16 wires of diamcters given in Table
6.5.

TABLE 6.5. WIRE DIAMETERS FOR DIN TYPE IMAGE QUALITY INDICATORS

..................... Wire number

(SR SR

[--BEN - SR N

+ 0.01

The DIN 101 is stendardiacd in throe sices.  Euch size is compused of 7 wires, placed
parallcl st Smm distunce from cach other. They are 50 ur 25mm Jung (sce Table 6.6), The
101 ia murked uccording (o Figure 6.5. The top is marked with DIN 62 (62 mcans Lhe yeur
of introduction of the standisrd) und the desigoation of maicrial (¢.g. Fe) and at the buttom
i» marhcd with 1he sumber of (hickest wire, 1SO, «ud number of 1he thinnest wire, The
warhing 1SO weans thet theae imuge yualily indicators ure also adopted by the
Iutcrostions! Standurds Qrgunisativa (150).
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thickness of (ettecs =x2

Models 1.2 and S 6,
Mogels 3and 4 =125,
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Figure 6.4. Skeiches of BS image guality indicators (a) Wire type, (b) Steps with holes type.

Figurc 6.5. Design of DIN type image qualily indicators.

TABLE 6.6. MARKING,CONSTRUCTION AND MATERIAL OF THI" DIN TYPE IMAGE
QUALITY INDICATORS

To be used
for testing

of

iron and steel products

copper, zine and their
alluys

aluminium and ity alloys

Marking Number of wires wire
according o e
TABLE 6.5 lcngth material
mm
DINFE11/7 1234567 50 steeld
PINFE6/12 6 7 8 9101112 50 or 25 (nun alluy)
DIN FE 10/16 1011 1213141516 50 ur 25
DINCUI/T 12345067 50
DINCUO6/12 6 7 8 9101112 50 cupper
DIN CU 10/16 0111213141516 50 ur 25
DINALLI/? 1234567 50
DINALOG/12 6 7 8 2101112 50 aluminium
DIN AL 10/16 1011121314 15106 50 or 25

-------------- L T R L T T T T T L T T
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6.2.5.5. Frecuch Siandard 101

The French Standard 1Q1 (NF A04-304) consists of metal step wedges in which cach step
has voe or two holes with diameter equal (0 hickness.

The step thickness and hole diameier shall be chosen from the following standard scries;
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 0.8mm have only une hole whereas thinner than 0.8mm have (wo boles.
The distance of the boles from cach other and from the edge of the siep cannot be less than
d + 1. where d s the thickness of the step in mm.

There are various models of step wedge; the slep wedges with reclangalar sieps bave
syuare steps measuring 15 x 15mm in dimension; and step wedges with triangular steps bave
side of the triangle step measuring 14mm in lenglh, Figure 6.6 gives various designs of the
Freach Standard image qualily indicalors.

6.2.5.6 JIS Imugc Qualily lodicators
The Japanese wire type 1Q1 consists of 7 wires of the diameters shown in TABLE 6.7

TABLE 6.7. JIS IMAGE QUALITY INDICATORS

Unit:mm
Range of weld Distance
thickness between Length
Narking used Series of wire diameter centres of
of wire wire
Ordinary | Special (D) P
class class
F 02 Up to 20 | Up t0 30 | 0.10 0.125 0.16 0.20 3 40
0.25 0.32 0.40
F 04 10~40} 15~60 | 0.20 0.25 0.32 0.40 4 40
0.50 0.64 0.80
F 03 20 ~80 ] 30 ~130 | 0.40 0.30 0.64 0.8 6 60
.00 1.25 1.60
F 16 40 ~160 | 60 ~300 | 0.80 1.00 1.25 1.60 10 60
2.00 2.5 3.2
F 32 80 ~320 | 130 ~500| 1.60 2.00 2.50 3.20 15 60
4.00 5.00 6.40
Permiasible variations The smaller of the values
in dimensiuns specified in JIS G 3522 or 152 *1
[ 5%

The markiog of the J1S 1Q1 ia as shown in Figure 6.7. Here the diameter of the middie wire
and the malcrial arc indicated by lcad symbuls of sufficient thickaess 1o show clearly on
the radivgraph.

6.2.5.7. ASTM/ASME Imags: Ounlily lndiculurs

In gencral, a different paticrn of image quality indicators is wsed in 1he U.S.A, and these
arc usvally called penctramoters, There are several minor varistions of the same Lasic
type. The buat knowa is the ASTM (Amcrican Socicty fur Teating Materiuls) design whick
vomsistn of @ uaifurm thichaom plate containing thice drilled boles and identilication
letters, I the plate thichness in T, the bole dismaters are T, 2T and 4T with an uver-tiding
limit that the wminimum bule Jdismoterns wic 0.010° (0.254mm) end 0.040°(1.016mm)
repentively, The plate must bo of the sumao mgterial as the apecimen,
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Figure 6.7 JIS 1Q1 marking

The dimensions of three ASTM penctrameters are shown in Figure 6.8. The same
penclramelers are gecepted also by ASME (American Socicty For Mechanical Engineers)
Boiler and Prussure Vessel Cude).

6.2.5.8. Idenlilicuiion ol ASTM/ASME Peuclramelory

The reclangular penctrameter is identificd with a pumber made of lead which is attached
to the penelrameler. The number indicales the thickaess of the penclramgier in thousand
of an inch. The penctrameter thicksess is sclected from Table 6.8 (o indicate the proper
gduali! level. Lead numbers are placed adjacent Lo the circular penctrameter o provide
weathication,

6.2.5.9. Other types of image quality indicators

Two other lypes of image quality indicators both originating in UK., arc the Brilish
Welding Rescarch Association (B.W.R.A.) image qualily indicator and the Central
Elcctricily Rescarch Laboratories (CERL) Duplex wire type image quality indicator.

(a) BWRA Image Quality lodicatyr

It consists of a step wedge of 1/12” square sieps which contains small drilled holes forming
a symbol ur number. B.W.R.A. recommends (wo sizes of image qualily indicator. Sice 1
is used for specimen thickness up 1o Sem and size 2 fur specimen thickness ranging (rom
Scm ty 10cm. Figure 6.9. shows the design of B.W.R.A. image qualitly indicators.
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Plate identification
numpers here 4 T diam
} T gdam

2T dam

Minimum Penetrometer Thitkness ______ 0005
Mimmym Diameter for {7 Hole _____ 0.090"
Minimum Oiameter for 2T Hole _____. 0020
Minimum  Oiameter for (T Mole _______ 0049

Holes shail be True and Mormal
to tha Surface of the Penetrameter
Do Mot Chamfer

Design for Pe~strameter Thickness 0.005 in. and mntluting 6 050 n.
From 0.805 in. through 0012 in. See Table 1

From 0.012 in. through 0.020 in. Made in 0,0025 in. increments

From 0.020 in. through 0.050 in Made in 0.005 . increments

Penetrameter thickness between the

increments indicated are permitted, LT diam
provided they do not exceed the T diam
maximum thickness required. ) — 21 diam

Place identification —‘u /8 ‘l—-— e L— _..j 1.._
3/1.‘—'--
137

numbers here See Nofe for
Tolerance

. AV

Design for Penetrameter lhickness fram 0.060 in. to and Including

0.160 in. Made in 0.010 in. Increments.
! 1337

4T

b s

‘ﬂ “EZ Tosnr
-

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 +10 percent or
one half of the thickne=s increment between penetrameter cizes,
whichever is smaller.
2. 1ir. - 15.2 mm.

Figure 6.8 Design of ASTM/ASME penctrameters (imnage yualily indicalors).

189



TABLE 6.3. DIAMETER OF WIRE 101 CORRESPONDING TO HOLE TYPE (IT. 2T. 4T)

Hole Diameter of Wre With EPS of Hole, in.
o]
No. 17 27 4r
1 - 0006
& L 0004 .o
e 0.0032 0 005 0.008
10 D004 0006 €010
12 0.00% 0008 0013
15 0.00¢6 0010 001e
17 9.008 0013 0.620
20 0.010 0.016 0.025
25 0.01% 0.020 0.032
30 0.016 0.025 0.040
35 0.020 0.032 0.050
40 0.025 0.040 0.063
59 £.032 0.050 ©.080
60 0.040 0.063 0.100
70 0.050 0.080 0.126
80 0.063 0.100 0.160
100 0.080 0.126 0.200
120 0.100 0.160 0.250
140 0.126 0.200 0.320
180 0.160 0.250 L
200 0.200 0.320
240 0.250 S
280 0.320

SIZE 1 SIZE 2

Figure 6.9 Design of BWRA image qualily indicators.

(b) CERL Duplex Wire Type Quality Indicator

The CERL Duplex wire type image quality indicator is a completely different pattern of image qualiiy
indicator. It is now included in the British Standard BS 3971:1980 on “IQ! and Their Uses”. The normal
percentage value for radiograph sensitivity is replaced by independent measurements of image contrast
(mca “thickness sensitivity') 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 IQI) to measure image contrast. and a closely spaced pair ~f paraliel
wires or thin strips (parts B and C) to measure unsharpness.

The duplex wire IQIs parts B and C are in two sizes in BS:3971:1980 as Type IIA (Figure 6.10) and
Type 1lIB. Type IIIA consists of pairs of straight wires, 15 mm long, of circular cross-scction and is
used for meterials 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



%,

are snade of high density metal (either platinum or tungsten) and each pair in Type A is spaced one
diameter apan. The spacing beiween the strips or elemeats in Type HIB is equal to the width of the
clements in the pair. Both models are mounted in a rigid plastic moulding and each image quality
indicator has identification symbois in lead.

13 1
MA

| PARTA
M o0 .0 o0 o0 e th e ee e e e e

Figure 6.10 CERL duplex type image quality indicators.

d .

When placed on the svurce side of a specimen, the discernibility of the wire pairs is judged
by cye and the image of the lirst merged pair, that is the first pair which can not be scen
4s lwo scparale wires, is laken as the eriterion of the total unsharpness of the radiographic
image. TABLE 6.9 gives the unsharpness values for differenl pairs of clements.

TABLE 6.9. YALUES OF THICKNESS SENSITIVITY (A) AND UNSHARPNESS (B/C)

Elcment A(mm) B/C(mm) Elcment A(mm) B/C(mm)
Nu No.

i 5.00 1.60 10 0.63 0.20

2 4.00 1.26 11 0.50 0.16

3 3.20 1.00 12 0.40 0.13*

4 2.50 0.80 13 0.32 0.10*

5 2.00 0.63 i4 0.25

6 1.60 0.50 is 0.20

7 1.25 0.40 16 0.16

8 1.00 0.32 17 0.13

9 0.80 0.25 *B unly

6.2.6.Calculation and asscssmenl of radiographic scaosilivily

Radivgraphic semsitivily is usually assessed by the [ollowing formula :

Thickness of the thinnest wire Shole,step visible

1OQT scasitivity(%) = x 100..(6.4)

6.2.6.1.

Specimen thickness
Whilc using cquativn (6.4) Lv asscss radivgraphic sensilivily, it 1s nccessary Lo quote (he

type of image quality indicator.Most of the standards also give their own criteria for the
assessment of sensitivity. These arc discussed below.

Eli! '“.h SI 40 Il |I!l

British Standards use cyuation 6.4 fur the assessment of sensitivity. Figure 6.11 and 6.12,
based on cquation 6.4, can be used for caleulating numerous values of sensitivity [or cach
image quality indicaior,
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Figure 6.11 Graph for calculating wire 1.Q.L sensitivity.

6.2.6.2. German Standard

6.2.6.3.
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The criterion used in this standard is (o quote radivgraphic sensitivily in terms of ihe
number of the thinnest wire still visible. This number is called "image qualily number” and
15 indicated by the letiers Bz (a German abbreviation).

Two calegorics are specificd, which are given in Table 6.10. Caicgory 1 is for high
sensilivity techniques while calegory 2 is for normal sensitivity techniques.

rcnch Standar
For the assessment of sensitivity, note is taken of the number of holes (a) visible on the
radiograph and the aumber (b) of holes which would be visible if the limit of visibility were
given by the hole whose diameter is cqual (o or immediately above 55 of the thickness of

the material in question,

The index of visibility, N, is then given by the formula

N can be (i decrcasing order of quality) positive, zcro, or negative.
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Figurc 6.12. Graph for calculating sicp/hole 1.Q.Lscnsitivily.

As an example, (o caleulale the sensitivity given by an 1Q1 of the Tollowing thicknesses and
hole diamelers : 0.5, 0.63, 0.8, 1, 1.25mm.

The examined vbject is 17mm thick. On the radiograph four holes are visible (a=4). The
diameicr corresponding (0 5% is 17 x 5 = 0.85mm.

The neat higher diameier is 1mm and is laken in (o the caleulation of b=2.

The scasitivity index is N = 4 -2 = 2.

The sensilivily index can give an idea of the relative radiographic sensitivity, which can be
rcad from TABLE 6.11.
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TABLE 6.10. IMAGE QUALITY NUMBERS (BZ) FOR TWO CLASSES OF IRON AND STEEL
PRODUCTS (DIN 54109)

Thickness of Fe B,
Over To
0 6 16
6 8 15
8 10 14
10 16 13
16 25 12
25 32 11
3z 40 10
40 50 ]
50 80 8
80 150 7
150 200 6

Image quality class I1

Thickness of Fe :73
Over To
0 6 i4
6 8 13
8 10 12
10 16 11
16 25 10
25 32 9
32 40 8
40 50 7
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)

194

N=a-b Positive 0 Negative
6 5 4 3 2 1 1 2 3 45 6
1.251.6 2 2.53.2 4 5 638 101221620

Relative radio-
graphic sensi-
tivity in% of
the examined
thickness




6.2.6.4. Amcricyn Stgodard (ASTM/ASME)

Radiographic scasilivity is specified in terms of quality levels. Three quality levels of
taspection 2-1T, 2-2T aed 2-4T arc available through the design and application of the
penclrameicr as shown in TABLE 6.12.

The first number of the quality designation refers to penctrameter thickness expressed as
a percenlage of specimen thickness. The second number refers to the diameter of the
penclramceicr hole, expressed as a multiple of the penctrameter thickness, which must be
clearly visible.

TABLE 6.12. QUALITY LEVELS OF INSPECTION ACCORDING TO ASTM E142/ASME-

SE142
Level of Penetrameter Minimum Equivalent Penetra-
Inspection Thickness Perceptible meter Sensitity
Hole Diameter Percent.
21T (2 percent) of 17T 1.4
227 specimen thickness o7 2.0
2-4T a7 2.8
(a) Normal quality levels of inspection.
Level of Penetrameter Minimum Equivalent
Inspection Thickness Perceptible Penetramter
Hole  Sensitivity
Qiameter percent.
107 1/100 (1 percent) of 17 0.7
specimen thickness
1.2T 2T 1
4.21 1/25(4 percent) of 2T 4

specimen thickness

(b) Special qualily levels of inspection.

6.2.6.5. BWRA Imagc Quality Indicaiors

For BWRA image qualily indicators the IQ) scasitivity is calculaled by using ¢quation 6.4.
6.2.7. Placemeni of 1Q1

For the placement of IQ1's, the following puints should be kept in mind:

(i) The 1QI should be placed va the svurce side of the specimen. I, because of specimen
design, it is impossible (o place the 1IQF oa the svurce side of the specimen, it is probably
best nul o use an IQL, but if necessary, the techniyue Lo be used should be checked on @
mock-up specimen of the same thickness and geometry.

(i1) The 10! must preferably be placed near the boundary of the arca of interest, with the
thinner step (step/hole 10Q1) or thinnest wire (wire type 101) farthest from the beam axis.

(iii) In weld radiography,the step-with-hule type IQF's should be placed un a shim and then
placed near and parallel o the weld and the wire Lype should be placed

in such a way that the wires lie across the weld lengih.
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(iv) In the case of radivgraphy of multi-thickness castings, more than onc 1QI should be
used corresponding (o the different thicknesses in Lhe castiag.

(v) For a too small or loo complicated specimen, which does not allow the 1Q1 10 be
placed on itself, the 1QI should be pui on a uniform block of the same material as fhe
specimen and be radiographed along with the specimen.

(vi) Onc 1Q1 should represent an arca of the radiograph within which the radiographic
densities do not vary by more than - 15 to + 30 percent. Otherwise lwo image quality
indicators should be used, one showing the sensitivity level at the more dense portion of
the radivgraph, and the sccond the sensitivity level of ihe leasi dense purtion.

(vit} For a panoramic caposure a minimum of one image qualily indicator should be used
for cach quadrani.

6.2.8. Factors alfecting radiographic sensitivity

Radivgraphic sensilivily ur radivgraphic quality depends upon radivgraphic contrast and
radiographic definition.

6.2.8.1. _Radiggraphic contrast

Radivgraphic contrast is defined as the diff erence in densities of two selected portivns of
a radicgraph. The greaier the difference, the greater is said to be the radiographic
contrasl, Figure 6.13.

Radivgraphic contrast is composed of two factors; subject contrast and [iim contrast.
Subject contrast is the varialion in intensity of radiation impinging on the [ilm (Figure
6.14). These variations are caused by the variation in the amount of radiation absorbed by
the specimen.
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Figure 6.13 Hlustration of radiographic contrast.
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Figure 6.14 IHuslration of subject contrast.



Film contrast 15 a measure of the response of the cmulsion of the film (o the intensity of
impinging radiaiion and is a characteristic of a given film.

6.2.8.2. Radiographic definilion

Radivgraphic definition is 4 term used Lo indicate the different densities and clearncss of
the [ine delails in an image or in uther words it represcals the degree of sharpness of the

image, Figure 6.15.
—/_—

—_ %2
SPECIMEN oeTION

DENSITY

(a) {c)

DENSITY

g

POSITION

Figure 6.15. Illustration of radiographic definition.

Radivgraphic definition is determined by:
(1) Geomelric unsharpness.
(i1} Inherent uasharpness.

(iit) Graininess.

Faclors (hal influcnce radiographic contrast and radivgraphic delinition are lisicd in Table
6.13 and arc described subscquently.

TABLE 6.13 . FACTORS INFLUENCING RADIOGRAPHIC SENSITIVITY

Radiographic Sensitivity /Radiographic Quality

Radiographic Contrast Radiographic Definition
Subject Film Geometric Inherent Graininess
Contrast Contrast Unsharpness Unsharpness
i)Radiation i.Film type i.Source to i.Radiation i.Film
energy ii.Density film/distance = Energy Type
iii.Development (sfd) ii.Radiation
iv.Fog level ii. Object to Energy
film distance iii.Development
(ofd)
ii.Scattered iii. Focal spot iv.Screens
radiation size
iii. Specimen iv. Vibration

iv. Lead screens
v. Masking

vi, Filter

vii. X-ray set
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(a) Radiation Energv

For a given specimen, subject coptrast would decrease with increasing radiation energy
because the apsorption co-efficient of the material decreases with increasing radiation
energy.

Increase in radiation energy also increases inherent unsharpness by increasing the energy
of Lhe secondary electrons.

Grainincss alsv increases with increasing radiation energy. All of abo.c factors diminish
radiographic scositivity.
(b) Eilm Type

Differcat types of films exhibit diffcrent contrast and graininess characieristics. Ingencral,
coarse grain [ilms will have low contrast and high graiainess and therefore Jow radiographic

sensitivily.

(¢) Duvelypmeng
Increasing developing times in a particular developer of @ given strength and temperature
will increase graininess, contrast and {og level of the radiograph, (hus deteriorating ils

yuality.

(d) Densily
For all dircel-type [ilms, increase in radiographic densily, increases the contrast of the
radiograph. This is because (he inherent contrast of the film increases with increasing

densily.

(¢) Specimen

The energy of radiation required o radiograph a particular specimen depends upon the
thickness, material densily and atomic number of the specimen.  Specimens with high
density, high atomic number or large thickness would reguired a high coergy (o be used.
Both contrast and definition in such cases would be inferior.

Furthermore the amount of scaliered radiation also depends uwpon the specimen.
Specimens which result in high scatlered radiation would produce a low scosilivily

radiograph.

(f) Scattered Radiation

An increase in scattered radialion causes an increase in the fog density of a radiograph thus
decreasing ils contrast and hence iy sensilivity.

(8) Scroemy

Lead screens reduce scallering and, therelore, help in improving the sensitivity, while the
use of sall screens increases graininess thereby reducing the quality of the radiograph.
(h) Eiltcrs

The cffect of lilters interposed between the source of radiation and the film is o reduce
the proportion of softl radiation in the beam. Thus they barden the beam and hence

decrease contrast, thereby reducing radiographic sensitivity.

In some circumstances, a filter may reduce seattered radiation (o cause an improvemenl in
the yuality of a radivgraph. This cfTect is mostly used in the radiography of complicated
specimens,



(i) Eug Density

Increase in the fug density of a film, decreases the radiographic sensitivity by decrcasing
the contrast of the radivgraph.

(1) »ld

Increase or decrease in ofd, decrcases or increases geomeltric unsharpness and hence
improves or deterivrates radiographic sensilivity.

(k) ufd

ufd tocreases or decrcases Lhe geomeiric unsharpness thus spoiling or improving the
radiographic scasiivily.

(1) Focal Spoi (Svurce ) Sice

Increase in the size of the Tocal spol or source increases geomeltric unsharpacess thereby
reducing radiographic seasitivity.

(m)} Vibraiion of Svurce, Specimen or Film

Il the specimen, source of radiation and film vibrate relative (o cach other , overlappiog
images will be formed which will spoil radiographic deflinition and hence 1adiographic
scositivity.

(n) X-rgy Sci

For the same exposure conditions, (wo X-ray sets of similar ratings may noi be identical
in their radiation vulputs, thereby rendering different quality radiographs.

(v) Masking

Masking improves radivgraphic quality by reducing scallered radiation.

6.3 EFFECT OF SCATTERED RADIATION ON RADIOGRAPHIC QUALITY

Whenever @ beam of radiation sirikes sume malterial object, it gives rise o scatlered
radiation. The scallering is in all dircctions. An idcal radiograph should give point Lo point
representation of the specimen. Now in a typical scheme for taking a radiograph it can be
seen that scatlered radiation can arise from the specimcn itscll, the film casselte, the floos,
the walls and any other object on which the beam of radiation [alls.. This increases the foy
level which causes loss of contrast thereby spuiling he radiographic image.

Scattering under cerlain circumstances can be several limes more inlense than the primary
beam reaching the [ilm. For cxample, in the X-ray radiography of Scm of aluminivm,
scaltered X-ray inlensity may be 2.5 times the primary radiation reaching the film.

The scaliering seldom offers any problem when low kV (c.g. 40 - 100 kV ) and specimens
of low densily material are involved. However in the mid bV range ( c.g. 100 - 200kV ) and
heavy metal specimens , scatlering becomes (roublesome. With still more penctrating X-
rays and gamma rays (exeepl very low energy gammas) the elfect of scatler un Lhe
radiograph becomes less noticeable.  This is due (o the fact (hat scattered radiation is
muslly in the forward direction at high ¢nergies and it, therefore, (ends (o assist the image
formation rather than Lo spoil it. Besides, the amount of scattering also depends upon the
shape of the specimen.
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Figurc 6.16 Skcich showing sources of scaticred radiation while taking radiograph of an object.

6.3.2 Remedial measures

From the above discussion, it becomes necessary thal some effective remedial measures
should be taken to minimise the ilf effects of scatiered radiation. Given below are certain

Film and
cassette

Wooden
pratform

ruutine precautions which are helpful o achieve the above objective.

(i) To cul down the back scatter from the [loor, a lead Lopped table should be used lor

placing [ilm and specimen.

{i1) The beam should be restricied with the help of diaphragms or collimators just on o the
specimen or ils porlion of interest. With this arrangement the arca irradiated by the beam

is reduced thereby reducing the scattered radiation, Figure 6.17.
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(1tiy The specimen and the unused portion of the [ilm should be properly mashed fcaving
only the arcas of interest. Masking can be achieved as follows :-

(a) For specimens of regular shape, masking can be achicved using lcad sheets.

{b) Mashing can be achicved by packing a dense paste or clay around the specimen. To
mahe a lypical pasic add 100gm of liquid paralflin and 170 gm of light machine oil and
warm and then add 120 gm of Japan wax and 200 gm of Kaolin and kncad ihe miaivre with
1 kg of barium sulphatc. The paste opacily io X-rays is approximalely cqeal o that of
steel,

To makce a clay, 'aix 1 hg of fcad powder with 258 gm of Plasiicine end add 30 gm of
Lanolin (v this mixture o prevent drying. The amount of lcad powder ¢an be varnied o
producc mashing clays of diffcrent vpacities.

{t) Masking may also be done by fead, copper or sicel shols with a dizmeler of about
0.25mm. These shots are specially uscful Tor radiography of irregular casiings.

(d) Liguids, c.g. solutivns of lead salts, urganic haiogen derivatives, carbon tetrachlonde,
cic., may be used as masking media in certain cases.

(iv) Lead intensifying screens may be used in contact with the {ifm specially when working
in mid KV range tu reduce the effect of scatter.  The front screen cuts the scatiered
radiation arising from the specimen and the back screen guards against the back scaller.
{v) The use of copper ur fcad filiers in the psth of the X-ray beam helps to reduce scaller
by filtering away the comparatively softer radiation from the X-ray spectrum,  This,
however, reduces contrast due tu hardening of the beam,

In the radivgraphy of aluminium, a copper filier 0.04 of the greatest thickness of ihe

specimen should prove thick enough. In the case of sieel, a copper filier might be 0.2 and
a lead lilter G.03 of the greatest specimen thickness for uselul liltratior.

6.4. RADIOGRAPHIC EXPOSURE

The radivgraphic exposurc is defined as ihe product of svurce strengih and time [or which
the film is exposed o the radiation. In the case of X-rays.

Exposurc = Tube current (mAj) a itme (scu),
{miliampere-sceond),

(Tube current is a measure of the X-ray vulput t.c. the quantity of
radiation cmitled by the target).

And for gamma rays

Expusure = Strength (ci) x time (hour),
(Curic~-hour)

{Strengih in curies is a measarce of the quaelity of radiation cmiticd
by the radivactive souree)

6.5. METHODS OF EXPOSURE DETERMINATION
The determination of the correet radiographic expusure for a given specimen is very
nceessary Lo produce the best resulls. Tt saves labour, lime and radiographic maicnals.

The fulluwing methods may be used (v determine the correct exposure,
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6.5.1. Refergocs (o previous dala

Sumeclimes a record of previous eapusures is very helplul in determiciag the caposuse fes
a specimea. i a similar specimen was radiographed in the past, its caposurce may be uscd
under similar condilions., i ds, therefore, secommended that a bog-book should Lo
maintaincd by 1he radiographer.

6.5.2. Usg of churacleriaiie curve

202

The characteristic curve of the film can be used lo delermine the curredd eapusures
especially fur samples made from miacd maltcrials fur which an caposurc chart is aormally
nol available. A tnal eapusure (estimated from the density and thickoess of the specimen
malcrial) is taken and the density (hus obtained is mcasurcd. This test capusure o> then
correcled with the belp of the charactesistic curve of the film used 1o give the standard
density of 2.0, The method can be urderstood as Tollows:

Lot the trial eapusure “E; ‘give a density ‘D, * and the s>iandard density required lo bz
achicved be D, The relative expusares curresponding to these densities can be read from
the characicristic curve of the film (Figure 6.18). Let 'E, ™ be the eapusure corresponding
v density D, and *E,, " correspending Lo densily D, s read {rom the characterisiic curve.
Then the corsect caposur: E, (o ublain the required density, is given by :

E E,
El Etl
or E =E, »E
Eq
2.5[
20 [remmr e e — -
Dr A
t
H
'
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T fpocm e cmcacmmen |
z Py [
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- [
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’ : 1
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P
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0.0 159 emd
0 % 100 Gy L 500 1000

Relative exposure

Figarc 6.18 Characlerislic curve for 4 lypical direct type film.

Supposc that the film used has the characleristic curve shown in Figure 6.18. Thc Lrial
cxpusure (E,) given is 15mA-min which gives a densily of 1.4. It iy required (o caleulate
the correct exposure to give a density of 2.0, From Lhe curve we see Lhat:

Relative eaposure corresponding (o Lrial densily

14 = E, =150



6.5.2.1.

Relative oxposure correspunding (o density
206 = E, =220
The caposure required (o give a density of 2 s

E = 220 » 15 mA-min = 22mA-min

i50

A characteristic curve can be made by capusing a strip of the film 0 X-rays so that
diffcrent arcas of the film reccive different kaown exposures.  The strip is normally
capused in steps so ihat cach siep is given twice Lhe capusure received by the previous slep.
The capused strip is then developed sccording to standard procedurce and dricd. A density
sicp wedge is thus oblained. The density of cach step is measured o 2 densitometer and
the valucs arc ploticd against corresponding expuosures and the required characteristic curve
is ublained.

6.5.3. Expusurc chart method

6.5.3.1.

An caposurc charl iy a graph relating the eapusure (o the material thickness. Correct
exposurcs [or specimens made o simple materials (c.g. mild steel, copper, aluminium ctc.)
can be obtained from charts prepared for cach material. A good radiograph of a uniformly
thick vbject can be produced in a single eapusure. Also with the help of expusure charts
radivgraphy of morc complicated castings can be done yuickly and effectively.

An exposure charl is normally preparcd for a particular X-ray set or a particular gamma-
ray svurce. The methods of preparation of charts for X-rays and gamma rays arc dealt with
scparalely.

structi ! . .
To preparce an exposure chart for X-rays the lollowing parameters should be kept fixed:-

(i) X-ray sct

(i1) Film type

(iit) Film deasity

(iv) Development (Type of developer, development time and temperature of the
developer).

(v) Specimen malerial

{(vi) Inlensilying screens

(vit) Source to film distance

(viii) Filter (Material and thickness of the filier)

These parameters must be mentioned on the expusure chart.

It is also helplol (o decide what kilovoltages are required tv correspond (o which lines on
the exposure chart.

Two dilfesent methods of making exposure charts are discussed below.

{a) First method

The characieristic carve of the film 1o be used is required in this meihod and is made
before hand at the mid KV range of the set according (o the method already described. A
step wedge of the material for which the chart is Lo be made is also needed [or this method.

The wedge shuuld have a range of thicknesses o suit the X-ray unit. For a 150KV unit, {or
cxample, a wedge of steel with 2.0mm sieps and a maxirum thickness of about 4.0 ¢m
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would be suitable. An aluminium sicp wedge with 5.0mm sicps and & maximum thickness
ol 8.0 cm would abso be suitable for this sct. Radivgraphs of the molal sicp wedge arc
madc at various KV's for which lines un the exposure chart arc required. The caposurea
should be scasonably chosen at cach KV 1o give a full specirum of densities on the
tadiograph. The processing of the [ilms should be strictly in accordance with the standard
procedure.

The densitics of the various steps are measured on = deusitometer and labylated against
the thickness of the correspunding sicps. Each EV would thus resuli in one such table.

The correct eaposure for the required density (2.0) s then caleulated for every thickness
using the characteristic curve in the manner alscady caplained. The corrected expusures
arc then ploticd against thickness on a scmilog graph paper for cach KV o vblain the
required eaposure chart. Figure 6.19 shuws une such charst.

S A
& -~ *
103 & N & )
r @ ~ \10
}
~
\”'0‘
0?7
F
© L
E Material: Alfuminium
® 150KV
3 Industrex C
§ Density: 20
] Developer:  D19b, 20°C, Smin
10 p sfd: 50 em
Lead screens: Front 0.1 mm
Back 0.15 mm
1 o - i 2 4
0 2 4 6 8 10
Thickness {cm)
Figure 6.19 A typical exposure charl.
(b) Sceond method

This method 1s lenglhy bul is more roliable and exact. A slot about 1.0cm wide 20cm fong
( a litdle less than the lengih of the step-wedge ) is cut in a lead sheet.

A radivgraph of the slep-wedge is taken by placing il on the slot and covering the rest of

the film with catra lead. An expuosure (say 1 mA-min) is given at a KV (say 60KV)
sufficient o produce densities close o the required density e.g. 2.0) fur thin steps.

The slif is then moved o the next unexposed position of the film and an expusure almost
double the previous exposure (ZmA-min) is given al the same KV (i.c. 60 KV).

In this way [ive or six cxpusures should be taken, cvery lime doubling the previows
cxposure, 50 Lhat the whole thickness range of the step wedge is covered. Thinner sieps
may be masked at higher exposures 10 avoid excessive fogging of the [ilm by scatlered
radialion.

The film is developed under the standard procedure.  Densitics are read from the
densitumeter and the resulls are tabulated for cach exposure. By plotling these results on
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6.5.3.2.

6.5.3.5.

a lincar-lincar graph paper, curves similar (o thost of Figure 6.20 arc obtained. Thickness
values [or which various exposures will produce the required density 2.0 ave directly read
from these curves. These values are plotied against exposure un a semilog graph paper and
a bine for a KV (60KV) iy oblained.

This procedurce is repeated for other KV's and corresponding lines un the exposere caart

are vbtained.
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Figurc 6.20 Thickness-density carves for various cxposures.
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Expousure charts for a gamma ray source can be prepared in a similar way as for X-rays.
Any of the metheds can be used. I must, however, be emphasised thal duce to the greal
penelrating power of gamma rays, lcad masking may not be sufficient. Therefore, while
preparing the characteristic curve or eaposing the step wedge, a scparale sirip of X-ray
(ilm should be used for every eaposure. The step-wedge should be chusen so as (0 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 encrgy,
therefore a change of KV, as for X-rays, is rot necessary.

Also il s usual practice lo make the exposure charl for gamma rays for more than one
densily. One such chart is shown in Figure 6.21.

Charts for a number of gamma ray svurces using Agla Gevaert and Kodak [ilms are

available.
IPUSYIC ¢

The interval of correct eaposure corresponds (o density limits which may not be exceeded
on the radiograph. This limit is determined on the one hand by whatever gradient is
considered as minimum (sce point "a’ on chasacleristic curve of Figure 6.22) and on the
other hand by the greaiest densily which can be read oa the film viewer (see point b’ on
curve of Figure 6.22).

Exposure ramge is determined as the difference of logarithms of relative exposures,
corresponding Lo those density limils. An exposure lower than the Jowest limil is called an
underexposure, and higher than the highest limil, an overexposure. In the example given
on Figure 6.22 the capusure range is 0.8. This corresponds (0 6.3 on the lincar scale. This
means that the highest exposure can be 6.3 Limes greater than the lowesl exposure.
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Material. Steel
€ Source: Cobalt €0
L Film- Industrex M
g Developer: D19b, 20°C, 5 mun
x std: 100 cm
.:":J Lead screens: Front 0.tmm
i Back 0.15mm

0 L i 1 J
5 10 50 100 500
Exposure (Curie-hour}

Figure 6.21 A lypicai gamma ray cxpusurc charl.

Figure 6.22 Exposurc range calculation.

log rel €

6.5.3.4.
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From Figure 6.23 une can sce thal the correct cxposure range depends not only on the
lowest admissible gradient and the highest density but also on the shape of ihe
characlenistic curve atselfl.

How {0 wsic the cxposure chet

Proper use of the exposure chart can save a ot of time and labour. Sume interesting and
valuable uses are given.

(i) Specimen of ynilorm thickngoy

The eaxpusure 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 1 2sonable exposure - not tov short and not unmanageably long (c.g. the minimum
expousure 1s 20-30mA -min when fine grain high contrast films are used). This exposure will
give the density Tor which the chart is made (say 2.0) if the conditions mentioned on the
charl are kept tae same. If, however, one has (o change one or more of these conditions,
the fullowing procedure should be adopted. To change the [ilm , the relative speeds of the
[ilms (Table 6.14) should be taken into account. For example, 10 use Indusirex-D insicad
of Industrex M, the exposure read from the chart should be divided by 8.
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Figure 6.23. Expusure range for two different X-ray [ilms.,

TABLE 6.14. RELATIVE SPEEDS OF VARIOUS FILMS

Kodak Film

Relative Speed Apla Gevacert Film

Indusirex M
Industrex A
Industrex C
Indusirex D
Kudirex

0.5 Structurix D2
(single coat)

1 Structurix D2
4 Structurix D4
8 Structurix D5
16 Structurix D5
32 R

64 Structurix D10

i Material ' X-~rays | Gamma rays |
! fm oo oo T
! 150 1100 }140 ;220 }400;Ra- (Co- jIr- |
H t KV | EV | KV | KV | RV!228 ! 80 ;192 !
Jmmm e it it B B S el Rl et
|Magnesiunm 10.05;0.05)0.05!0.08}, -} - - -~
{Aluminium-1100/0.08;0.08;0.12!0.18! ~ :0.40!0.35,0.35!
{Aluminium-2024/0.12:0.12,0.13/0.14} ~ | ~ !0.35!0.35!
iC steel,ss,etec!1.0 ;1.0 1.0 !1.0 $1.0!1.0 1.0 !1.0 !
iCopper vo- 11.531.5 11.4 11.4!:1.1 1.1 {1.2 ¢
iBrass(normal) | - | - }1.4 !1.3 {1.3!1.1 (1.1 1.1 |
Zinc - 0~ 1.4 31.3 11.3/1.0 1.0 ;1.1
{Monel - 182 -0 - - -
{Lend P -+ - 114.0111.0; - 2.3 2.3 14.0 ;
iZirconium t- 12.4 /2.0 3.8 11.5% ~ | - { -
tUranium V- - v - y18.0312.00 - 4 - - 2
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To change the source (o film distance apply the inverse syuare law, e.g. lo change sfd from
100 ¢m Lo 50 cm, the exposure read from the chart (sfd 100 ¢cm) should be multiplied by
(50}/{100) o obtain the required exposure, or in geacral E, / E, = % /1%

To change the radivgraphic densily use the characteristic curve, as explained under section
0.4.2. to mudily the caposure read from the chart.

A change of material can also be accommodated (o some extent by (he use of radivgraphic
cquivalence factors (TABLE 6.15). For example, (0 use the exposure chart of steel for the
radiography of aluminium (1100) at 100 KV, the thickness of the aluminium specimen
should be multiplicd by 0.08 (o get the cquivaleal thickness in sieel.

(i1) Specimen of varying (hicknesy

Specimens having more than one thickness are often required (v be radiograpbed. For
critical examination of such samples, exposures should be determined from the chart for
cach thickness.  But critical examination, being uncconomical and time-consuming, is
normatly not required. Jiis usual praciice (o radiograph such a sample in a single shot
which covers the complete thickness range. Exposurc can be determined [rom the chart

as follows.

Mcasurce the minimum and maximum thickness of the sample. Decide the maximum and
minimum densities required o appear in the radiograph. A goud film densitly range is 1.0 -
3.0 and may be changed (say to 1.7 - 3.5) depending on the illuminator brightacss available
for {ilm viewing. Rcad the relalive 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 rectangic on the exposure charl with the help of the minimum and the maximum
thicknesses and the iwo expusures. Draw the diagonal of this reclangle and select that KV
line which is parallel or almost parallel (o this diagonal. On this KV line, now read the
corresponding exposures for the maximum and minimum thickaesses of the specimen.

With these expusures the density Tor which the chart is made (c.g. 2.0) would be obtlained
fur the respective thickness, Thercfure, modify these exposures with the help of the
characteristic curve (o oblain the minimum density for the maximum thickness and the
maximum density for the minimum thickness. If the KV line chosen is exactly parallel to
the diagonal then both these exposures would be the same. If, however, it is not parallel
then the Lwo exposures would e slightly different. Take the mean of the (wo and take the
shot with this mecan exposure. The required radiograph will be obtained.

xampl
Let maximum specimen thickness = d4em and minimum specimen thickness = 1cm

We require a density of 1.0 for 4 ¢m and a density 3.0 for 1 ¢m. From the characteristic
curve the relative exposare fur these two densilies has a ratio say, 10:1. On the exposure
chart of Figure 6.24 we choose the exposures 100-mA-see and 1600mA -sec which have the
same ratio of 10:1 {onc may choovse 10 and 100 or 10,000, clc.). Make a reciangle on the
exposure charl as shown and draw the diagonal. It can be scen that the 180 KV line is

parallel to the diagonal.

We thercefore scleet this KV line. On this fine the exposure for 4 ¢m is 630mA-sce, This
exposure will give a density of 2.0 for 4 cm bul we require a densily of 1.0, Therelore, a
correction is made with the help of the characteristic curve and it comes ovul Lo be, say 350
mA-sce. Alsu 63mA-see exposure will give a density of 2 for 1 cm thick section while a
density of 3.0 is required,  Correcled exposure {or this section will also come vut as
350mA-sce because the 180 KV line is exactly parallel o the diagonal. Hence if 180 KV
is used and a 350 mA-sec exposure is given, we will get the required radiograph of the
specimen and the film densily range would be 1.0 - 3.0.
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Figurc 6.24 Diagonal mcihod for determination of cxposure.

6.5.4. Usc of shide rules

Gamma ray exposures can also be calculated with the help of special slide rules which bave
scales [or [ilm speed, source strength, svurce-to-im distance, lype of source, density
reyuired, and specimen thickness. By sclting different variables on these scales expusure
time can be read directly. Usuvally # booklet for guidance is provided with such slide rules.

6.5.5. Autumatic devices

Automatic devices are now available for use in closed-loup controlled modern X-ray tubes.
These devices automalically adjust the exposure. Knowledge of specimen thickress and
malcrial is not necessary. All une has (o do is o select the [ilm density.

6.6 RELATIVE ANGLE BETWEEN DIRECTION GF RADIATION AND FLAW DIRECTION

JIS Z 3104 (Mcthods of Radiographic Test and Classification of Radivgraphs for Sieel
Welds) specifics the radiographic arrangement as Tollows so that the degree of deiection
of planar defects such as cracks does not show a great difference between (he cenire and
curners of a radiograph of a butt weld of flad plates. " The distance between the source and
the pencirameter Ly shallas a rule, be not Jess than n times he effective length of the
lested parl Ly, The coefficient n shall be 2 for the common class and 3 [or the special
class.” If a crack which is at right angles o the weld line and is present in the thickaess
dircetion is supposed to be formed, the radiation angle relative (o (he transverse crack is
given by the following cyuation , as shown in Figure 6.25.

For the common class(L, 2 2L,)

tan'(L;/2) = tan’'(1/4)

L,

n

14(degrees)
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Figure 6.25 Radivgraphic arrangement for delermining angle of radialion relative o transverse
- crack

For the special case (L, 2 3L,)

tan’'( Ly/2) = tan’ (1/6)

L,

9 (degrees)

That is (v say, this standard limils the effective lenglh of the lested parl so thal the
radiatlion angle relalive to the transverse crack (hereinalter called the radiation angle) is
approximately 14 degrees or less for the common class and approximately 9 degrees or less
for the special class.

el
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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 AD ;.

[AD} > [ADpy;] (7.1
IADI < |ADmin| (72)

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 penectrating
radiation,dose of scaitered radiation which depends on the geometrical arrangement of
irradiation, source size and intcnsity distribution, quality of X-ray film (including
intensifying screen), and dose characteristics. Minimum perceptible density difference
AD,, 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-usc of the mask, and observation distance), and human factors.

Radiographic contrast AD when the density of a radiograph has changed is proportional
only 1o 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

Density range in
which wire diameterd  Not perceptibie

in perceptible
! f L

a

<

g ADmis corresponding to
wire diameter d
AD corresponding to wire
diameter d

0

Figure 7.1 Relationship between density, AD and AD,;,

The relationship between the density and minimum perceptible contrast AD,, of the wire
image is shown in Figure 7.1. Here as long as AD corresponding to wire diameter d is
above AD,;, ,awire with a diameter of d is perceptible. In the low density range where
¥ is small, radiographic contrast AD is smaller than AD,,,. Thus the wire is not perceptible.
On the other hand, in the high density range where increase in AD,;, 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 AD,;, 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.4,0.d/(1+n) 7.3

where y = Gradient of the tangential line at density D of X-ray film characteristic curve
B, = X-ray quality when the sensitivity coefficient of the X-ray film is considered

o = 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.

+ SMPlos

#1009
+SMP108

2400
+XKZ-S§F
£ 400
, N N , +SMPlcs
1 15 20 25 30 35

Figure 7.2 Relationship between density and film contrast for differcnt combinations of X-ray films
and intensifying screens.

7.2.2. Correction cocfficient 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 penetrameler can be obtained from the following

formula.
d =fl/L 7.4

where | = Penetrameter - film distance
L = Focus - film distance
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Figure 7.3 Absorption of X-rays by wire of penetrameter

where,
f = Focal spot size
L = Focus - film distance
d = Wire diameter
i = Penctrameter - film distance

Figure 7.4 shows the relationship between d'/d and o.

T,

The maximum value of o is 1.0.

0.5t
. f
0.2
0.1 — e
0.1 02 05 1 2 5 10
4" /d

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 7.5 shows the ordinary radiographic arrangement used in conducting a radiographic
test(exposure of a large radiation field). The density of a radiograph taken with the

radiographic arrangemcnts shown by Figure 7.6 is denoted by D, and that of a radiograph
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] Figure 7.7 X-ray film dose
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taken with the radiographic arrangement shown by Figure 7.5 is denoted by D, , both under
the same conditions. Then R, and R, against respective densities can be obtained from the
X-ray dose characteristic curve shown by Figure 7.7. { R, and R, can be relative exposures.)
he scattered direct radiation intensity ratio n is obtained from R, and R, by using the

following equation.
= Ry/R;-1 7.5
Figure 7.8 shows a scattered direct radiation intensity ratio corve.

(2) Measurement by exposure chary

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 €', and that for a wide radiation field by e;, the scattered direct radiation intensity ratio
n can be obtained from the following equation:

n=e /e -1 7.6



X-ray unit  Philips G301
Film : Fuji #8040 03Pb F&B

- FFD : 800 mm
5 20| Diaphragm size - Pb i5mm dia. 30 mm dia.
z Development : Fuji Rendol 20° (/5 min fank 2
= Absorber : SUS
=z
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o
«C
= A when cbtained from rhe X-ray film
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Figure 7.8 Relation between scatiered direct radiation intensity and absorber thickness.
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Figure 7.9 Exposure chart

7.3. MINIMUM PERCEPTIBLE CONTRAST

Minimum perceptible contrast AD, 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 AD;,.

As shown in Figure 7.10 AD,,;, 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 AD,,;, as obtained from
Figure 7.1.
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iluminator)

Figure 7.12 Width of wire image

Film
l W l 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+d) 7.7
where,

m = magnifying factor
d’= apparent focal spot size at the position of a penetrameter wirc

The value m is given by the following formula.
m= (L, + L,) 7.8
where,

L, = focus - penetrameter distance
L, = penetramcter - film distance

So long as the width of the wire image is large, AD,,, is constant, but it increases with
dccrease in width. The rate of this increasc varics with the density and the higher the
density the higher the rate 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 rclationship between the width of the wire image and minimum
perceptible contrast AD,, for different combinations of X-ray films and intensifying
screens. ADy,;, at the same width is maximum when the screen type X-ray film {#400 +
KZ-SF) is combined with a fluorescent intensifying screen, and decreascs with improvement
in the graininess of the no-screen type X-ray films combined with a lcad intensifying
screen,

Table 7.1 shows a comparison of the number of cracks that can be detected when the
combination of the X-ray film and intensifying scrcen is changed. To make the exposure
time cqual, it is necessary to incrcase the tube voltage with ultra-finc grain X-ray films
(#50), and the differerce in the number of cracks that can be detected is obvious,

TABLE 7.1. NUMBER OF PERCEPTIBLE CRACKS DEPENDING ON THE
COMBINATION OF X-RAY FILM AND INTENSIFYING SCREEN

Photomraphic density | poo P e Detectability of cracks
Film intensifying | Tube graphi -
screen voitage | Base metal | Contrast contrast No. of Not | Impos-
(max:‘murn) xn::rs AD—A-8 eracks emm | % |Clear | Noemal cear ; sible
Bulo | Lesdtoi  [200kvp| 2,04 190 0.14 4 o020 {1114 7 s )
£90 | Frontback 212 ~ 2.08 1.92 0.16 4 020 |11 | 12 6 s 3
Fuii | both .
A v BT 2,03 186 037 4 |02 11 9 8 6 3
o | swpios 188 - 196 110 026 4 [ o020 11 7 10 ‘ 5
| sMpaos  Jiso - 196 172 024 3 {025 |14 6| 10 3 7
;‘;’go Lead foil | 160 =~ 2.04 186 0.18 3 o2 (14| 7 7 5 1
Fuii Front back
‘2’00 hoth 138 - 195 181 0.14 3 025 | 14 4 3 B 11
0.03 mm
Fuji »
fuho | sMPaoa 112 148 199 0.20 3 | ozs 14 4 8 6 s
Fuj} .
S | KxzsF 107 178 151 025 3 | o2s |14 ] 4 3 1 12
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particularly in contrast to the combiration of #400 film and KZ-SF. The better the
graininess the higher the 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
penctrameter 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 penctrating
light of intensity L from the radiograph and the light of L,;. Also ,if a fixed mask adjusted
to the film size is not used , the light of L,, around the edge of the radiograph is further
added. Given (L, +L,)/L = n', the appareat radiographic contrast AD, can be obtained
from the formula

AD, = AD 79

1 +n

Addition of L,; and L,; reduces the apparent radiographic contrast , AD,, to 1/1+n of AD.
The symbo! n'in Equation (7.9) is the ratio of the intensity L, (the sum of L,, and L,;) other
than the pencirating light to the intensity L of the penetrating light. Therefore if L, is
constant, n' becomes larger as the Jensity 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. Effcct of brightacss of film illominator
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The rclationship between AD and AD;, corresponding to wire diameter d when 2 film
illuminator of a fixed brightness L', 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, (L',>L’,)
When a radiograph of density D, is observed with a film illuminator of brightness L °, the
following relationship holds between radiographic densities D, and D, which make equal
the intensities of the beams of the penetrating light.

D, - D, = log(L',/L,) 7.10
If both beams of the penctrating light have the same intensity when the minimum

perceptible contrast ADy;, is the same , ADy,, with the illuminator of brightness L™ as
calculated from equation 7.18 will be as shown by the broken line in Figure 7.14 which can

Density range in Perceptible density range
which wire diameter increased by fitm illuminator
d is perceptible at brightness L'
fitm illuminator brightness
Lo 0, /D
o /o ) iz

| P

LOGE shifted in parallel

‘\ ADgqin at film illuminator brightness L
\AD torresponding ADmin at film illuminator brightness L

to wire diameter d

LoOG AD

> U

D

Figure 7.14 Relationship between density and penctrameter sensitivity (influence of film
illuminator brightness)



be obtained by shifting the solid curve for AD ,;, by log (L"/L’,} in paralict sideways. If
L', is four times as bright as L',, AD_,, corrcspondmg to L, is obtained by shifting the

curvc in parallel to the right by log 4 =0.6 in density.
7.4.2. Effcct of room brightness

The relationship between AD and AD,,, corresponding to wire diameter d in dark room
observation is shown by a solid line in Figure 7.15.

Density range of perceptibility
in dark room

fog AD

Density range of perceptibility
in an ordinary room

D
Figure 7.15 Relationship between density , AD and ADy;,(influence of room brightness)

Now suppose that besides the penetrating Jight, light of a constant intensity L,, comes into
the eyes during observation in a room. At low density, 0" is small because of the high
intensity of the penetrating light and as is clear from equation (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
N 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 ,p
and o and decrease n, as shown in formula (7.3). Of these factors, p and n change greatly
depending on the type of the source used for radiographic inspection that is the

radiographic quality.

b4 o FFD 1000 mm
Radiacion
field 500 =m Jdia.

- 2177 Sceel platc thickness 40 om
L~
1 o - \ 20ma
%-ray unit "‘“’-
LL7skypy, | “Ce

10 200 0 100 2000
wWefr

Figure 7.16 Relationship between effective energy and scattered direct radiation intensity ratio
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TABLE 7.2 RELATIONSHIP BETWEEN TYPE OF SOURCE AND p/(1+n) (TEST PIECE
20mm THICK STEEL PLATE)

u(Fe) B
Source (emi* ) kVeff n i (ecm™)
X-ray unit
(175 kVp) 2.2 120 1.9 0.76
192 0.67 450 2.1 0.22
$9Co 0.42 1,250 1.2 0.19
5
m#1,dF0
3 1 specimen: Flat steel plate
Density : 25 I
Intensifying screen : Ir, Lo, co, #100
g 2 Linac...Pb 0.10 F.8.
£ X-rays...Pb 0.03 FB.
c
€ Linac
1 (0.95 MeV)
=] o 7 moo
] - ./
@ i Ir, #100
.S E // Ir, #80
® s A e w50
v /’ V
B 1 //
— / 150keV, #100
2 03 200keV, #100 — =" 150keV, #80
5 | /’ (200keV., #50
E. 02 //7/4--150kev, #S0
& 100keV, #100 //
2 // 100keV, #50
£
= —] 100keV, #50
0.1
0.05 —— r —rr
5 10 20 30 50 100 200

Steel plate thickness (mm)

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 Co®, Cs'” and Ir'* sources when absorption coefficient p (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 ,the radiographic contrast of a vary small defect
whose thickness is AT is proportional to 4 /(1 +n) calculated for an X-ray unit and gamma
ray units (Ir'” and Co®). Table 7.2 shows that p/(1+n) ,that is radiographic contrast AD,
is greater with the X-ray unit(tube voltage 175 KVp) and decreases iz order of Ir'” and
Co®® 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 enmlargement 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 6.37mm
diam. in the order of the radiation source : Co®, Linac (output:0.95 MeV), Ir'* 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 cxperience. There are, howcver, certain
fundamentals that are important and useful as guides in this process, and these are as
follows:

(a) The correct film, screcns and radiation energy must be used;

(b) Scattercd 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 geaerally
be as close to the part as possible and proper d/t ratios should be used.

Before the proper radiographic procedure or technigue can be determined cach 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, elc.

(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 cunergy 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 (o 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 rcal problem and special precautions are not
nccessary.

8.1.2.2. Gronp 2

A part that produccs scatter at the edges but has sufficicnt arca that some loss of scasitivity
at the edges is acceptablc.
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TABLE 8.1. SELECTION GUIDE FOR AGFA GEVAERT INDUSTRIAL RADIOGRAPHIC

FILMS

Suggestions tor using STRUCTURIX films with X-rays

Thickness of matenal (inches)

Energy r1anyn and suggested film types

5Q-89 kv 80-120 kv 120-150 kv 150-250 kv 250-400 kv
Magnesium T 0-14 | D2-D4 D2 D2 02
a4 -2 Da-D2 D2-Da D2-DA D2
w2-1 D4-05-D7 D4-DS [bE] D2
1-2 nr 04-D5 22 na N2 Da
24 o7 DA LLL7 R
3-8 o7 04
Alpminium 0-w4 D2-Ds 02-Da Da oz
W4 -2 07-05 04 N2-D4 02
W2 -1 D7 D3-DS D4-DS Do
1-2 07 07-05 D7-D5-Ds L4 0s
2-4 07 ar 04-08
4-8 24 o7
Steei 0-1w4 D7 D7-DS-Da D2-D4
14 < 12 D7-05-D4 07-D5-D3-D2 D4-02
121 D7 D7-05-04 07T-05-04
1-2 D7-D4 D7-05-Ds
2-4 D?

Suggestions tor using STAUCTURIX films with gamma rays

Trickness of matenal (inches)

Source (1 cune) and suggested him types

IRIDIUM-192 CAESIUMA137 COBALT-60
Magnesium W2 - 02-C4
1-2 D4
2-4 04-05-D7
ovier 4 D7
Aluminium 2t D2-D4
1-2 04-D”
2.3 D7
over 4 07
Steet 0- 14 D2-D4
4 - 12 04-05-07-02 D4-D2
W2 -1 D7-D5-04 D4-05-C7 04
1-2 07-05-D4 o7 D4-D5-D7
2-4 o7 L7 07-b5
aver 4 o4
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TABLE 8.2. SELECTION GUIDE FOR KODAK(UK) INDUSTRIAL RADIOGRAPHIC FILMS

Matertal f S0 to {B0 to }120 to 150 to (Iridium]250 to |1 mev |Cobalt 7 mev)Radium 6 to 31
zhickness In| 80 KV _]120 KV |150 KV | 250 KV [192 400 KV 60
Steel
9ok KNF KNP AX,CX
5 ok QIF AX,C5 A, X ] MX
N KNE ax,cs | AX,CX | BX.CX | MK R v
P [ K AX,CX | AX,CX | tX |AX,CX | MX | AX,CX| MK
Lo 4 | KQF AX,CX |AX,Cx | AX,CX| KW Mx
i to 8 i KNE  |KvF ax,cx| K AX, X
over 8 [ | HNF AX,CX
! Aluminium T
Jrok MX 974 1_
N oTo oy ALK MK MX MX ,
% o ) AX, X |MX X MX [ mx
Tzo 2 | KNP |AXK,CX | AX,OX | MX [ ¢ MK
o4 | KE | B OE | BXCX | MK AX,CX
i3 I KF | KF , AX,CX | KNF
C
| t Bronze
Dwok | [F | Axex | mx M M e
st | QE | A AKX | AKX | x| oM MK
s zo ! | QF AX,CX | AX,CX| MX | AX,CX| MK | AX,CX
w2 | KNF KNF MX  [AX,CX| MX ax,cx| M
204 | KNE AX,C KNE | AX.CX | KNP | MX
104 | f | [ ke |rw ax,cx¢ AX.CX
Qver 8 : Z ' 1 KNF AX,CX
] ]
! ‘ Magnisium
Sk |
oy )M | MX
%o ! | AX,CX| Mx MK MX
tro 2 |omx,ox] MX MX MX
2t 4 KNF | AX,CX | AX,CX | MX A%, X
403 KNP AX,CX M,Dﬂ I
MX = Industrex MX, AX = Industrex AX, CX= Industrex CX KNF = Kodak No ScreenF
Note: AlL of the apove films snall be used with or without lead screens.
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TABLE 8.3. SELECTION GUIDE FOR KODAK(USA) INDUSTRIAL RADIOGRAPHIC FILMS

material (50 to | 80 to {120 to]150 to | Ir-192{250 to 2 6 to 31 mev
thickness|80 ¥V | 120 kv{150 kv|250 kv 400 kv| t mev |co-g0]¢ ™ (Radium
In.
Steel
ook |mw |aw AN IR M T
T 5 R | AGRE [ RGRR KM,
M, T
§to ! KBRF [KWF® |AX,AA |AX.AR | AX,AR |R.M, R/M, A%, A
MK, T MK,
1 to 2 KNF RX, AR | RXAN [RH,  [AXAA[RM, [AX,AA | RM,TMK,T
X, T ™K, T
204 Keer  [xaw KEBF |AX.AA | AX,AAlAX, AN KNP R,M,T™X,T
T55 8 KBEF | K T | AX, AN RiE X, 2R
overT a2 vy
Aluminium

0tok R.M, [R.M,
™X, T} T™X,T

Ltodk RX,AA | R,M, RM, |R,M,
™X,T |D™MX,T}T™X,T

4 to ! AX AR | RN, R,M, |RM, R.M,
™,T |IMX,T | DMK, T qex . T

1 to 2 KNT AX,AA | AX,AR | RM, R.M, R.M,
KT | TMKT | THK,T

2tod KBBF | KNF AGAN | AXAA | RoM, AX,RA

™M, T
T8 REF [ RRF | RRF ACRE | RNE
over § Liizi2) o

Bronze

oto & Ko | F A, AR RM, [RM, [RM |RM,
KT | IMK,T | DX, T ) IMLT

hto ) KNE AX, AR L AX, AN | AX,MA | R,M, | R,M, mM,
M, T | IMX, T T,
L to! Koor KBBF [ KNF AX, AN | AX,AA | R,M, AX AN R,M, | AX,AA
X, T N,
1to2 KBBF | RUBF KNF KNP R,M, N,AN R M, | RXGAA R:M,TMX, T
X, T X,y
2 to 1] KNF KBBF | AX,AA | KNF | AX,AHq 1P R.M,TH+X, T
4taB KNE KNF | AX, M AX, AN
Over 8 KiP AX,AA
Magnes ium
Otok | RM, | RN, (
M, T IMX, T

Aol R,M, 1 R.M, R,M,
T IMKT ) T T

kto! |ALAA MM, | RH, M,
™, T | TMX,T TR,

Tt?2 AX, AR LM, M, | RM, R.M,
KT | X, 7| M, T ) e, 7

2tod KNF AX,M | AX, AR RM, AX,AA

M, T
4tod KNE AX AN AX A 1 KNP
Over 8 KDDF L
KNP = Kodak No, scroen film AX = Industrox AX KBOF = Kodak Blue Brand Film
M = Industrex AA R = Industrex R M = IndustrexM TMX = Industrex TMX

T= Industrex T

Note: All the above films except KARF shall ba used with or without lead screen KDBF
sul)l be usud with salt scroens,
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TABLE 8.4. SELECTION GUIDE FOR FUJI INDUSTRIAL RADIOGRAPHIC FILMS

X-ray Tube Vaitage {kVpl

Materiat and
Thicknesses Cobalt-60
tmmi below 50 | 50~80 | 80~120 | 120~150 | s0~250 | 250~a00| 1000
o~ & | sa-80 50 50
]6~13] s0.e0 50-80 | 50-80 50
é 13~25 | 80.100 | s0.80 | so0-80 50 - 80 50
5| 25~50 {100-150 | a0-100 | s0-80 | 50-80 50
~ [so~100 150 100-150 | 80-100 | 80-100 | 80100
over 100 400° 150 100 80 - 100
a~ 6 150 150 80-100 | 80-100 | 50-80 50 50 50
s | 6~13 400° 150 | 150 80-100 | 80-100 | 50-80 50 50
‘é 13~ 25 400° -150| 150 100 g0-100 | 50-80 50 -80
- 400- | a00*-350| 150 100 50-80 | 50-80-100
£ 50~100 q00° | 400" -150| 100-150 | 8a-100 | 80-100-150
—over 100 400~ 400° - 15Q] 100 - 150 100- 150
0~ & 400° - 150 100 - 150 80 - 100 50 .80 50 50 50
6~ 13 400* -150| 100150 | 80-100 | s0.80 50 50 - 80
2| 13~ 25 a00° a0Q* 150 8o-100 | sa-80 50 -80
3| s~ %0 aa0* %00° | 100-150 ) 80-100 80 - 100
50~-100 400°* 80100150 100 - 150
aver 100 150 150

* ladicates cambined wse of Huorescent 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. Gronp 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. Scam welds

The usuval technique is where the film lies parallel to and adjaceat to onc 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 see 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 ; Scurce :Source
f )
M " v
! 1t
ll‘\ [Il\ Tk
l [ it
'R [ !
‘ \ | 1
I ) \ [} : 1 h " “
Il iy ! Lz Sy
Lo PEBGN V2
Iy //,s\ S |‘
,' (I (/' Film \ ([ ,l 1t
) ! ! ( i .\ i ; ‘.
N ) J i /./
e\ S0
Film — Film
(a) (b) (c)

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
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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 ingide, 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 outside, 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,

Someltimes the smallest available source placed at the centre may not satisfy the penumbral
conditions. Off ceatring 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 doublc 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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Figure 8.2. Film inside, source outside arrangement.
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Figure 8.3. Film outside, source inside arrangement.
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Figurc 8.4 Film outside, source outside method.
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8.2.2.2. Number of radiographs in a weld seam
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(a) Double wall sipgle image technigue

In a doublec wall single image technique for circumfercntial welds of pipe, the outside
dizmeter of the pipe is denoted by G. as shown in Figure 8.5,thc wall thickness by t, the
focus-film distance by L, and the film-specimen surface distance by L, the specimen
surfacc being on the film side. If the maximum specifiec valee of the angle of radiation
with the transverse crack is denoted by ¢ (degree) , the range of the test portion that meets
the specified angle (hercinafter called the effective range of the test portion) is the hatched
portion in Figure 8.5 and the centre angle ,2e (degrecs) is given by the following equation:

2a =2 (n +¢)
= 2{sin'(1-2t/G) sin ¢ + ¢} 8.1
TR

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 - L; and the wall thickness is sufficicndy small as compared to the

outside diameter.
(2Q) gy = 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 infinitc.

(Za)min = 2¢ 8-3

The number of radiographs is given by the following equation when dhe film is wound
round the pipe in the double wall single image technique:

N = 360°/2a 84
Therefore when the results of Equations 8.2 and 8.3 are expressed in other words, the

maximum number of radiographs, N_,,, in the double wall single image technique is given
by the following equation regardless of the shape of the pipe:

Noa = 360°/2¢ = 180°/¢ 2.5

The minimum number of radiographs, N, is given by the following equation. N;, cannot
be smaller thanm 1/2 of N,,.

Noo = 360°/40 = 90°/ 8.6

(b) Internal-film technigue

As shown in Figure 8.6 , if the hatched portion is the effective range of the test portion in
onc radiograph in the internal film technique For circumferential welds of pipe, the angle,
2a, with the effective range of the test portion is given by the following equation:

2a = 2(d - n}
= 2 - sin” ( 1+2t/g) sin ¢ } 8.7

2(g/L-Ly)" + 1

where g is the inside diamcter 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,
that is . when th: focus-film distance is infinite.

(2‘! )min = % 8‘8

The number of radiographs is given by the following equation in the internal-film
technique:

N = 360°/2a 8.9

F focus

Figure 8.5 Double wall single image Figure 8.6 Internal film technique

8.223.

technique

(The batched 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, N, 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.

Nmin = 3600/% = 180o/¢ 8.10

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 1he 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 technigue 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 morc radiographs must be taken. However, it is unnccessary to take radiographs
exceeding 12 in number if there is no change in the arrangement of the source film and

specimen during radiography.
(b) laternal source technique

In the internal source technique, it is general practice to take a radiograph by sctting 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.

(¢} Internal film technique
As is apparent from Equation (8.10) at lcast 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.
{iource

\

\
t
1

i

1
b

$=7°

H? 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 conmsiderable 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, Tz : Thicknessof
base metal

T4 : Material thickness

Film Film
Ta = 1.1x (T, +Ty) Ta =14 x (T, +T1)
(a) Angle of radiation of 30° (b) Angle of radiation of 45°

Figurc 8.8 Direction of radiation of X-rays and material thickness for T - welds.
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In a Tee weld the largest penctrated thickness in the test portion is about two times the
smallest penctrated thickness. Therefore, if radiography is carried ort in this state , it is
very difficult to kecp the whole iest 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.

K-rays

Figure 8.9 Thickness compensating wedge

Film
s s
— I'f\ /?\
/ :‘\ N
AN / \
/ \ 7 \
/ \ / 1 \
/ \\ / | \
/ " \

Figure 8.10 Maximum permissible diagnostic lcngth.

8.2.5. Diagnostic length of weld

The following are two rules which are uscd 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 =11T.

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.

233



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 which are regrlar 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 multithickness 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 6.5.3.4).

In case the thickness range is too large to give a diagonal exactly or nearly parallel to a KY
line in the exposure chart, the thickness range can be divided into a number of subranges.

(c) Multiple Film Techpique

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

L 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.

N An image formed at point C, F' .re 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,
3 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.

| TTT |

¢

bd e DI EIL A X L 2 bt bl
"l/ B

Specimen

Ii Figure 8.11 Two dimensional shadow
iC ila 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 mcthod

If the dimensions of the specimen permit, itwo 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.

limitation is that at least two

This method is the simplest yet is very accurate. The
e radiography possible with the

dimensions of the specimen should be such as to make th
available radiation.

adiation
irection
1

e Specimen

Radiograph
No. 2 Radiation
——tirection
2
Radiograph
Ro. 1

Figure 8.12 Right angle methad.

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.

cach of approximately half the total

(ii) Two exposures are made on the same film,
red

exposure at a known sfd. Between these exposures the tube is shifted through a measu
distance in a plane parallel (o 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.

5 52
) e § ey ———
\ !

-— ‘\’

f jDefect ESpacimen
I

d S P

! '

L L Film
k-1
Figure 8.13 Tube shift method.
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S~ -
, 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$/1 = (D-d)/d = D/d -1
or
d=D/S+1) = DI
1 S +1
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 1/3rd 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 lcad or of any other hcavy metal) are placed one on
the source side of the specimen and the other on the film side near to and along the length
N and on either side of the defect. Carc 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 exposurc. 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),

«QDirection of 5
~, tube ahift L§1 ) 2

' ,

[ [
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Specimen N )
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A ' I
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.
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h
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e
e
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M\/\\I\N

xs‘"‘ =X "fx‘r

Figurc 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.

It can be shown that, provided the markers arc placed fairly close to the defect, the image
shifts of the defect and markers arc proportional to their distances from the fitm. The
thickness of the markers is considered to be negligible.

Let h = height of the defect above the bottom of the specimen.
and X, . X, and X, be image shifts of lower marker, defect and upper marker respectively.

Y,.Y, and Y; be heights above the film of the lower marker, defcct and upper marker
respectively.

A straight linc 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 rcad against the image shift of the defect.

A better and more practical way is to plot the height above the bottom surface of the
specimcen against the image shift (Figure 8.15.b). This climinates the measurement of the
thickness of cassctie and screens. In this case the height of the lower marker is zero and
that of the upper onc is T (thickness of the specimen).

2 Bl g,

(o) ‘

a 1 LA (N A, - ——

aa ! ; S Y Rpememmmmees { ;

1 H ; o 0 e

72 b i P

=g - ' B30 —

X . Ao X X £
% 2k ot 2 %3
Image Shift Image $hift
(a) (b)

Figure 8.15. Height vs image shift.

From Figure 8.15. onc can find out the height h of the defect from the bottom of the
specimen, if its image shift (X ) is known. ‘h’ can also be calculated by the formula,

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
vicwing these radiographs. In the stereo viewer the left eyc 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 principic of the sterco-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 manaer, different techniques have been evolved for special purposes. Some of
those more commonly vsed are discussed below,
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Left Shitt of Tube QV Right Shift of Tube

/
Left Stereoradiograph l Y \/ i Right Stereoradiograph

Left Eve  Right Eve

Figure 8.16 Schematic diagrams showing the methods of making and viewing stereo-radiographs.

8.5.1. Radiography of multithickness objects
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In the case of multithickness 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 tube 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 third method is to use films of different speeds. The kilovoltage, the exposure and the
combination of films are selected in such a way thal in a single exposure, correct density



is obtained under the thick sections on the faster films, whereas the slower films record
correct images of the thin sections.

Specimen
Lead
Screans
/
Film = .1
iy v J "

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. Measurcment of pipe wall thickness

It is sometimes required Lo 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
.......... Y | SN 8.1
1.73h - d (1.73h-d)* + h?

If 0 = 45° then
W = R-h(2.414R - d) h-d

- R, --- - 82
h-d (h-d)* + h?

0= 60°.uen

W = R-h(1.73R - d) 577h - d
------------- = R, e 83
.577h - d (.377h-dy* + h?
If 0 = 90° then
W=R-h(R-d) d
--------- + R, —oeeeeeae 84
d h? + d?
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Figure 8.18 Wall thickness measurement of Jarge diamcter pipe.
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Figure 8,19 Wall thickness measurement of small diameter pipe.

(b) Smail diameler pipes
The full image of the pipe is recorded using the arrangement shown in Figure 8.19 and the
distance AB mcasurcd. The wall thickness, W, is then given by :

W=R- (h-R)p , whercp = AB

p*+ h? 2

8.5.3. Micro-radiography

Specially prepared thin samples are radiographed at extremely low energics (c.g. 5SKV) on
an ulirafine grain film. The radiograph when cnlarged gives the structural details of the
specimen. Micro-radiography is mainly applicd in mctallurgical studies.

8.5.4. Enlargcment radiography

In some situations an cnlarged image of an object is desired. To get the enlargement of
the image the object to film distance is increased. To overcome the penumbral cffects a
source of an cxtrer 'y small size in used.

8.5.5. High spced 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 cxtremely high. This is achicved by
discharging huge condensers through special X-ray tubes which give current of the order
of thousands of ampceres for a short time (of the order of a millionth of a sccond).

This technique is normally applicd in ballistics.
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8.5.6. Auto-radiography

In this case the specimen itsclf 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 matcerial within the specimen. The technique is mainly used in the field

of botany and metallurgy.

8.5.7. Elcctron transmission radiography

A bcam of high encrgy X-rays is used to produce photoclectrons from a lead sereen. These
clectron 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 clecar film on the back is used to absorb any electrons emitted by the cassette.

Radiation
Caesettc\\
. » N « Lead screen
Specimen «J__ -~
~ Photorraphic
Clear - filmp
film

Figure 8.20 Arrangement for clectron transmission radiograph.

8.5.8. Electron emission radiograpby

In this case a beam of X-rays is used to produce photoclcctrons from the specimen itself.
These electrons expose the film which is placed in contact with the specimen. Since
cmission of clectrons dcpends upan the atomic number of an clement, the clectron emission
will give the distribution of clements of diffcrent atomic numbers,

8.5.9. Neulron radiography
In this casc a ncutron beam is used to radiograph the specimen. The recording system in
this case will not be photosensitive film since these are insensitive (o neutrons, The
following methods are used to record the image :-
(i) A gold foil is uscd which records the image in terms of the activity produced. This
imagc can be transferred on to a film by taking an autoradiograph of the foil. Somc other
suitable material can replace gold.

e A

(ii) Ncutrons transmitted through the specimen arc madc to strikc a thin ncutron
scintillator plate. The scintillations thus produced expose the film which is in contact with
the scintillator,

In certain cascs ncutron-radiography is advantagcous as compared to X or gamma
radiography for cxample :-

I. if the specimen is radioactive.
2. if the specimen contains thermal ncutron absorbers or light clements,
3. if two elements whosc 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 Lo exact thickness. This helps in detecting very small {ocal variations in density

and thickncss.
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9. RADIOGRAPHIC VIEWING AND INTERPRETATION

9.1. VIEWING OF RADIOGRAPHS

The most important stage in radiography is film viewing. Tt is of little use taking carc to
obtain maximum detail on the radiograph, if the viewing conditions are such that this detail
is not perceived. To achicve satisfactory viewing of radiographs, film density, illuminator
brightness, background fighting and human eye visibility must fulfi] ccrtain requircments.
These factars are individually discusscd here.

Dcnsity. In deciding on an optimum film density and suitable film viewing conditions for
maximum sensitivity, it is important to cmphasise that film density and viewing scrcen
brightncss arc inter-related parameters. Minimum observable contrast, i.c. 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 rcasonable to assume that the discernibility of fine
dctail such as low contrast lines (crack images, etc.) also depends ta the same manner on
the brightness of the image, as prescnted to the eye of the observer, It follows therefore
that it is possiblc to have information on a radiograph which, when it is placed on an
illuminated screen of soitable brightness, is not visible. By changing the screen brightness
(usually increasing), more detail may be madc visible. Therefore “correct film density" is
only mcaningful on the assumption that illuminations of suitable brightness arc 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 mctal intensifying
screcns, but densities as high as 3.0 are sometimes recommended.

Nluminator Brightngss : Recommendations for iliuminator brightness are detailed for three
film dcnsities, 1.0, 2.0, and 3.0. Values of screen brightness for intermediate densities can
be interpolated. Densities greater than 4 arc not gencrally used. In addition to screca
brightness, it is necessary (o consider the importance of glare. Fine-grain film increases
in contrast up (o a very high density (of at least 6) and it may be argued that to get
maximum sensitivity such high deasities should be used. If suitable high-intensity
illuminators for these very high densities are built, however, there are such scrious
problems with glarc when films are changed or badly masked, that the inherent advantage
of the high density tends to be lost. The colour of the illuminator light should normally be
white, but colours beiween orange and pale green are acceptable.

The luminance (of brightness) of the illuminated radiograph should be not less than 30
cd/m . and wherever possible approximately 100cd/m or grealter.

This minimum value requires the following illuminator brightnesses :

for film density 1.0 : 300 ¢d/m ,
for film density 2.0 : 3000 c¢d/m ,
for film density 3.0: 30000 cd/m ,

The brightness of a viewing screen can be checked with most ordinary photographic
exposure melers, if a suitable light meter is not available. The exposure meter should be
held with its sensitive element 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 atf; 10 corresponds Lo a screen
brightness of 1000 ¢d/m .

: ing : The light should be diffused. but it need not be fully diffused; for
cxample, one sheel of thin opal glass will usually be found to be adequate (greater
thicknesses absorb more light and so reduce the screen brightaess). The illuminated aica
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 regions of
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density which are considerably less dense than the arca under cxamination. these also
should be masked off. The radiograph should be examined in a darkened room or
enclosure. with care being taken that as linle light as possible is reflected off the film
surface directly toward the observer. In practice there is usually sufficient light transmitied
through a radiograph on an illuminated screen to provide ambicnt light for writing, ctc.
but, if desired. the ambient lighting can be increased, provided that the source of this light
daes not produce any specular reflections off the surface of the radiograph. The luminance
of a white opaque card put in place of the radiograph. due 10 the ambient light, should not
exceed 10°% of the luminance of the illumivated film in the arca under inspection. (This
can be checked with a photographic exposure meter).

Eycsight of crver: All film readers should be checked annually for their ability to sec
small details at their normal film viewing distancc. Wearing of rcading spectacles or use
of a magnifying lens may be necessary. All film readers should be able to read the letters
and numbcrs in the eye testing charts such that:

(a) Distant vision should cqual to 20/30 or better in at lcast once eye, cither uncorrected
or corrected.

(b) Near vision should pcrmit reading a minimum of Jacger number 2 or ¢quivalent Lype
and sizc letters not less than 30cm on a standard Jacger test chart for near vision, in at
least one cye, corrected.

(¢) Colour vision should be sufficient that the observer can distinguish and differentiate
contrast 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 arc not possible. As guidance. an observer coming
from full sunlight should allow at least 10 min in subducd lighting before commencing
vicwing: from ordinary artificial room lighting about 30s adaptation is necessary. The
adaptation time should be one continuovs period of time. If the eves are subject to the full
brightncss 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 passcs the cyesight test but

the maximum distance should be of the order of 40cm. The usc of a low power magnifying
lens (%3 to x4 ) of reasonable arca is strongly recommended and such a lens should always

be availablc.
Vicwing of radiographs requirces, beside the factors mentioned above, full concentration

and pcace of mind. If possible it should be carried out in a scparate, calm and quict room
situated in a less noisy environment.

It would be preferable to have an illuminator of variable brightness to give both low and
high intcnsitics at the discretion of the viewer.

9.2. EVALUATION OF RADIOGRAPHIC QUALITY
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Radiographic quality may be defined in terms of contrast, definition and graininess present
in a radiograph. These qualitics in turn are influenced by a large number of factors
important among which arc radiation energy, filtration, specimen thickness, density and
atomic number, size of the radiation source, gecometric conditions of source-to-film (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 gencral an
improvement in the radiographic quality can be brought about by the following :

(i) Encrgy of Radialion

The lowering of the encrgy in the case of X-ray, or the usc of X-rays instcad of rclatively
simplcr-to-usc gamma radiation, produces for thin wall thicknesses a clcar improvement
in contrast and thus imagc quality.



(ii) Usc of Fiogr-grained Film

The use of finer-grained film also requires the extension of cxposurc periods. The gain in
image quality docs, however, allow finer imaging and so rccognition of defects at the time
of the test and not only when the defect has grown to such an extent as ta become subject
1o a reclamation or even the cause of some damage.

The effeet of a goad or bad conlact between film and screen on the radiograph, and thus
on image quality. has only been systematically examined during the past two ycars. Two
variables have made themscelves apparent during this, namely that:

- the film density is appreciably lower when the screen has oo large a separation from the
{ilm. because the intensifying cffect of the screens is lost, and that:

- the loss of image quality. as evidenced by the image quality number, is mcasurable cven
when the distance between sereen and film is only a few tenths of a millimetre.

These two points indicate the nccessity to use cvacuable casscties or film-screen
combinations vacuum-packed and scaled by the manufacturer.

(iv) Scaticred 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 reducc undesirable irradiation of the areas of the
test object not being investigated, the practice of fixing a scatter radiation shicld behind the
film is morc difficult to promote. As is known, such a shiclding cannot be simply hcld in
place with magncts and the usce of sticky tapes is also similarly unsatisfactory. Decspite
these difficultics one should still regard such shiclding as being of value if scattering bodics
arc in the near vicinity (distance < 1.5 m) which could be hit by primary radiation, gencrate
scattered radiation themsclves and expose the film, reducing contrast. Control radiographs,
which can be relatively quickly produced, prove in an unequivocal manner the neceessity of
this mcasure.

In practice it is very complicated and expensive to assess radiographic quality by making
on cach radiograph mcasurcments of contrast, definition and grainincss. What is donc
instcad is to usc Image Quality Indicators (1QIs), of which there are different types, to get
an idca of the flaw dctcction capability. This is mcasured in terms of 1QI sensitivity.

The values of 101 sensitivity desirable in good radiographic work range from 1 to 2%.
While assessing the radiographic sensitivity with the help of 1QIs it should be scen that the
appropriatc 1QIs 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 measurcd. Knowing that the radiographic quality of cspecially contrast
is better at higher denzitics, only radiographs having proper density should be acecpted for
interpretation and cvaluation. 1.5 to 3.0 is usually accepted as an acceptable range. The
procedure of film processing itsclf can produce some spurious indications on the radiograph
which can t z 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
somctimes termed as mislcading images or artefucts 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 trcated 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
stock must be replaced while if it 1s duc to scattering or overdevelopment corrective
mcasures should be taken.

245



Each radiograph should have an identification number to cnable 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 influcnce on the radiographic quality should
be thoroughly understood and verified for proper asscssment and ultimate control and
improvement of radiographic quality.

9.3. NATURE OF DISCONTINUITIES IN RADIOGRAPHY

A radiograph is a shadow picturc of an objcct recorded on to a photographic film using X-
rays or gamma rays. To obtain a radiograph, therefore, we place the spccimen between a
source of X or gamma radiation and a photographic film for a predctermined 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 risc to diffcrent types of shadows. Tt 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 diffcrent shapes in the radiograph
depending upon their oricntation with respect to the beam dircction.

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. Becausc of this
distortion somctimes a particular defect can produce a shadow which may be interpreted
as some other type of defcct. A fine crack may be diffused altogether hardly lcaving any
image bechind. Although before taking a radiograph one may not havce 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 sharpncss or definition will depend on the source dimcnsions, the object-to-film
distance and the sourcc to film distance. Better definition may be obtaincd by making the
focal spot size of the source as small as possible, by keeping the source-to-film distance as
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Figure 9.1 Effcct of (a) normal beam, (b) oblique bcam and (¢) inclincd film on the shadow.
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large as possible and by placing the film in contact with the specimen. The vaives of
unsharpness permitted for critical examination are of the order of 0.025mm while those
for general work arc 0.05mm. Bascd on these the minimum source-to-film distance
rccommended for critical examination is given by

d(F + 1)

where d is the specimen thickness
and F is thc diagonal cross-section of the focal spot.

For general work the minimum value of source-to-film is
d(F +1)

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 actection of all sorts of material discontinuities
which can influence the attenuation of radiation. In weldments these disconiinuitics are
cracks, porosity, blow holes, metallic and non-metallic inclusions, lack of fusion, lack of
penctration, undercut, root and other cavities, excessive penctration, overlap, burn through
and misalignment cte. The typical defects associated with variods casting processes and
which need to be detected by radiography are porosity, blowholes, piping, inclusions,
sponginess, shrinkage, hot tears, cold shuts, unftsed chaplet, misplaced core, segregation
ete. The forging and rolling defects of interest are Jaminations, seams, forgiag 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
(if) internal defects
(iit) artcfacts

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 strictly the responsibility of the interpreter of a
radiograph to dv 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 after correct understanding of the standards of inspection.

For cffective interpretation of a radiograph a knowledge of ihc following is nccessary.

(2) Radiographic tcchnique employed and the sensitivity achicved (b) Characteristic
radiographic appcaranccs of various defccts, and the modification of thesc appcarances by
various factors (¢} Dectails about the specimen, its manufacturing process and the probable
defects associated with this process. (d) Dctails of radiographic procedurcs. These are
discussed bricfly hereafter.

(a) Radiographic Techniquc

Factors such as the quality of radiation, gecometry, films, intensifying screens and density
all affect the sensitivity of fault detection.  Therefore, without a knowledge of the
tcchnique employed, it is extremely difficult to interpret a radiograph. Somectimes it is
nceessary 1o reconstruct geometrically the condition of radiography, to assist in the
identification of images in angled shots. The radiographic technique or procedurc will
specify at lcast information such as

i. Type of material to be radiographcd

ii. Matcrial thickness range to be radiographed

iti. Type of radiation source. cffcctive focal spot or sourcc size. X-ray cquipment voltage
rating, and manufacturer.

iv. Film brand or typc, and numbcr of films in cassctte.

v. Type and thickncess of intensifying screens and filters.

vi. Blocking or masking techniques, if uscd.

vii. Minimum source-to-film distance.

viii. Exposurc conditionsfor proccdure qualification: voitage, milliampere minutes, distance
of film to object, gcometric arrangements for the radiographs (sketch), oricntation of
location markers, description of the manncr in which intcrval markers locate arcas of
intcrest.

ix. Description of or reference to the welding procedure, when applicable.

(b) Characteristic radiggraphic appearancgs of defects

Rcference radiographs and different standards provide considerable aid in interpretation.
Thesc assist in rccognising the naturc of a defect and giving it standard nomenclature.
These standards, however, give radiographic appcarances of defects in simple and usually
uniformly thick specimens. For the interpretation of more complex specimens, therefore,
there can be no substitute for cxperience.

(c) Spgcimen

Interpretation of a radiograph will be better and more cffective 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 cxpected defects. With casting it is advisable to have the history of the specimen,
nature of casting, oricntation when cast, type of mould cte. The drawings of the specimen
may hclp considerably and the interpreter should, therefore, be conversant with engincering
drawing. Availability of spccimen at the time of interpretation will avoid any confusion
between images duc to surface defects and other images. If this is not possible the
specimen should be thoroughly visnally cxamined and the findings adcquatcely noted.

9.4.1, Interprctation of radiographs of welds

A varicty of surface and internal defects occur in welds. Thesc have been classified and
are discussed below,
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9.4.1.1. Internal defeets

(a) Gas inclusions

Gas may develop during welding due to many factors like the quality of the parent mctal,
the clectrodes uscd, poor regulation of the arc current, etc. The gas may get cntrapped and
takc various forms.

Gas pore. It is a small bubble of gas cntrappcd within the molten metal. It has a
diameter usually less than 1.6mm(1/16 inch). A group of gas porcs is termed
porosity. In a radiograph a gas pore appcars as a sharplv .efined dark shadow of
circular contour. Porosity appears as a bunch of dark spots situated close to cach
other.

Blowholc. It is similar to a gas porc except that it is a little larger in dimensions.
Its radiographic image is also a dark shadow of rounded contour.

Pipc_or Wormhole. Some gas inclusions have aa clongated form known as
wormholes or pipes. They arc usually almost perpendicular to the weld surface.

They can result from the use of wet powdcered flux or from inadcquate regulation
of the welding curreat.  Another typical form of pipc has the appcarance of a
branch of a trce. These can be causced by usc of wet welding electrodes.

(b) Slag inclusions

Somc slag may be trapped in the deposited metal during its solidification, - . r{icularly if the
mctal fails to remain molten for a sufficicnt period to permit the slag to nise to its surface.
In multipass welding, insufficient clecaning between weld pass can lcave portion of the slag
coating in place to be covered by subsequent passes. A particular charactceristic of slag
inclusions is the ‘slag line’, intcrmittent or continuous. Such slag lines arc often
accompanied bv 2 pronounced lack of fusion to the base metal.

These give dark indications on the radiograph. The shape of thesc dark images is gencrally
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 thc same size. Large
isolated inclusions appcar as dark shadow of irregular contour. Cluster of small inclusions
appcar as a group of dark ill-defined spots. Line inclusions appear as a dark shadow with
wavy cdges along the weld. It is sometimes found along both edges of a run of welding in
roughly parallel lincs.

Another discontinuity of different origin but of similar radiographic appcarance, results
from irregular deposits on successive passes which lcave voids between passes. Such lack
of fill can occur. for instance, in welds made in the overhead position.

(c) Tupgsicn ipclusions

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 picces of the tungsten wire. The
tungsten inclusions appcar as very light marks in the radiograph.

(d) Lack of root penctration

In butt welding a root opening is usually left at the bottom of the groove (in onc-side
welding) or at the centre of the weld (in two-side welding). If the opening between the two
plates is narrow, it is difficult to achieve complete penctration and fusion at the root of the
weld. A void remains in the root of the weld. Such discontinuitics can arisc from poor
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bevelling or preparation of the weld groove. It appears in the radiograph as a continuous
or intermiticnt dark linc at the centre of the weld seam. It may have both edges
straight or onc edge straight and the other wavy.

(¢) Lagk of fusion

This is duc to the lack of union in a weld between the weld metal and parent mctal 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 defincd cdges.

(ii) Lack of root fusion

This is caused duc to the lack of union hetween the adjacent faces of the parent
metal at the root. In the radiograph it is revcaled as a dark straight linc of low
intensity with sharply defined edges.

(1ii)Lack of Infcr-run fysion

This is caused by a lack of vnion between adjacent runs of weld metal in a muiti-
run weld. In the radiograph it appears as a faint line with sharply dcfined edges.

(1) 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 afine dark line wandering in direction and tapered at the ends, often
discontinuous, when the segments are roughly parallel but slightly displaced and possibly
aoverlapping. A cold crack gencrally appears as a very finc line, straighter, continuous and
free from bifurcations.

9.4.1.2. Surface defeets

250

Thesce defects arc present on the surface and can be scen visually. As they also appear in
the radiograph and may Icad to wrong interpretation, some of thesc are discussed below.

(a) Undercyt

During the final or cover pass the exposed upper cdges 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 cxtent with usvally diffused edges occurring at the sides of the weld, The image
density indicatces the depih of the undercut.

{h) Concavity af 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 causcs the molten metal to sag away from the inaccessible upper surface of the weld.
It 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 linc at the centre of the weld image and having unsharp cdges unlike the
edges of fack of penetration,
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(c) Change of ¢lectrade

At points where the clectrodes arc changed while making the cover pass, an unskilied
welder may choosc the wrong position for starting the new clectrode. Somctimes slag
inclusions occur at the point at which clectrodes were chaaged. The radiograph shows a
crescent shaped image corresponding to the point of change of electrode.

(d) Excessive pengtration

In welds, sometimes, molten metal runs through the root of the weld groove producing an
excessive reinforcement at the back side of the weld. In gencral this is not continuous but
has an irrcgular shape with characteristic hanging drops of the cxcess metal. Excessive
penctration will be shown as a line of lowered image density in the centre of the weld.

(¢} Elcctrode spatier

I improper clectrodes or long arcs arc used, droplets of molten metal arc spattered about
the weld region.These drops stick to the metal surface ncar the weld scam. Since they
correspond to lacal arcas of increased thickness, a scries of light round spots appear on the

radiograph.
(f) Grinding mgrks

When weld reinforcements are not ground out smoothly, the resultant thickness varics
above and below that of the base metal. In the radiograph it may appcar as extended light
or dark arcas with diffuscd edges extended over the welded area or the parent metal.

9.4.2. Interprelation of radiographs of castings

9.4.2.1.

A variety of defeets may occur in castings. These may be classified in five groups namcly
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 rcasons 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 mcta) as
wcll as the radiographic technique used.

(iit) 1lustrations arc madc from simple spccimens. Complex specimen or different
oricntation may change the appearance of a defect in the radiograph.

Yoid

Void is defined as a cavity produced by
(a) catrapped gas cvolved from the metal
(b) entrapped air

(c) entrapped gas evolved from the mould

(d) shrinkagc of metal. Voids have been classificd depending on their shape and size. The
classes are described below.

Microporosjty, A fine form of the defect duc to shrinkage, or gas or both in which a
number of cavitics accur cither around the grain boundarics (intererystallinc) or between
the dendrite arms (inter-dendritic). In a radiograph this usually produces a general mottled
or cloudy cffcct (plate 1). fn nonferrous alloys the fine cavitics may occur in layers (layer
porosity) and produce dark streaks in the radiograph (plate 2).

Spongingss. A system of inter-crystalline or interdendritic cavities of a coarsc and usually
localised form which appear in a radiograph as a group of dark intcrconnected images

which may be irregriar in outline and of varying sizc 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 localiscd within a particular area, which appcar as an asscmblage
of small, rounded, widely distributed, dark images (plate 4). This defcct occasionally arises
from the injection of air during pressure die casting.

Gashole. A discrete cavity greater than about 1.omm (1/16 inch) dia. due to gas cvolved
from the mctal, mould or corc. In the radiograph the image appcars as a dark arca of
smooth outlinc which may be circular or clongated, (plate 5). A particular form of
wormholc 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 arca with a generally smooth outline
but may have discontinuitics (plate 7).

Shrinkage cavity. A discrete cavity caused by contraction during solidification. The

radiographic appcarance is similar to that of a gashole but usually shows a less regular
outline (platc 8) and may tend to taper.

Filamentary shrinkage. A coarse form of shrinkage defeet in which the cavities are
branching, interconnccted and cxtensive. In the radiograph the images appear as
continuous. irrcgular, dark, usually branched or occasionally in the form of a nctwork

(plate 9).
Crack

A crack is a discontinuity duc to the fracture of the metal during or after solidification.
Dcpending upon the causc. cracks have been classified as follows:

Hot tear. This type of crack develops near solidification temperature when the metal is
weak. The defeet 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 linc. 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, duc to large stresses
after the metal has become completely solid. In the radiograph it appcars as a clearly
defined smooth dark linc (plate 11).

Cold shut

It is a discontinuity causcd by the failurc of a stream of molten metal to unite with a
confluent strcam or with solid metal, such as a chaplet, internal chill or pouring splash,
This may often be caused if the pouring is interrupted. Usually it appears as a dark line
(platc 12 and platc 13). A cold shut arising from a splash in thc mould may appear as a

dark crescent or circle.
Segregation is a condition resulting from the local concentration of any of the constituenis
of an alloy.

General segregation. It extends over a considerable part of a casting. Radiographically it
appears as an asscmblage of small light or dark arcas (plate 14).

al segregation occurs when the shrinkage voids or hot tears are wholly or partially
filled with a constituent of low melting point. It appears in a radiograph as light or dark
arcas coinciding with the original defect (plate 15).

Bapdcd scgregation. This is mainly associated with centrifugal castings but can occasionatly
occur in static casting also, Radiographically it appcars as alternate light or dark bands.
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9425, Inclusion

An inclusion is foreign matter entrapped in the casting. This may be of different types
i.c. sand, slag. flux or dross. It may appcar radiographically cither as a light or dark arca
depeading upon the density of the inclusion, c.g. slag inclusion in steel will appeas as
rounded dark images (plate 16) and it is difficult to distinguish from a void.
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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.

(it) Quality Control
Quality control can be dcfined as the controls 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 are documents that govern and guide the various activities occurring during the
production of an industrial product. Standards describe the techuical requirements for 2
material, process, product, system or scrvice. They alsc 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 us¢ 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 desiin, construction
and testing of boilers and pressur vessels.

(vi) Guides and Recommended Praclices

Guides and recommended practices are standards that are offered primarily as aids to the
user. They use verbs such as “should” and "may” because their use in usually optiosnal.
However, if thesc 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, are 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 identificd by at least one particular important variable from another 1echnique
within the method (Example:RT method - X-Rays/Gamma Ray Technique |

(ix) Examination and Tcsting

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 employce of the
manufacturer.
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(x) Inspection

Inspections arc the quality control functions which are carried out during the fabrication
of an industrial product by an "authorised inspector”.

(xi) Authorised Inspector

An authorised inspector is a person who is not an employce of the fabricator of an
industrial product but who is properly qualified and has the authority to verify to his
satisfaction that all examinations specificd in the construction code of the product have
been made to the requirements of the referencing section of the construction code.

(xii) Report
A reporl of a non destructive examination or of testing is a document which includes alt
the necessary information required to be able tc:

(i) take decisions on the acceptance of the defects revcaled by the examination,
(ii) facilitate repairs of unazceptable defects, and
(iii) permit the examination or testing to be repeated.

(xiii) Records

Records are documents which will give, at any time in the future, the following inf ormation
about a non destructive testing examination, (i) the procedure used to carry out the
examination, (it) the data recording and data analysing technigues used, and (iii) the results
of the examination.

10.1.2. Some important international and national standardising bodies

10.1.2.1. Jaternational Standardisation Organisation (ISO)

Table 10.1 gives the list of standards relating to radiographic testing developed by various
ISO Committees. Any one wishing to consult or purchase any of the above mentioned
standar.s 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 (ISO/TC 135)

2. ISO/R 46 Surface roughness 1966
(1SQ/TC 57)

3. ISO/R 41 Rules for construction 1968
of stationary boilers
(ISO/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/RC 44)
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TABLE 10.1. (cont.)

Title

Year of
Publication

Sr. Standard
No. Number

5. 1SO/R 1027
6. ISO/R 1106
7. 1SO 1677

8. ISO 1757

9. ISO 1758
10. 1SO 2405
11. ISO 2437
12. ISO 2504
13. I1SO 2604
14. ISO 2919
15. ISO 3777

Radiographic image quality
indicators-Principles and
identification (ISO/TC 44)

Recommended practice for
radiographic inspection

of fusion-welded butt
joints for steel plates up
to 50mm (2in) thick
(ISO/RC 44)

Sealed radioactive
sources-General
(ISO/TC 85)

Personal photographic
(ISO/RC 85)

Direct-rcading
electroscope-type pocket
exposure meters (ISO/RC 85)

Recommended practice for
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)

1969

1969

1977

1980

1976

1972

1972

1973

1975-
1978

1980

1976
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TABLE 10.1. (cont.}

17.

19.

20.

21.

Standard Title Year of
Number Publication
1SO 3897 Storage conditions for 1976
silver image photographic
plates for record purposcs
(ISO/TC 42)
1SO 3925 Identification and 1978
certification of unsecaled
radioactive source
(I1SO/TC 85)
1SO 3999 Specification of apparatus 1977
for gamma radiography
(1SO/TC 85)
ISO 5655 Sizes, quantity, 1982
packaging and labeling
of films for industrial
radiography
ISO/DIS Radiographic image quality 1982
1027 indicators-Principles and
identification (ISO/'Y'C 44)
ISO/DIS Quantities, units, and
31/10 symbols Part 10: nuclear

reactions and ionising
radiations (ISO/RC 12)

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 lIW STANDARDS RELATED TO RADIOGRAPHY

Sr. Standard/Document Title Year of
No. Number Publication
1 1IS/ITW-183-65 Recommendations for the 1965
determination of the
focal spot size of X-ray
tubes
2, 11S/11W-184-65 Recommendation concerning 1965

sensitometric lest on

radiographic films without

screens or with lead
screens
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TABLE 10.2 (cont.)

Sr. Standard/Document
No. Number

Title Year of
Publication

3. 11S/1TW-185-65

4, I1S/11W208-66

5. 11S/11W-275-67

6. 11S/1IW-412-72

7. I1S/11W-423-73

8. IIS/1IW-424-73

9, IS/ITW-492-75

10. 1IS/1IW-572-78

11. HS/1IW-585-79

12. 11S/11W-636-80

Rules for the reading of 1965
the 1QI 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 vse 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 tnick

Image quality indicators 1973
for use in the radiography

of aluminium and its alloys

in thicknesses up to S0mm

Recommended practice for 1975
radiographic inspection

of fusion-welded circumfer-

ential joints in steel

pipes from 1mm up to 50mm
thickness (Revision of
11S/1IW-36-59)

Final report of the image 1978
quaiity 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
fitness-for-purpose

criteria are applied-

preliminary recommendations
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TABLE 10.2 (cont.)

Sr. Standard /Drocument
No. Number
13. V-658-79

Tide Year of
Publication
The probabilistic 1978

forecasting of the real
defect detectability based
on the results of the
detecting standard defects
in welded joints by

radiography

10.1.2.3. Intcrpational Commission on Radiological Protection (ICRP)

This commission is regarded as the foremost body providing fundamental priaciples upon
which radiation protection measures can be based. The following publications are of
interest to NDT personnel involved in radiographic tesirg , 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

ICR.F Publication 22

{CaP Pubiication 26

ICRP Publication 27

ICRP Publication 28

ICRP Publication 30

10.2.2.4. Ameri. an Socicty of Mcchanical Enginccrs (ASME)

The American Socicty of Mechanical Engineers sct up a committee in 1911 to formulate
standard rules for the construction of stcam boilers and other pressure vessels. This
committee is now called the Boiler and Pressure Vessel Committee.
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Principles of environmental
monitoring related to the
handling of radioactive
materials.

Evaluation of radiation doses
tobody tissuesfrom internal
coatamination 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
recommendationsthatdoses
be kemt as low as readily
achievable.
Recommendations of the
international commissionon
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.
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The committee’s function is to establisk 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 foliowing 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 1L: Materials Specificati

Part A - Ferrous materials
Part B - Nonferrous 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) Sectiop 11 ; Rules for Construction of Nuclear Power Plant Components

This section provides requirements for the materials design, fabrication, examination,
testing, inspection, installation, certification, stamping, and overpressiire protection of
nuclear power plant items such as vessels, concrete reactor vessels, and concrete
containmerts, storage tanks, piping systems, pumps, valves, core support structures, and
componer:t 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 stcam generating boilers, and hot water boilers intended for low pressure
service that are directly fired by oil, gas, clectricity, or coal.

(¢) Section V : Nond ive Examinati

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, dutics of authorised inspectors and requirements for
qualification of personnel, inspection, and examination. Examination methods included in
this scction, are intended to detect surface and internal discontinuities in material, welds

and fabricated parts, and componerts.

263

et



-

(f) Section V1 : 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 inciudes guidelines for associated controls and automatic fuel burning

cquipment.

(g) Section V1! : 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 maintainiag their
plants as safe as possible.

(h) Section VHI : 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
cxamination,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) Scction IX : Welding and Brazing Qualifications

This section covers rules relating to the qualification of welders, brazers, and welding and
brazing operators in order that they may perform welding or brazing as required by other
Code sections in the manufacture of components.

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.

\\\\\

N &) Section XL . . . ]
| Setion X1 Rules for lo-service lnspeelion of Nuclear Poger Plant Componcas -

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,
cxamination mcthod and procedures, personne) qualifications, frequency of inspection,
record keeping and reporting requirements, procedures for evaluation of inspection results
and subsequcnt disposition of results of evaluation, and repair requirements. This Division
provides for the design, fabrication, installation, and inspection of replacements.

10.1.2.5. British Standards (BS)

A list of the British Standards which retate 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




TABLE 10.4 (cont.)

Standard
Number

e

Title Year of
Publication

BS 2600

Part 1

Part 2

BS 2737

BS 2910

BS 3385

BS 3490

BS 3510

BS 3664

BS 3683

Part 1

Part 2

Part 3

Part 4

Part 5

BS 3890

Methods for radiographic 1973
examination of fusion welded

batt joint in steel

5mm up to and including S0mm

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

Metheds 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 1972
radiography and X-ray
crystallography

A basic symbol to denote the 1968
actual or potential presence
of ionising radiation

Film badges for personnel 1963
radiation moaitoring

Glossary of terms used in 1963
nondestructive testing

Penetrant flaw detection 1963
Magnetic-particle fiaw 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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13.

15.

18.

TABLE 104 (cont.)
Standard Title Year of
Number Publication
BS 3971 Spccifications for image 1980
quality indicators for radio-
graphy (including guidance on
their usc)
BS 4031 X-ray protcctive lead glasses 1966
BS 4094 Recommendations for data on
shielding from ionising
radiation
Part 1 Shiclding from gamma-radiation 1960
Part 2 Shiclding from X-radiation 1971
BS 4304 X-ray film casscttes (flat, 1968
rigid type)
BS 5230 Mecthod for the measurement of 1975
speed and contrast of direct
type films for industrial
radiography. Amendment AMD 3503
(Scptember 1981)
BS 5288 Scaled radioactive sources 1976
BS 5566 Rccommendations for installed 1978
exposure ralc melers, warning
asscmblics, and monitors for
X or radiations of cnergy
between 80keV and 3 McV
BS 5650 Specifications for apparatus 1978
for gumma radiography
BS 5868 Guide (o ionising radiation 1980
thickness meters for matcrials
in the form of sheets,
coating, or laminates.
BS 6090 Specification for personal 1981
photographic dosimeters
BS 6251 Mcthod for determining the 1982
luminance distribution of
electro-opecal X-ray
intensificrs
BS 6252 Mcthod for measuring the 1982
conversion factor of electro-
optical X-ray intensificrs
PD 3542 Operation of a company 1979

standards department




TABLE 10.4 (coat.)

Sr. Standard
No. Number

24. PD 6493

25. M 34

Title

Year of
Publication

Guidance on some methods for
the derivation of acceptance
levels for defects in fusion
welded joints

Method of preparation and use
of radiographic techniques in
aerospace.

1980

1970

10.1.2.6 Japancse Industrial Stagdards

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

J1S Z 3106

JIS Z 3107

JIS Z 3108

S Z 3109

JIS G 0581

JIS Z 3861

JIS H 0522

Title

Methods of radiographic test
and classification of
radiographs for steel welds
Methods of radiographic test
and classification of radio-
graphs for aluminium welds
Methods of radiographic test
and classification of
radiographs for stainless
steel welds

Mecthods of radiographic test
and classification of radio-
graphs for titanium welds
Methods of radiographic test
for circumferential buit
welds of aluminium pipes and
tubes

Methods of radiographic test
for aluminium tee welds
Methods of radiographic test
and classification of radio-
graphs for castings
Standards qualification proc
-edure for radiographic
testing technique of welds
Radiographic inspection
soundncss requirecments for
aluminium and magnesium
castings

Year

1968

1984

1971

1973

1986

1980

1984

1979
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10.1.3. Survey of NDT Standards

The following useful summaries and surveys of NDT standards have been published :

1. Specifications and standards f¢: nondestructive inspection of stecls, Journal of NDT of
the Japanese Socicty for Nondestructive Inspection. 19(9). 467 (September 1970).

2. Commonly used specifications and standards for nondestructive testing, Materials
Evaluation. 27(7). 13A, (July 1969): 29(5), 17A (May 1971).

3. Bates, CC and Campkin, C, Nondestructive testing and standardisation in Great Britain,
Proccedings of the International NDT Conference, Montreal, 274 (1967).

4. Bates, C C, Progress report on the activities of ISO TC 135 (including list of national
standards), Pracecdings 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(QOctober 1975).

6. Campbell, H F, S1andards of acceptance by NDI for raw materials and components, in
AGARD-AG-20/,1, 57 (Octaber 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, Beckman, 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 issucd in NDT, Matcrials Evaluation, 25 (May 1980)

11. American British Canadian Australian Armics Standardisation program Quadripartite
standardisation agreement 274 (certification of radiographic testing personncl)

12. NTIAC Handbook 79-1, edited by R E Engelhardti, 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 cquipment 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 test method or procedure
which would give correct and uniform assessment of the quality of the product.

Compctent NDT personnel are required to asscss 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 arc uscd to compare results, to calibrate equipment, to cnsure
unif orm and reproducible results, and to help one to deiermine what is acceptable and what
is not. Generally standards and codes, are classified in the following manner:

(i) S1andards 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.



Examples of such standards or codes arc :

(a) ASME Boiler and Pressure Vessels Code Sections 1, 11 and 11)
{b) BS 5500 Spccificatiza For Unfired Fusion Weided Pressure Vessels.
(c) AWS D L.1. Structural Welding Code - Stecel. elc.

(ii) Standards or codcs on the method or procedure of test or inspection. Somc of these
types 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, malcrials and shapes of the image quality indicators and sometimes
contrast melers as in the Japanese Standards. Generally this type of standard will specify
the radiographic arrangement, criteria for [ilm selection, inteasifying screen, selection of
radiation cnergy, quality or sensitivity level ete. Some examples of such standards or codes
are as follows:

(a) ASME Boiler and Pressure Vessels Code Scction V,
(h) BS 2600
(c) BS 2910

(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 defeets, those classifying defects by their shape, sive,
distribution. etc. and some even classify or grade the degree of severity of the comparison
of radiographs of cast products whose judgment of the results cannot be easily determined
quantitatively.

Exampics of such standards include:

(a) IW Collection of reference radiographs for welds
(b) ASTM E 186 reference radiographs for heavy welded steel castings.
(c) ASTM E 390 reference radiographs for sieel fusion welds, clc.

The standards mentioned above, though basically similar, differ in their approach. The
difference is noticed in the design concept of the 1Q) 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 (o make use of or refer to all or part of those three types of

standards.

1.3, COMPARISON OF SOME IMPORTANT RADIOGRAPHIC TESTING STANDARDS
In this scction comparison of some important technique parameters is made by considering
the following recommended practices for radiographic testing.

(a) 1SO/DIS 5579 (1983)
(b) BS 2600 (1973)
(¢) ASME Cadc (Article 2 of Section V and SE 94 (1974), of Article 22 section V)

{d) JIS Z 3104

10.3.1. Classification of techniques

10.3.1.1. 1SQ/DIS 5579
Radiographic technigues are divided ianto 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 1o reveal the anomalics sought,

Many applications are 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, Iy generally

requires longer exposure times.
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In addition 10 having an adequatc 1QI, some applications of radiography requirc 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 hetween the customer and the supplier, taking into account the 1QI required, the
thickness latitude necessary, the equipment available, cost, accessibility etc.

16.3.1.2. 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 Type of film* Type of Film density of weld arca
number * inten- area under cxamination*
sifying
screen
X-rays 1 Ultra-fine-grain Lead 2.0-3.0

high-contrast
direct-type

2 Finc-grain Lead 2.6-3.0
dircct-type

3 Medium-speed Lead 1.7-3.0
direct-type

4 High-speed Lead 1.7-3.0

high-contrast
direct-type
5 Screen-lype Salt  1.3-2.3
(high-
dcfinition
Gamma 6 Ultra-fine-grain Lead 2.0-3.0
rays high-contrast
dircct-type
7 Finc-grain Lead 2.0-3.0
high-contrast
dircct-type
8 Medium-spced Lead 2.0-3.0
direct-type
* A density of 3.0 can be exceeded for direct-type film provided that a high intensity illuminator
is used.
* These techniques are not recommendced for welds for Class | dutics.
* The term ‘non-screen’ film is synonymous with ‘direct- type’ film,

10.3.1.3. ASME Codc

No formal classification of techniques is given in this standard.

10.3.1.4 JIS Z 3104

In this 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 anglc 1Q1 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 <uy.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/DIS 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 GIII or finer films can be
used while for class B techniques GII or finer films can be used.

TABLE 10.8, CLASSIFICATION OF FILMS ACTORDING TO ISO STANDARD

Film classes Grain Speed

Gl Very fine-grained film Very slow
G Fine-grained film Slow

G I Film with medium grain size Medium speed
G 1v Fiim with larger grain size High speed

The intensifying screens can be selected according to TABLE 10.9. For a double fiim
technique the use of an intermediate screen is recommended.

TABLE 10.9. CHOICE OF INTENSIFYING SCREENS ACCORDING TO 1SO STANDARD

X-ray kilovoltage Class A Class B
or gamma-source
< 400 kV (1) 0.02 to 0.25mm front and back screens of lead’
Ir 192 0.05 to 0.25mm front and back scraens of leay
Co 60 0,1 to U.5mm front 0.4 to 0.7mm
and back screens of front and back
Icad, steel? screens of steel
or copper stecl® or copper
1to2 MV 0.1 to 1.0mm iead front and back : crecas
2106 MV 1.0 to 15mm front and back screens of copper or steel?
6to 12 MV 1.0 to 1.5mm front of copper,
screen< 1.5mm back steel’or
screcn tantalum
More than 12 MV 1.0 1o 1.5mm front screen of tantalum or tungsicn

No back scrcen

1. Por X-ray kilovoltages below 10CKV no front screen is neccssary although a thin lead
screen is sometimes useful to reduce scattercd radiation,
2. Alloyed or unalloyed.
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10.3.2.2. B.S. 2600

In this code radiographic films arc 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 Thickness of Minimum thickness
front screen of back screen

Below 120 KV 0.02 to 0.05mm 0.13mm

120 to 250KV 0.02 to 0.13mm 0.13mm

250 to 6000KV 0.10 to 0.15mm 0.13mm

Gamma rays 0.10 to 0.25mm 0.13mm

10.3.2.3. ASME Code

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 lcad intensifying screens of thickness up 1o 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 Description Characteristics
Type ------necmmmmncmmeas someemmeenees .-
Speed Contrast Graininess
1 low very high very low Extra fine grain and high contrast. Used

to obtain the highest quality from high-

voltage X-ray cquipment or for light
metals like Al or Mg. Recommended
when the most critical radiography is
required. For use direct or with lead
intensifying scree.s.

2 medium high low Finc 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 stecl brass etc. with
radiation sources of limited kilovoltage.

Mecdium speed coutrast and graininess

when used direct or with lead intensifying
screens. Records large range of thickness

in relatively small density range.




TABLE 10.11. GUIDE FOR THE SELECTION OF FILMS ACCORDING TO ASME
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It is worth mentioning here that various commerciaily available films can be identified
accordiizg to the above classification.

10.3.2.4. JIS 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/DIS 5579

The minimum distance between the radiation source and the nearest surface of the
spccimen is given in Figure 10.1. in terms of the specimen thickness t, and the cffective
optical focus size d. If the optical focal spot is similar to onc 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 1

effective optical focus size of d is by convention :

d = a,forasquarefocus

d = a + b forarectangular focus
....2.‘_.

d for a circular focus

d = a + b foran elliptical focus
_.-_?:__..

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 =
37Tmm then f = 300mm in test class B. The corresponding geometric unsharpaess 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.i/f

d is the effcetive optical focus size in accordance with annex A in millimetres:
f is the source-to-object distance in millimetres:
1 is the material thickness in millimetres.

For specimen thicknesses in the range of 40 to 100mm, the source-to-objeet distance is
usually a compromise betweer: the technically desirable distance and an acceptable short
exposure time.

In this thickness range an increase in f will gencrally produce an improvement in flaw
sensitivity.
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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 thr
test specimen is large compared to the thickness 1, t should be replaced by (b+t) on the

abscissa of Figure 10.1.

10.3.3.2. B.S. 2600
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The British Standard B.S. 2600 gives several curves to calculate the minimum values of
FFD, Figure 10.4.

Mittimeters
25 50 75 lCEO
| 1
80 |-2:0
fim A
g 70 pre S
= . i)
£ (a&'\ne'g‘am
7 W
g 80 = -5
: / y&‘\\“‘ﬁ
@ WS [\
E 50 dum_sgeed
= ()
: / N
§ 40 10 §
3 / Gamma-ays c s
5
s 30 /
o
' 20 a5
= Curve B also applies to high-definition
<) salt-screen technique for material up to
@ 1a 2 in {50.B mm) thick
8 7 ‘
o] 1 2 3 4

Material thickness-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 cpot 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, /7
Where F, is the focus-to-film distance for a 7Tmm effective focal spot.

NOTE 2. For a source of diameter d mm (other than 4mm) the source-to-film distance
Fz should be equal to or greater than the value calculated from the following formula :

Fz = dF, /4
where F; = 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



10.3.3.3. ASME Code

Ty

The focus- film distance necessary 1o reduce geometric unsharpness 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 :

U, = Fi/d.
where,
U; = geometric unsharpness,
F = size of the radiation source,
t = specimen thickness, and
d = source-object distance.

A nomogram for the determination of U, 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 distance(t)=1.5in.

Draw a straight line (dashed in Figure 10.6) between 5.0mm on the F scale and 1.5in.

on the t scale. Note the point of intersection (P) of this line with the pivot line.

Obgect

L

Image Film

Draw

Source

l.-————- L‘ -———.{

{b)

{a) Geomelric Unsharpness, U, (b) Radiographic Enlargemant
Legend lor (8) and (b}

dp = source lo object distance % enlargement = allg x 100
! = objact o tilm distance Lo = LAY + Vdg)

Lo = dimension of object

L. = dimension of image

{ct

(c) Radiographic Distortion
Legend for (c)

L = dimen.ion ot undistorted image
Ly = dimension of distonted image
Ly~ L = al

% distortion = AL/l x 100

Figure 10.5 Effects of object-film geometry
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Figure 10.6 Nomogram for determining geometric unsharpness.

a straight line (solid in Figure 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
unsharpness in millimetres which in the example is ¢.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
a 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 paraliel to the object, the radiographic image will be distorted because
different parts of the radiographic image will be enlarged by differc 1t amounts. A
measure of the degree of distortion is given by the ratio o the change in image size
caused by distortion to the size of the undistorted image (Figure 10.5. (c)).

Final acceptance of radiographs shouid be based on the ability to see the prescribed
penetrameter 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 ratic - mcrease.

10.3.34. JIS Z 3104

i) Figure 10.7 shows a radiographic examination set up in JIS Z 3104. The image quality
is divided into the nrdinary class and the special class. The ratio of the source-



penctrameter distance L, to the IQI film distance L, is denoted by m. The value m shall
meet the following cquations for each class.

Ordinary class m 2 2.5f
Special class m 2 5f

m=L/L,
f = focus size (mm)

Source

Transverse crack

tail
Cﬂ]ﬂl("‘i

{
|

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 lat plates. The distance between
the source and the penctrameter L; shall as a rule be less than n times the effective
length of the tested part L,. The coefficient n shall be 2 for the common class and 3 for
the 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, 2 2 L;)

= tan’'(2/L,) = tan’ (1/4) = 14°
For the special class (L, 2 3 L,)

= tan'(Ly/2) = tan "' (1/6) = 9°

That is to say, this standard limits the effective length of the tested part so that the
radiation angle to the transverse crack (hereinafter called the radiation angle) is
approximatcly 14 degrees or less for the ordinary class and approximately 9 degrees or
less (or the special class.
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10.3.4. Radiation encrgy

10.3.4.1. 1SO/DIS 5579

According to this standard the maximum kilovoltage (KV) that can be used for a
pacticular thickness is determined (rom Figure 10.8. Test ranges for high encrgy X-ray
equipments and gamma ray sources are given in TABLE 10.12.

450
| A
350 t:—l_ead and /’] e
.
250 e aliove N L “I\Steel (alloyed and unalloyed)
/ / non, nickel and its alloy7
]
N 200 3 - T — —
:t; 150 Copper and P
g 125 its alloys "N L~
8 e
_; 100 = 7//
3 ,/ ™ | Aluminium and
- g 8 P // its a??;vs
= gg P
40 .
L~
20
1 2 3 & 8 W0 19 0 30 40 SO 10 300

Thuckness, t, MM g

Figure 10.8 Maximum kilovoltage for X-rays up to 450KV for different materials for classes A
and B in terms of material thickness.

P P

TABLE 10.12 THE RANGE OF MATERIAL THICKNESSES (MILLIMETRES) FOR
WHICH DIFFERENT RADIATION SOURCES ARE SUITABLE

280

r Class A
r Radiatior: source swan.nléjllrlinalli?);cskﬂ Copper and its alloys Lead and its alloys
1192 e 15 t0 90 51040
Co 60 40 to 200 2010 170 15 to 125
. :‘o';‘;‘;v 50 to 200 - -
:(h:‘\'z"";’\'/“ 60 and up - -

Class B

Radignion source

Steel, lron, Nickel
and 15 alloys

Copper and 1ts alloys

Lead and its alloys

4010 90
1
r 182 (10 10 90) 351080 151035
Co 60 60 to 150 50 10 135 40 10 100
X rays -
)10 2 MV 60 10 150 -
X rays mare .
than 2 MV 60 and up - -




10.3.4.2. B.S, 2600
Maximum X-ray tube voltages allowed by the B.S. 2600 are given in Figure 10.9.
Miilimetres
2‘5 o S]OC 8 715 lO[O

400

17
Vi
2L |

X ray tube voitage kV

/ A High-definition salt-screen techmque
B - Medium speed fitm
- High-speed tim
C  Fine gram film
O Ultra fine-grain fim
J |
0 | 2 3 4

Material thickness -inches

Figure 10.9 Maximum X-ray tubc voltage according to B.S.2600

The curves for voltage are 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 matcrial greater than 3in (75mm) experience has shown that satisfactory
radiographs can be obtained with any X-ray encrgy from 1 to 31 MeV provided that due
atiention is paid to the clauses on focus-1o-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 cxposure in mAmin is as follows:

Radiographic technique Voltage curve Minimum mAmin
i D 30
2 C 20
3 B {5
4 B 8
5 A 8 '

Rccommended thicknesses for gamma-ray sources are the following :

Cobalt 60 - from 50 to 200mm
Calcium 137 - from 25 (0 100mm
Vridium 192 - from 6 to 90mm
Thulium 170 - up to 13mm
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10.3.4.3. 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 1sotopes may be used is as follows :

Material

Steel

Copper or High Nickel
Aluminium

Minimum thickness
Iridium 192 Cobalt 60

RN

2Q I

MEV

“ e vweowo

1 MEV

900

800

700

000

500

400

Kidovolts

/

Joo
7

200 g

150

100
01v Q15 Q2 Q.3

Q.6 Q8 1.0 5 2 3 4 5628 10 15 20

Figure 10.10(a) Maximum voltage for stecl.
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Kilovolts
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Figure 10.10(b) Max.voltage for alloys of copper and/or high nickel.
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Figure 10.10(c) Max.voltage permitte  for Al and Al alloys.
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10.3.4.4. JIS Z 2104

No formal classification of radiation energy is given in this standard.

10.3.5. Radiographic density

10.3.5.1. ISQ/DIS 5579

The recommended values of radiographic densities for various films are given in
TABLE 10.13.

TABLE 0,13, RECOMMENDED RADIOGRAPHIC DENSITIES ACCORDING TO 1SO

STANDARD
Test class Film density Permissible fog
including fog density
Gl, G1I, GIII GIvV
A 1.5 or more 0.3 or less 0.4 or less
B 2.0 or more " “

10.3.5.2. B.§.2600

TABLE 10.14 gives the recommended radiographic densities for various radiographic
technique.

TABLE 10.14. RECOMMENDED RADIOSGRAPHIC DENSITIES ACCORDING TO

B.S.2600

Radiographic Deasity of radiograph Fog density
tcchnique min max. max.
! 2.0 3.0 0.2
2 2.0 3.0 0.2
3 1.7 3.0 0.3
4 1.7 3.0 0.3
5 1.3 23 0.3
] 2.0 3.0 0.2
7 2.0 3.0 0.2
8 2.0 3.0 03

10.3.5.3. ASME Code

284

The transmitted film density through the radiographic image of the body of the
appropriate penetrameter and the area of interest shall be 1.8 minimum for single film
viewing for radiographs made with 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
1olerance 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 minus 15% or plus 30% from the density \inough the body of the penctrameler,
within the minimum/maximum allowable density ranges specified in T-282.1, then an
additional penetrameter shall be used for each exceptional area or arcas and the
sadiograph retaken, When calculating the allowable variation in density, the calculation
may be rounded to the nearest 0.1 within the range specilied above.



N
3\

When shims are uscd the plus 30% density restriction above may be exceeded, provided
the required penetrameter sensitivity is displayed and the density limitations sct above
are not exceeded.

10.3.5.4. JIS 7 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 1.0-35
over 50 up to 109 1.5-35
over 100 2.0-35

10.3.6. Image quality indicators

10.3.6.1. 1SQO/DIS 5579

According to this standard the design of the 1Ol shall be as given in Chapter 6 of these
notes. The sensitivity values required for the LQ.IL. shall be agreed between the
contracting partics. These values merely provide a guide to the quality of the technigue
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 101 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 universatly
acceptable or desirable, [t is stated that an acceptable value of 101 sensitivity should be
determined by mutual agreement between the contracting parties. For guidance,
however, the standard does give examples of L.OQ.L. sensitivity which can be excepted to
be obtaincd (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 IQI SENSITIVITY ACCORDING TO
B.§5.2600

Spccimen 1.Q.1. Sensitivity Spccimen 1.O.1. Sensitivity

Thickness per cent Thickness per cent

mm in Wire  Step/hole mm in Wire Step/hole
type  type type type

3 1/8 24 5.1 3 1/8 -

6 1/4 1.6 3.6 6 1/4 - -

12.5 1/2 1.4 30 12.5 1/2 24 4.6

25 1 1.2 2.5 25 1 1.7 3.0

40 1172 1.1 2.1 40 11/2 1.5 2.5

50 2 1.0 1.8 50 2 1.3 2.2

75 3 0.9 1.6 75 3 1.1 2.0

100 4 0.8 14 100 4 1.0 1.8

150 [ 0.7 1.3 150 6 0.9 1.8

(a) (b)
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10.3.6.3. ASME Code

The design of the 1.Q.I. (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
requircments for radiography are met.

TABLE 10.17. SELECTION OF IQ] ACCORDING TO ASME CODE

Nominal

Single-Wall Source Side Film Side
Material thickness Designation  Essential Designation Essential
Range, in. Hole Hole
Up to 0.25, inclusive 10 4T 7 4T
Over 0.25 through 0.375 12 4T 10 4T
Over 0.625 through 0.75 17 4T 15 4T
Over 0.75 through 0.875 20 4T 17 4T
Over 0.875 through 1.00 20 4T 17 4T
Over 1.00 through 1.25 25 4T 20 4T
Over 1.25 through 1.50 30 2T 25 2T
Over 1,50 through 2.00 35 2T 30 2T
Over 2.00 through 2.50 40 2T 35 2T
Over 2.50 through 3.00 45 2T 40 2T
Over 3.00 through 4.00 50 2T 45 2T
Over 4.00 through 6.00 60 2T 50 2T
Over 6.00 through 8.00 80 2T 60 2T
Over 8.00 through 10.00 100 2T 80 2T
Over 10.00 through 12.00 120 2T 100 2T
Over 12.00 through 16.00 160 2T 120 2T
Over 16.00 through 20.00 200 2T 160 2T
10.3.6.4. JIS Z 3104

The design of 1QI is given in Chapter 6 of these notes. This standard gives two values of
1QI sensitivity for two classes of radiographic techniques as shown in TABLE 10.18.

TABLE 10.18 IQI SENSITIVITY ACCORDING TO JIS Z 3104

Class Material thickness (mm) IQI Sensitivity (%)
Special Up to 100 5

Over 100 13
Ordinary = -eeeeeeeee- 20

10.4. GENERAL RULES FOR RADIOGRAPHIC TESTING

Besides the technical parameters discussed in the preceding section, the following rules
are given as a guide lor 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
tnjurious to health. It is therefore essential that, whenever X-ray equipment or
radioactive sources arc 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. Suiface preparation

In order to obtain the best flaw sensitivity, it is always advisable to remove surface
imperfcctions 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 cxamined 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 ensurc that no portion of this length remains unexamined.

10.4.5. Usc 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 wsed instead of X-ray
tubes in the thickness ranges given in TABLE 10.11, although image quality of
radiographs taken with X-ray cquipment in these thickness ranges may be better than
that with gamma rays.

10.4.6. 'Thickness latitude

For some applications, where the thickness or the absorption of the specimen changes
rapidly over a small area, it is desirable to use a modificd 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 kilovoltage than shown in Figure 10.8. together with a filter at
the X-ray tube window. Suitable filter thicknesses are:

- for 200 KV X-rays : (.2510 0.5mm lcad;
- for 400 KV X-rays : 0.8 to Imm lecad;
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(b) expose two films of the same speed in one cassetie, each (0 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 casselte, using an exposure saitable for
producing acceptable film densitics 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;

(¢) reduce the minimum permissible density to 1.0 for class A and to 1.5 for class B.

The techniques mentioned in (d) and (¢) 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 ficld 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 1o the side of the specimen. This can be done by using a back
intensif{ying 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, shiclding
against scattered radiation is not necessary, unless there is scattering material close
behind the film.

CERTITITTORYy  Fitm

——™ Lead sheet
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Figurc 10.11 Mecthods of reducing the effect of scattered radiation



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
cxposure should be made in as large a room as possible, so that extraneous scatler is
attenuated by distance; the specimens, when ever possible, should be well above floor
level and the floor ncar the specimen should be covered with lead.

10.4.8. Casscllcs

Films and screens (if used) should be contained in cassettes. Rigid casscttes are
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 1o 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
tcchniques. Other exposure arrangements may be used provided they comply with the
requirements of the applicable standard. The beam of radiation should be directed at
the middle of the section under ¢xamination 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 o the surface, this should
be indicated in the test report.

Double-wall techniques should only be used if single-wall techniques are technically not
practical.

10.4.12. Sizc of arca cxamined per cxposurc

The arca 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, does not exceed the actual thickness at that point by
more than 6% for high sensitivity techniques (ISO class B and Tcchniques 1 and 2 of
B.S.-2600) and 10% for gencral purpose techniques (ISO class A and Techniques 3to 8
of B.S.-2600).

A more practical way, especially for pipe radiography, is to determine the size of this
arca by the interpretable area from the first radiograph taken.

10.4.13. Back-scaticr radiation check

As a check on back-scattered radiation, a lcad symbol "B""with minimum dimensions of
12mm in height and 1.Smm in thickness, should be attached to the back of cach film
holder.
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Figurc 10.12a Single wall radiographic test arrangements

10.4.14. Sourcc size

The equipment manufacturer's or supplier's publications, such as technical manuals,
dccay curves, or wrillen statements documenting the actual or maximum source size or
focal spot, should be acceptable as source size verification. For X-ray machines 320 KV
and less, the focal spot sizec may be delermined by the pinhole method.
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Figure 10.12b Single wall radiographic 1est arrangements

10.4.15. Step wedge film and densitoucter

The density of step wedge comparison films and densitometer calibration should be
verified by comparison with a calibraied 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. Radiographic procedures arc normally formulated to meet inspection
specifications. Inspection specifications are defined as :

(a) Customer Specifications

lnspection specification issued 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. Inspcction specifications for radiographic testing of butt welds in a pressore

rctaining iron tobe

10.5.1.1. Gemcral

In addition to radiographic testing, non destructive examination of the welded joints
shall be carricd out using ultrasonic testing to inspect for internal cracks and magnctic
particle testing to inspect for surface cracks.

10.5.1.2. Radiographic lesting
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This requirement applics (o the butt-welded joints of o pressure retaining iron tube. The
inspection shall conform to 1ISO/DIS 5579 (1983) “Non destructive testing Radiographic
cxamination of mctallic materials by X-and gamma rays-Basic rules” and be carricd out

under the following conditions.
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10.5.1.2.1. Scope and conditiops of radiography

(1) Longitudinal joints and circumferential joints of tube cylinder.

Material /joint Longitudinal joint Circular joint
SM 58Q 20% or more 15% or more
HT 80 100% 100%

Notes : (a) For HT 80, the scope of radiography is subject to change through
agrecment 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 f. —

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 ITW 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

2%

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. Identifics the type of test, inspection and examination, its application 1.c.,
welds, formed materials, elc, and a stalement 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 complics 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 madc a part of this proccdurc to the extent specificd herein,

2.2. As required, a listing of reference matcrial used in preparation of the procedure,
ic., manufacturcr's operating manual, tcsts, contract requircmeats, safety manuals,
personncl certification proccdure, cquipment calibration or certification proccdures, ctc.

3.0. PERSONNEL QUALIFICATIONS. This section will invoke the applicable
personnc) certification procedure, and state the required level of certification for
individuals performing the process of parts for which the procedure is written.



4.0. EQUIPMENT. This section will describe the equipment used in the method; if
pussible 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.
Whencver possible, the format of this section will be standardised for each method, i.c.,
penctrameter 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 formas.

7.0. ACCEPTANCE STANDARDS. This section shall contain general interpretation
criteria and state the acceptance criteria of each applicable specification listed in

Secction 2.0.

The following section gives an example of radiographic testing procedure for welds in
pressure retaining iron tubes.

10.5.3. Radiographic testing proccdure for a pressure retaining iron tabe
10.5.3.1. Scope
10.5.3.1.1. Applicable stapdards

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. Purposc of ¢xaminations
Radiographic test shall be conducted to detect internal defects of welded portions.

10.5.3.1.3. Time of cxaminations

The radiographic 1est of HT 80 welded portions shall be carried out more than 24 hours
after the completion of welding,

10.5.3.1.4. Personnel qualilications

Engineers engaged in radiographic testing shall have the qualifications given in TABLE
10.19.

10.5.3.1.5. Objectto be 1gsted

Figure 10.15 and TABLE 10.20 show the object to be radiographed. The scope of 1est
can be reduced through mutual agreement.
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Figure 10.15 Object 10 be tested.

TABLE 10.19 CONTENTS OF WORK AND PERSONNEL QUALIFICATION FOR
PERFORMING RADIOGRAPRIC INSPECTION

Contents of work Required qualification
(Note 1)
(1) Planning and implementation of test according Level-3 personnel

to ISO standard

(2) Preparation of specifications and procedures.

(3) Interpretation of related standards.

(4) Drafting of work standards.

(5) Guidance of test engit.zers.

(6) Calibration of equipment nccessary 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) Comprechensive judgment.

(12) Preparation or approval of reports.

(1) Execution of test work according to Level 2 personnel
ISO standard.

(2) Evaluation of 1est results

(3) Preparation of records

(4) Instructions to Level 1 personnel

(1) Exccution of test work according to Level 1 personnct
1SO standard.

(2) Rccording of test results

10.5.3.2. Equipmcnl and matcrials used

(1) Portable X-ray unit,
The following portable X-ray unit shall be used

Type: Andrex-300 (made by Andrex, Denmark).
Rated tube voltage: 300 kVp.

Rated tube curreni: SmA.

Focal spot size: 2.3 2.3mm

{2) X-ray film:

rype: Structurix D7 (made by Aglfa Geavert Lid.).
Size: 1 x A0cm



TABLE 10.20 DATA ABOUT THE WELDS TO BE TESTED

Place Type of joint Material Plate Inside Number of
thickness mm diameter mm  joints
Shop Longitudinal SM 58Q 26 43 4000 3500 196
and 2100
HT 80 30 49 3500 2100 124
4000 64
3830 1
SM S8Q 26 43 3670 1
Field 3500 14
Shop Circumferential 45 46 2100 4
3500 80
HT 80 30 49 2800 1
2100 [}
(3) Intensifying screcn:
Type: Lead foil intensifying screen
Thickness: For X-rays 0.03mm
For gamma rays 0.10mm
Sive: 10 x 40cm
(4) LO.L
101 Type 10/16 and type 7/12 as specificd in 1SQ 2504,
(5) Film vicwer.
Type: KS-3 (made by Scikosha)
(6) Densitometer
Type: PDA-81 (made by Konishiroku Photo Industiry Co., Ltd.).
10.5.3.3. Method of radiography
10.5.3.3.1. Effective range of {esl 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 Effective Effective
joint (mm) divisions of  length of width of
onc joint test zone (mm)test zone
Longitudinal 9 34
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



(1) Longitudinal i

The test arrangement for longitudinal joints is shown in Figure 10.16.

Marked-ottf lines

Center axis of pipe
Effective length
of the test zone

Film
700 J\-—’

" "
Focus-Film L\J

distance

Figure 10.16 Test arrangement for longitudinal joints.

2) Circumf ial ioi

The test arrangement for circumferential joints is shown in Figure 10.17.

Etfective length
of the test zone

—
Marked-off line
Focus Film

distance

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 10.5.3.4.

10.5.3.4. Requircmcnts of radiographs
10.5.3.4.1. Minimum wire diameter of 10l 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 1Q1

24 or more and Icss than 28 0.40
28 or more and lcss than 36 0.50
36 or morc and lcss than 46 0.64

0.80

46 or morc and not more than 49



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.

10.5.3.5. Judgment of acceptapce or rejection of radiographic testing results

Radiographs shall be compared with ITW reference radiographs for welds. Welds
having radiographic results of level‘Green’, ‘Blue’ or ‘Red’ shall be rejected.

10.5.3.6. Judgment of acccptamce or rejcction of welded joints

When all welded portions tested in the same welded joint are accepted by the judgment
on acceptance or rejection in 1(.5.3.5. above, this welded joint shall be accepted. When
a welded porticn 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. Frcquency and mcthod 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 writter 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 intlo 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. Rudiographic prucessing.

To write 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 conient of radiographic testing instructions can be derived if the method of
executing the job is understood. This includes zll necessary steps to be carried ont by
the 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. Instraction 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 to mark the area of interest.

7. Radiographic density and 1QI 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 personncl
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The task carried out by level 1 personnel can be evaluated by checking the following
factors.

1. 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 discentinuity in the
arca 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. Deasity of the radiogriph

The density of the radiograph obtained should be within the range specified in the given
instruction sheet.

3. 10 Scositivity

The 1QI scnsitivity obtained should be within the range specified in the given instruction
sheet.



4. Placement of JOI

The IQI should be placed in such a way that (i) its identification numbers are clearly
visible on (he radiograph and (ii) these marks are not masking any portion of the arca

of interest.

5. Identificali ki

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 should 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 the 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
into two following parts:

1. Mapping
2. Reporting

In the case of radiography, mapping of the defects is not required because these are
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 conscquences. The cfforts of the whole
radiographic process are centred in this phase whereby the material is cither 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 are subjected to radiographic testing,
make it impossible 10 make radiographic interpretations as a standard reference.
Radiographic inspections cannot casily 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 are understanding the procedure used to produce the
radiograph and knowing the materials under investigation or examination.

Note that the presence of some defects or flaws does 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
discontinuity or imperfection will prevent the item from being used or fulfilling its purpose.
However, it is very difficult for the interpreter 1o decide with confidence and reliability
without any guide or specifications of quality level required. For this matter, scientific
group (seientist, engineers, ctc.) designing the product should cstablish an accept-reject
criterion for such a product. In many cascs, the manufacturer may usc certain radiographic
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DRAWING No.:
REVISION:
ORGANIZATION
COSTUMER: JOB No.: DATE:
PROC. No.: REVISION: PAGE:
SKETCHNo. | |
APPROVAL
AUTHORIZED INSPECTOR QUALITY HEAD

Figure 11,1 Form for mapping radiographic ilm location ctc,



Repaort No.:
RADIOGRAPHIC
ORGANIZATION INSPECTION
REPORT

Page: of:
Cuslomer: Object: Job No.:
Material Proceas (welding, casiing, forging, etc.): Drawing No.:
Specitication/slandard. Procedure No.: Mapping No.:

TECHNICAL INSPECTION DATA

File Location Plan No..

X-ray Equipment Manufacturer and Type:

Raagiation Source

Source/Focal Spot Size:

Quality Level

File Brand, Type and Gize:

Exposure Technique:

Screen Material ang Thickness:
Front (mm)  Back:

File
identification

Part No

5 fa |1

€
-
HERI AR
Posi-
mA Ci min mm tion | Sensitivity

Exlend of Inspeciion:

ngfure:

Name of inspecior:

g 1l

Figure 11.2(a) A typical example of a radiographic testing report form.
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Repari No.:
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COSTUMER: CONTRACT Now
JOB No.: PLACE:
SOURCE TYPENo TACTIVITY: TEGHNIGUE.
FICM TYPES/GIZES: GUALITY ST0.: WAPPING No..
PROCEDURE No.: TRPPRGE o EQUIFMENT No. DRAWING No..
RESULTS
RADIOGRAPH RADIOGRAPHIC |  MATERIAL o
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: LACK OF FUSION I : INCORRECT 10L CERTIFICATION:
| INCOMPLETE PENETRATION
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Figurc 11.2(h)

A typical example of a radiographic testing report form.




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. Refercnce 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.

(i1) 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
discontinuitics than the sclected standard, the weld shall be judged radiographically
acccptable. When the production radiograph is interpreted as showing greater severity than
the selected standard, the weld shall be judged unucceptable and shall be repaired in
accordance with contractual agrecements.

(iv) If more than ome typc 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
cqual to the maximum acceptable for two of these types the weld shall be judged
unacceptable, with repair welding to be done according to contractual agreement.

(vi) When repair welding is permitied, the repair need only be to that extent which will
bring the weld quality to within the acceptable reference.

11.3.2. Acceptance standards for pressurce vesscls

In the ASME Boiler and Pressure Vessel Code, the following acceptance standards are
given. Scetions of weld that are shown by radiography to have any of the following types
of imperfections shall be judged unacceptable and shall be repaired and the repair
radiographed:

1. Any type of crack, or some of incomplete fusion or penctration.

2. Any clongasted slag inclusion which has length greater than :

- 6.35mm for thickness ¢ up to 9mm
<130 for 19t = STmm
- 19mm for t > $7Tmm

0?7



3. Any group of slag inclusions in line that has an aggregate length greater than 1 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 criterion for rounded indications
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The following criterion is given in ASME Code Sections |, ITT and VIII (1983 Edition) for
ferritic, austenitic and nonferrous material:

A. Terminology
A-1 Rounded Indications

Indications with a maximum length of three times the width or less on the radiograph are
defined as rounded indications. Thesc indications may be circular, efliptical, conical, or
irregular in shape and may have tails.

When cvaluating 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.

8 Criteri
B-1 lmage Density

Density within the image of the indication may vary and is not a criterion for acceptance
or rejection.

B-2 Relevant Indications (Sece TABLE 11.3 for Examples).

Only those rounded indications which exceed the following dimensions shall be considered
relevant:

1/10t for 1 less than 1/8 in;

1/64 in. for t equa! to 1/8-1/4 in., inclusive,
1/32 in, for t greater than 1/4-2 in., inclusive.
1/16 in. for ¢ greater than 2 in.

B-3 Maximum Sizg of Rounded Indication

The maximum permissible size of any indication shall be 1/41 or 5/32 in., whichever is
less: except that an isolated indication separated from an adjacent indication by 1 in. or
more may be 1/3t or 1/4 in., which ever is less. For t greater than 2 in., the maximum
permissible sive of an isolated indication shall be increased to 3/8 in.

B-4 Aligned Rounded Indications

Aligned rounded indications are acceptable when the summation of the diameters of the
indications is less than 1in a lengih of 120 (see Fig.11.3a). The lengih of groups of aligned
rounded indications and the spacing between the groups shall meet the requirements of
Figure 11,3 ).



TABLE 11.1. MAXIMUM SIZE OF NON RELEVANT INDICATIONS AND ACCEPTABLE
ROUNDED INDICATIONS ( EXAMPLES ONLY )

Thickness t in. Maximum size of Maximum size of non refevant
acceptable rounded indication in.
indication in.

Random Isolated
< 1/8 1/4 ¢ /21 1/10t
1/3 0.031 0.042 0.015
3/16 0.047 0.063 0.015
1/4 0.063 0.083 0.031
5/16 0.078 0.104 0.031
3/8 0.091 0.125 0.031
1/16 0.109 0.146 0.031
1/2 0.125 0.168 0.031
9/16 0.142 0.188 0.031
5/8 0.156 0.210 0.031
11/16 0.156 0.230 0.031
3/4-2 inclusive 0.156 0.250 0.031
> 2 0.156 0.375 0.063

B-5 Spacing

The distance beiween adjacemt rounded indications is not a factor in determining
acceptance or rejection, except as required for isolated indications or groups of aligned

indications.
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vl
Sum of L, to L, shall be less than t in a length of 12t,

Figure 11.3 (a) Aligned rounded indications
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The sum of the group Jengths shall be less than 1 in a length of 12 t.

Maximum Group Length Minimum Group Spacing
L - 1/4in. for t less than 3/4in. 3L where L is the length of
L = /3t for  cqual to 3/4in, the Jongest adjacent group
to 2 1/4in. being evaluated.
L. = 3/4in. for ¢ greater than
2 1/4in.

Figure 11.3 (b)  Groups of aligned rounded indications.,
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B-6 Ropunded Indication Charts

(4) 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 cluslered rounded indications for different weld thicknesses greater than
1/8in. These charts represent the maximum acceptable concentration limits for rounded
tndications.

{a} Random Rounded 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(a) Charts for t equal to 1/8 - 1/4 in. inclusive.
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(a) Random Rounded 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.
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(a} Random Rounded iIndications
(Typical concentration and size permitted
in any 6 in_ tength of weid}
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{b) Isolated) Indication
{Maximum size par Table 11.1)

Figure 11.4(¢c) Charts for t over 3/8 - 3/4in. inclusive.
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{a) Random Rounded Indications
(Typical concentration and size permitted
in any 6 in..length of weld)
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1 in. | in, (c) Cluster
{b) Isolated Indication
{Maximum size per Table 11.1)
Figure 11.4(d)  Charts for t over 3/4 - 2in. inclusive.
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{a} Random Rounded Indications
{Typical concentration and size permitted
in any 6 in. jength of weld)
.
» ’t
- * . P . |‘ R -.
° - N S
. e,
s ¢ . 4 o ‘: .
. VR
. ¢ b ’ . 'l
. * b |
. I
‘ LF/: ‘ P vl
L 1 in. , I 1 in. ‘l (¢) Cluster
L i -1 | I b

(b} isolated Indication
(Maximum size per Table 11.1)

Figure 11.4(¢)  Charts for t over 2 - 4in. inclusive.

(c) The chart for cach thickness range represents full-scale 6in. radiographs and shall not
be enlarged or reduced.  The distribotions 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 Thickpess t Less Thap 1/8in,

For tless than 1/8 in. the maximum number of rounded indications shall not exceed 12in.
a Gin. length of weld. A proportionally fewer number of indications shall be permitied in

welds Jess than 6in. Jength.
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{a) Random Rounded Indications
{Typical concentration and size permitted
in any 6 in..length of weld)
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(c) Cluster

{b} Isolated Indication
{Maximum size per Table 11.1)

Figurc 11.4(f)  Charts for t over 4in.

B-8 Clustered Indications

The illustrations for clustered indications show up to four times as many indications in a
local arca, as that shown in the illustrations for random indications. The length of an
acceptable cluster shall not exceed the length of 1in. or 2t. Where more than one cluster
is present, the sum of the lengths of the clusters shall not exceed 1in. in a 6in. length of
weld.

11.3.3. Acceptance/rejection criteria of BS 5500 (1982)

Acceptance/Rejection criteria given in BS 5500 "Specification for unfired fTusion welded
pressure vessels” is as follows.

11.3.3.1. Gengral
Subject to the requirements of appendix C, the following subclauses 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 parties,

11.3.3.2. Ouality Control lcvel of acceptance

The defect acceptance levels given in TABLE 11.2 shall be imposed during fabrication as
a means of guality control.

11.3.3.3, Asscssment of defects

Defeets may be assessed according to one or other of the following alternatives. Defects
which arc urne-eplable shall be rejected or repaired.
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TABLE 11.2 ACCEPTANCE LEVEL FOR DEFECTS

Lack of root fusion
Lack of sidc fusion
Lack of inter-run fusion

Dia.< ¢/4 and
Dia.3.0mm for ¢ up to and
including 50mm

(a) isolated pores (or
individual pores in a

group)
Dia.4.5mm for ¢ over 50mm
up to and including 75mm
Dia. 6.0mm for ¢ over 75mm
(b)uniformally distributed 2% by arca *(as seen in a

or localised porosity radiograph) for ¢ <50mm and
pro rata for greater thickness

Lincar porosity parallel to
the axis of the weld may
indicate lack of fusion or
lack of penctration and is
therefore not permitied

{a)individual and parallcl Main butt welds 1 = ¢ < 100mm
to major weld axis worh = ¢/10
NOTE: Inclusions to be < 4mm

separated on the major weld

axis by a distance > the Naozzle and Inner  Outer
Jength of the longer and the branch 1/2 0f 1/4 of

sum of the lengths of the attachment cross  Cross
inclusions shall not exceed welds section section

worh= worh=
¢/4<4mm ¢/8<4mm
l=c/4< 1=c/B<
100mm  100mm

the total weld length

(b) individual and randomly As isolated pores
oriented (not parallel to
weld axis)

(¢} Non-lincar group As localised porosity
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TABLE 11.2 ( contd)

* Arca = length X width of an envelope enclosing the affected volume of weid metal measured

on a planc substantially parallel to the weld face( i.c. as seen on a radiograph)

Tungsten inclusions
(a) isolated As isolated pores

As uniformly distributed or

(b) grouped
localised porosity

Slight intermittent under-

Undercut
cut permitted, depth shoutd
not exceed approx. 0.5mm.
Shrinkage grooves and root As for undercut, depth
concavity should not exceed 1.5mm.

h < 3mm . Occasional local
slight excess is allowable

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

Reinforcement shape

Not permitted

See clause for assembly
tolerances

Abbreviations used:

¢ is the parent metal thickness. In the case of dissimilar thicknesses ¢ applies to the

thinner component

w is the width of the defect

1 is the length of the defect

h is the height of the defect

Dia. is the diameter of the defect
¢ is the mean nozzle circumference

NOTE 1 The simultancous 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, the remainder bheing the

outer quarters.
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11.3.3.4. Category 1 and Calegory 2 consiructions

If any defects present do not 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

agrcement.
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 11.2)

If any defects classificd 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 po defects classified as ‘not permitted’ but other defects in
excess of the maxima permitted by Table 11.2 are present in the original cxamination
two further raudom 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 Acceplance levels (reassessment of Category 2 construction)

(a) Isolated pores (or individual
porcs in a group)

(b) Uniformly distributed or
localised porosity

2% by arca® (as scecn in a
radiograph)

(¢) Slag inclusions, individual
paralicl to major weld axis
NOTE Inclusions to be scparated
on the major wcld axis by a
distaacec > the leagth of the
longer inclusion and aggregate
length not to exceed the total
length

Main butt welds | = 2¢
worh = ¢/4< 4mm
Nozzle and laner Outer
attachment welds 1/2 of 1/4 of
cross  cross
scction scction
worh= worh=
c/2<4mm c/4<4mm
l<e/2< l<cc/d<
100mm 100mm

vetecerrrnenecrranne D T L L L T L L LT L R LT e R R T

(d) Slag or tungsicn non.
lincar group

4% by arca®(as scco on 8
radiograph)

............................ DR L L L L L L L L Lr T LT T T T ppuuyu Ry Y

* Arca.is the product of lcngih and width of an eavelope caclosing’ the affected volume of wold
meta)l measured on & plane substantially parslic) to the weld face( i.c. ns scen on a radiograph)

NOTE : The symbols are as defined in TABLE 11,2,
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11.3.3.7. Acceptance levels re-assessment of Category 2 Construction

The acceplance levels given in TABLE 11.2 except as modified by TABLE 11.3 shall be
applied.

TABLE 11.3 PARTIAL NON DESTRUCTIVE TESTING (NDT) CATEGORY 2
CONSTRUCTIONS

10% NDT

Assess against TABLE 11.2

Pass Fail Fail
: Non-planar defects  Planar and/or other
: non-permitted defects

Examine twao
additional arcas

Assess againsl
TABLE 11.2 --ccommmene-

Accept Pass Fail

Assess
original
defects
against
11.3.3.6

Pass Fail  Examine 100%
Accept Repair all planar and/or other non-

permitted plus non-planar defects according to
11.3.3.8.

Accept

11.3.3.8. Repair of welds

No rectification, repair or modification shall be made without the spproval of the
purchascer.

Unucceplable defects shall be rejected or repaired . Repair welds shall be carried out to
#n approved procedure and subjected to the same acceptance crileria as original work.
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12. PERSONAL SAFETY AND RADIATION PROTECTION

12.1. INTRODUCTION

The public and professional anxicty 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 diagnosc 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
duc to over exposure to X-rays were published. The large number of cases are attributed
to the fact that 20 ycars 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
overexposure to radioactive material was observed. It was also known that ionising
radiation in sufficient quantities could cause sterility, loss of hair, anaecmia, reduction in
the white cells count, produce illness and somctimes death, The first X-ray falality 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 aumbers on
the dials followed their customary practice of dipping brushes in the paint and then
pointing the tips with their 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 maltter 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 radioisotopcs, 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 are occupationally exposed to ionising radiation.

The various sources from which human beings can receive radiation include cosmic rays,
naturally occurring radioisotopes. radioactivity relcased by some industrial processes,
atmospheric testing of atomic bombs, medical diagnosis and treatment using X-ray
machines and radioisotopes, industrial uses of radioisotopes such as radiographing and
radiotracing ctc and the nuclear industry. In radiography the sources are radioisotopes, the
variety of X-ray cquipment and nuclear reactors (when doing ncutron radiography).

Different definitions and units describing the characteristics and use of radiation such as
radioactivity, rocntgen, rad, rem, half life etc. have already been explained in a previous
Section. Here it should suffice to summarisc and say that roenigen is the unit of radiation
cxposure 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 rececived by a living organism be it an experimental animal, a paticent,
a radiation worker or a radiographer. The use of rad allows a quantification of the
amounl of ionising radiation energy transferred by any type of radiation to any targel
material, not just air. Rem (rad equivalent man) is the unit used when analysing personnel
monitoring devices such as film badges. The rem is the unit of dosc equivalent or
uccupational exposure. Some types of radiation produce more damage than X-rays. The
rem accounts for these differcnces in biologic effectiveness. The curic is a unit of
radioactivity related to the three preceding uaits of radiation. It is 2 unit of the quantity
of radioactive material and not the radialion cmiticd by that material. Electron volt (¢V)
is the unis in which the ¢nergy of X-rays and gamma rays is measured.

For most practical purposcs when the problems of protection ageinst X-rays and gamma
rays are te be considered, it in sfficiontly accurate to take the rocatgen, rad and rem as
numerically equal. With other types of radiations this geacralisation is not true.
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A tablc dcscribing 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

upits.

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 rcm rem sievert Sv
equivalent
Activity curie Ci becquerel Bq

TABLE 12.2. INTERCONVERSION OF VARIOUS RACIOLOGICAL UNITS

Divide number of C by B to obtain number of A
Multiply number of A by B to obtain number of C

A B C

R 2.58 x 10°* C/kg .
rad 0.01 Gy

rem 0.61 Sv

Ci 3.7x 10" Bq

12.1.1. Effccts of radiation

L1

Gamma rays and fast neutrons can penetrate deep into the body; beta rays can penetrate
afew 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 cmission of two gamma photoos.
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, alpba particles have high specific
ionisation and are most hazardous whea their source is inside the human body.

Nuclcar radiations arc harmful to living tissues because of their direct or indirect ionising
propertics. The damage done by radiation is sinister as human scnses are not capable of
detecting cven lethal doses of radiation. The human body has an instinctive defence against
heat and (10 some extent, against ultraviolet rays, but unfortunately not against radiation.
Severe demage may be produced by radiation in the body before the subject “T what has
happened. No detectable sign and symptom is revealed until the damage has been done.

For example if @ man has been exposed to o radiation dose of 1000 rem which is fatal when
the whole body is cxposed, the heat produced in the body would be 0.0022 calorics/gm of
tissue.  Hin body would develop @ temperature rise of about 0.002 C. This is not
perccivable by human senses.

The overall outcome of exposure 1o lonising radiation is inltiated by damage to the cell
which is the basic unit of any organism. The effects of radiation are of two lypes namely
Somalic aad Genclic and these will be considered here separately.



12.1.1.1. Somatic effccts

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 usnally 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 scen 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 thc digestive tract; the cells
that absorb oxygen from the inhaled air and release CQ, in the exhaled air. Lesser
sensitive areas arc the cells of the beart, kidneys and blood vessels and the cells providing
important cnzymes 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 cnables the surviving cells to divide
and repopulate 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
differcntiated 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 usualiy 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 cven lower if given uniformly to the whole body especially the upper
abdomean will result in scvere reaction and ensuing illness. This is attributable to the fact
that most of tiac 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 accclerated stage of cells reproduction and most of the cells in the body are
dividiog and heance 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 effccts can cither be immediate or delayed. Given below is a summary of
immediate ¢ffects when the whole body is irradiated with a range of X-ray exposures.

0-25R. No detectable injurics and no clinical effects. Probably no delayed effects.

25-50 R. Slight transicat blood changes. No ather clinically detectable effects. Dcelayed
effects are possible, but serious effects on an average individual are very improbable.

50-100 R, Nausca and fatigue with possible vomiting, Marked changes in blood count
picture i.c. reduction in lymphocytes and ncutrophils with delayed recovery. Delayed
cffecis may shorien life expectancy. No disability.

100-200 R. Nauseafatigue, vomiting within 24 hours. Latent period about one wecek.
Following the latent period, epilation, loss of appetite, gencral weakness, nore throat and
disrrhoca. Other injurics and disabilitics possible. Possible death in 2 to 6 weeks in a
smull fraction of the exposed individuals. Recovery i very likely in most cases unless
complicated by previous poor health, injuries or infections,

2Mk-0dMl R. Naunca, [atiguc and vomiling within 2 hours, Latent period of one weck where
the victim seems relancd and recovering. The critical period follows with epilation, loss of
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appetite and general weakness accompanicd 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 Jeucocytes.
After a lawent period diarrhoca, vomiting, inflammation of mouth and throat will appear.
Purplish discolouration of skin due to hacmorrhage (purpura) can also be seen along with
fever, infection, rapid emaciation. Death occurs within 2 months ia 80 - 100% of the
exposed individuals due to haecmorrhage and infections. Possible therapy is in the 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
diarrhoca 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
cffects may appear a long timc after the exposure. These types of effecis 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.

ili. Bone cancer duc to irradiation of bone tissue

iv. Lung cancer

v. Aplastic anacmia causcd by radiation damage of bone marrow.

vi. Lcukcmia, tumours.

vii. Shortening of lifc span and premature aging.

12.1.1.2. Genetic cffccls
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It is a fact that children inherit characteristics from their parcnts such as appearance,
strength, resistance to discase, temperament, etc. The reason for the similarity of parents
and their off spring is that in the production of a new member of the specics, each parent
supplies a sel of plans for the new addition to the family. The result is a combination of
these two supplied plans. The plans are not the plans that we are familiar with, such as the
plan when a new house is being built, but a st of plans which control the development of
the species. They are known as ‘genes’. The genes are contained in the sperm and cgg
cells of the parents producing them. 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 1o subsequent gencrations just as a blue eyed person can pass on the tendency for blue
eyes to his children,

An importani point (o be always kept in mind is that genetic cffects are significant only if
gonads receive radiation exposure because the sperm and the cgg cells are contained in it.

Thercfore, one of the means of keeping 1he radiation induced genetic changes down in the
population is to restrict radiation exposure of the gonads to as few people in the community
as possible and iff these few people arc beyond the age of production, no genctic effects
should arisc.



12.1.2. Radiation exposure

(i) External and internal exposure

When the human body is subjected to radiation exposure from sources outside the body
itself, the exposure is termed "External Esposure”. 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.

(i) Acute and chronic exposure

If a human body is exposcd 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 rem received in onc hour is an example of Acute Exposure and the same amount
of radiation reccived during rthirty years is an example of "Chronic Exposurc”. It must be
remembered that Acute Exposure is morc 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 (o region. On the average a person receives 100 mrem
exposurc per year due to these natural sources. In regions where radioactive deposits are
present, exposure due Lo natural sources is as high as 800-900 mrem/year (Monazite 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 sensc.

(iv) Medical exposure

Man of modcern age is exposed to radiation during medical diagnostic tests.

Type of Exposurc Exposure

Chest X-ray best conditions 40 mrem
Avcrage Chest X-ray 100-2000 mrem
Dental X-ray 1.5- 15 rem
Fluoroscopic tests 5-50 rem
Pregnancy tests 20 - 65 rem
Treatment of malignani tumour 3000 - 7000 rem

12.2. MAXIMUM PERMISSIBLE DOSE

In accordance with the recommendations of the International Commission on Radiological
Pratection, (JCRP), the permissible dose is a dose of ionising radiation that, in the light of
present knowledge and in the opinion of competent medical authority is not expected to
cause appreciable bodily injury to a person at any time during his lifetime and carrics
ncgligible probability of genctic malformations. Morcover the ensuing cffects must be
acceptable (o the individual exposed and to the society of which he is a part. Maximum
permissible dose levels in case of external exposures for occupational and non-occupational
workers are discussed below,

{a) Occupational Waorkers

(1) The maximum permisaible accupational dose of whale body exposure in the Tonty years
of working lifetime of an individual is 200 rems which includes all occupational exposures
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but does not include medical and dental 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 arcas 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 Srems/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 Organ Rems/year Rems/quarter
1 Skin 30 15

2 Bone 30 15

3. Thyroid 30 15

4. Hands & Fect 75 37.5

S Fore arms & ankles 75 37.5

6 Other organs 15 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.

Thermal to 10 ev 666 neutrons/cm /sec
10 KeV 333 " b
0.1 MeV 06 " "
0.5 MceV 26 " "
1.0 MeV 20 " "
2.0 MeV 13 " "
3 to 10.0 MeV 10 " -

{b) Non-occupational workgrs

For all non-occupational 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,

12.3. RADIATION MONITORING AND MEASUREMENT

L%

Radiation workers such as radiographers are subjected to ionising radiation while
performing their work. The amount of radiation dose received depends on various
parameters and conditions such as time, distance, shielding and working procedure. Thus,
to ensure the safety of radiographers, it is important Tor higher level personnel to
continuously observe and record the amount of radiation received by cach radiographer
working under him. Such an activity is called personnel monitoring.

In gencral, the main purposes of personact monitoring are to ensure that the maximum
perminsible done in not exceeded, to limit the exposure of the individual radiographer, 10
assist the medical authority in making analysis in the case of accidental aver expasure and
to pravide information about work practices and personal dose history. The other type of



monitoring is area monitoring in which the environment around the workers is monitored.
This includes checking the radicisotopic 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 to X-rays
turned black when developed. Gamma rays also have a similar effect on photographic films.
This property of X and gamma radiation to produce blackening of films is used in X and
gamma dosimetry. 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 has 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, lcad) covering a part of the film. These metal.ic strips are known as filters. It has been
found that a film exposed to 1 rem of X-rays is blackened more than a film exposed to 1
rem of harder gamma rays and the low energy X-rays produce more blackening than high
encrgy X-rays. A combination of metal filters of varying thickness arc used to correct for
the above mentioned non-lincar response of the {ilm. 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
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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 completcly absorbed by the filters. The
blackening of the open part of the film along with the reading under the meual filters
cnables the beta dose of the film wearer (o be estimated. The films worn by workers along
with a set of standard films exposed to a scrics of known amounts of radiation, are
developed under similar conditions and their density mecasured with the help of a
transmission densitometer. With the help of standardfilms a dose-densily calibration curve
is drawn, which in turn is used to assess the dose received by an individual. The dosc
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 (rom 20mrem to 20 rem.

12.3.2. Pocket dosimeters

The personncl monitoring devices using the ionisation produced by radiation as an indtcator
may be either a complete electroscope or simply an ion chamber, cach of which is about
the size of a fountain pen. Onc is directly readable and the other is read with the help of
a reader charger unit, Both of thesc types of dosimeters are briefly described here.
Pocket ionisation chamber dosimeters consist of an ionisation chamber which is charged
and rcad on a scparate charger reader unit containing an electrometer and a voltage source.
This is considered to be a less convenicnt 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 mrem to 200 mrem. These chambers especially with perforated walls, provide
an extremely good responsce to low energy X, gamma and beta radiations.

The other type namely the pocket quartz fibre clectroscope dosimeter is based on the
working principle of the Gold Leaf Electroscope. When the electroscope is charged the
two electrodes(gold leaves ) arc in the farthest position. As the ‘ischarge takes place the
two electrodes come nearer to onc another. In this dosimeter onc clectrode is fixed and
the other is movable. A small compound microscope is a part of the dosimeter which helps
in viewing the movable fibre clectrode. A scparate battery charger places an initial
clectrical charge on the system. In this position the fibre is at zero of the scale calibrated
in mrem. lons (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. Lightfor
viewing the fibre through the microscope comes through a window on onc end of the
dosimeter.  The dosimeter can be rcad with the help of an cye picce fixed within the
instrument. The scale is visible when the dosimeter window is exposed to light and read
through the eye picce. The dosimeter has a range of 0-200 mrem and i can be used over
and over again after recharging. Other ranges cover 0-500 mrem, 0-5 rem, 0-50 rem.
Pocket (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 pocket dosimeter.
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12.3.3. Thermoluminescent dosimeter

This is a rclatively new mcthod of measuring radiation dose. The principle of this device
is embodied in its name, "thcrmo" meaning “heat” and "luminescent” meaning "light
producing”. Certain materials when exposed to radiation undergo slight stractural changes.
These changes are not obvious to and observable by the naked eye; but if the irradiated
material is heated geatly, it gives out 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 cam be
mcasurcd using photomultiplier light detector and thus the dose that the thermoluminescent
material has received can be estimated. LiF and CaF are the two used among the many
uscful materials with LiF being the onc usually used as a thermoluminescent dosimeter.
This dosimeter can cover a wide range of radiation doses from a fey 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.

. Arca monitoring

Arca monitoring is done with the help of survey meters which are either the ionisation
chamber type or the Geiger-Muller type. These have already been explained in Section
2.5.

. Factors affecting radiation dose

The factors affccting the dose from a radiation source at a place are distance, time and
shiclding and these are separately explained as follows:

12.3.5.1. Distagee

The intensity of radiation (and therefore radiation dose rate) of an isotopic source, is
inversely proportianal to the square of the distance from the effective centre of the source.
The above statcment 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 at 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 radioisotopes, 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 cnough. 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. Time

It is rather obvious that if the time 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
mrem/hour, then reducing the work time from 1 hour to 30 minutes would half the
radiation dosc (i.c. from 500 mrem to 250 mrem). This reduction can be achieved by
pror - 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 jobh quickly. In
cases where radiation levels are high, it is useful if the work can be pracused on a "mock
up” (rchearsal basis) with no radiation ficld present.

12.3.5.3. Shiclding

If distance and time factors can not reduce the radiation dose rate Jevel to acceptable low
values, it is still possible 10 reduce the radiation level by.shiclding the radiation source.
Any material can be used os a shiclding material but the effectivencess of the matcerial used
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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 interac.ions 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
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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 2.5. 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
cxposure 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 bascline 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
¢nough 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
arcas over cxposure rooms should not be neglected, particularly if these are likely to be
uscd 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 frcquency 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 permancnt
radiographic departments and sites and this should be supplemented by additional tests
after any allerations or repairs have been made to the proteclive arrangements, or when
a significant change has occurred in the type of equipment in use, or in its location and
manner of use.

Particular atiention should be paid to screening cabinets, and all Icad rubber curtains and
obscrvation windows must be checked at frequent intervals. It is equally important that all
sufety switches and relays should be tested at the commencement of cach day's work.

Il possible the indication of the radiation level which is expected to be present should be
made on the radiation signs. If there are restrictions in the possible beam directions which
are not physically controlled by mechanical or electrical limiting devices, permanent notices



explaining these are necessary. The radiographer should also observe his survey meter
while exposing the source during a radiographic operation. A survey of the high radiation
arca boundary should not be made as this would {ead to unnecessary radiation exposure to
the operator. While retracting the source, the 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 10 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 Iong 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 qutwards and if the laboratory has a relatively thin rocof 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
reccorded. 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 compcetent 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 cxposurc rooms

The following considerations must be taken into account when designing an x-ray exposure
room :

(a) provision of adcquate shiclding against the primary beam

(b) control of leakage of scattered radiation;

{¢) manner of use of the equipment, and

(d) convenicnce 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.

124.2.1, X-tay cEDOSNIC IQOM

In designing the exposure room for x-rays, the following points must be considered :

(i) It should have enough space to house the cquipment. The equipment planned 1o be
purchased in future and which are to be placed in this room may also be kept in view.
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(11) It should have watcer and clectric 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.
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Figure 12.3 Methods of shiclding when pipes, ducts, conduits or cables must pass through
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walls of exposure room.

(iv) There should be a separate place to house the control/console so that the operator is
not exposcd to the radiation. This should be outside the room in which the x-ray tube is
placed. If duc to any reason the control console is to be located within the exposure room
it should be within a well shielding cabinet or enclosure.

(v) The thickness and the material of the walls should be sufficient to reduce the dose
below the maximum permissible level when a direct beam hits the walls. Usually dense
concrete walls of sufficient thickness are vsed for this 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 are thin, The thickness of shielding is calculated keeping
in view the direction of the primary beam and the occupancy factor of the adjoining arca.
If for example, the primary beam is permancently restricted to fire vertically downwards to
irradiste the flooe, the walls of the cxposure room will require o considerably lesser
thickness of shiclding than would be required if the beam were capable of manipulation
into any direction.

In the latter inatance, it is necessary 1o assume that all the walls may, as a result of the
ordinary use of the cquipment, be irradiated by the primary beam from time to time, and
they would then be required to be fully shielded. The wall shielding should be extended
below the floor fevel or a narrow apron of lead added to on the surface of the floor close

10 the wall.
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(vi) It should have a door that provides adequate shielding against radiation. A switch may
be used so that the tube 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. 1o the instance of
sliding doors the two protective layers must be immediately adiacent to each other and not
scparated by the thickness of the door.

(vii) The door of ti:¢ x-ray roomn should be such thai 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 -ray CXPOSNIC IOORM

For a gamma ray exposure room , the following considerations must be taken into account:

(i) The shiclding 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 shiclded 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 kept 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. 12.5.
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Figure 12.5 Method of lead lining the floor

(vi) The room should have a shiclding door which can be casily manipulated from the
insidc and outside. The door should have a permanent lock and the key to it should always
be with the authoriscd persen.

12.4.3.Calculstion of shicldiag tbickacss
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To calculate the shiclding thickness for a certain installation the information required is
as follows:

(i) The maximum cacegy of the X-ray scl, of the type and strengih of the gamma ray
OuIGE.



(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 shiclded area, i.c. 2.5 mr/h for classified
workers or 0.25 mr/h for unclassified workers.

Some simple methods of making shielding calculations will be briefly described here:

12.4.3.1. Half -valwc laycr (HVL) method

Half - value layer (HVL) is the thickness of the shicld material which reduces to half the
intensity of radiation at a point. Mathematically HVL= 0.693/u. Similarly Tenth-value
Layer (TVL) = 2,303/p. By knowing the value of p for the particular energy and the type
of shield material proposcd we can calculate the shicld thickness required to reduce the
intensity to half or to one tenth of its original intensity without a shicld. Values of u are
available from curves for different materials such as lead, concrete, iron, uranium and

water ctc.
Sometimes the values of pg , the mass absorption coefficient, are given which when

multiplied by the value of density, p , of the shicld material will result in the desired value
of 5. 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 IN MILLIMETRES)

Source Lead Steel Concrete
TVL HVL TVL HVL TVL HVL

100KV (Peak) 0.8 0.25 8 2.5 58 18
?50KV (Peak) 2.5 0.8 30 10 91 28
400KV (Pcak) 7.6 22 84 25 109 33
1000KV(Pcak) 25 8 203 64 152 46
2000KV(Pcak) 38 13 267 89 203 62
gamma - rays

Co-60 41 12 74 22 229 68
Cs-137 21 6.3 57 17 180 53
Ir-192 16 48 . - 157 48

The relationship betwees balf value layer and istensity is 2™ = 1,/1 where n is the number
of half value layers, 1, is the intcasity at a poiat without a shicld and I is the intensity at
the same point after n number of half value layers of shiclding materia) bave been
interposcd between the source and the point,

Examglc
Calculaic the dose from a 37 GBq Co-60 source al Im with the beam passing through 50 mm of kead.
Given that 37 GBq of Co-60 produces a radislion dose of 1.32 R at | m and the HVL = 12.5mm for
lead.
No.of HVL used = S0 = 4

12.8
givem that ), = 1L.23R/h 1=, = 123 = 123 = 00828 RA

m



RE )]

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. Thercforen = 3

2
As 1 TVL = 225mm, therefore 3 TVL = 675mm of concrete

TABLE 12.4, CORRESPONDING THICKNESSES FOR THE SAME ABSORPTION
(EQUIVALENT THICKNESSES IN MILLIMETRES)

Lead Steel Brick Concrete
(density (density
= 1.6) = 2.4g/cm’)
100kV X-rays 1 17 120 75
20ukV X-rays 1 14 110 65
300kV X-rays 1 8 60 25
400kV X-rays 1 45 28.5
IMV  X-rays 1 4 - 6.2
SMV X-rays 1 L5 - 5
20MV X-rays 1 1.5 4.7
Iridium-192 1 4 - 8.8
Cobalt-60 1 1.6 5.4

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 atlenuation factor is the ratio
of desired to actual dose. Curves are available relating the values of these altenuation
factors to the thickness of various shiclding materials for various energies of radiations.

Figures 12.6 - 12.9 show some of these curves.
Examplc
A KV, 10mA X-ray set with an output SOR/min at Im. To determine the thickness of

concrete needed at Im distance for the dosc-rate 1o be reduced 1o 2.5mR /h. By the inverse
square law, the dose-rate al 3m is

5 x 60/9 = 33R/h.

Thus, the attenyation factor needed is ¢
---------- = 0.O0007S

From Figuee 12.6 this aticauation is pravided by S8¢cm of conercte. Alicrnatively, tmm lead
will provide an attenvation of 0.04 and the additional altcauation will be provided by 43cm

of ¢concrele
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Attenuation of X-rays in concrete Absorption of gamma rays in

broad beam conditions. coacrete aY Ir- 192, b) Cs-137

a) 100KV X-rays, b) 200KV X-rays ¢) Cs-154, d) Co-60

c) 300KV X-rays, d) 400KV X-rays.

The attenvaiion 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)

Example

Radiation ¢nergy ¢ 150KV
Dosc rate at Im from focal spot : 350R /h
Distance between focal spot and area

to be shiclded : Sm
Maximum permissible dose rate ¢ 2.5mR/h
Using the inverse square law, dose rate
(unshiclded) @t Sm: 350

To reduce this 4o 2.5mr/h, the required attenvation factors is
2.5

[ER QR
- (LIKKMXNT or D017 pereent tranamisaion

From the eurve for 150 KV in Figure 12.10 it can be found that a thickaces of 2.5mm lcad
carreapundas 0 & transmission of G017 percent.
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TABLE 12.5. INDUSTRIAL X-RAY SHIELDING REQUIREMENTS FOR CONTROLLED AREAS*

WUl ** Distance from the {ube to occupied area (cm)
40,000 150 210 300 420 600 840 1200 - - - -
20,000 - 150 210 300 420 600 840 1200 - - -
14,000 - - 150 210 300 420 600 840 1200 - -
5,000 - - - 150 210 300 420 600 840 1200 -
1,250 - - - - 150 210 300 420 600 84D 1200
525 - - ~ - - 150 210 300 420 600 840
310 - - ~ - - - 150 210 300 420 600
155 - - -~ - - - - 150 210 300 -
Kv HV[ ##+ TVL **s Type of Thickness of Concrete (density Z.3&gm/cc) **** (mm)
(mm) (mm) barrier
100 195.2 50.8 Prim. 234 218 203 185 168 152 140 117 102 84 71
Sec. 168 147 113 117 102 86 76 58 46 33 20
150 22.9 76.2 Prim. 338 395 292 269 246 226 206 183 165 147 128
Sec. YSX| 208 185 163 140 117 94 74 56 47 30
200 27.9 91.4 Prim. 429 401 376 348 323 295 259 244 216 191 162
Sec. 307 277 249 221 193 168 142 117 N 66 41
250 27.9+ 96.5 Prim. 490 457 427 397 366 335 305 274 244 213 104
Sec. 320 290 262 234 206 178 152 127 102 102 51
300 30.5 101.6 Prim. 551 521 490 460 429 399 368 338 307 2717 246
Sec. 34 340 310 279 249 223 198 173 147 122 97 77

* For a design level of 100mr/weak.

** W = work load in MA-min/weak.,

*** These values are approximate and are obtained at high filtration.
*¥«* for other densities p, the tabular value should be multiplied by 2.36

(1)

Add one tenth-vaiue layer (fVL) for

U=use factor., T=occupancy Ffactor.

environs to reduce radiation to 10mr/week

T ig equal Yo 1 for controlled areas.



ABLE 12.6. COBALT-60 SHIELDING REQUIREMENTS FOR CONTROLLED AREAS*

wWiiee Curies***(Approx. ) Distance from saurce to accupid area {cm}
80,000 2,000 150 210 300 420 600 840 1200 - - - - -
£0,000 1,000 - 150 210 300 420 600 840 1200 - - -
20,000 500 - - 150 210 300 420 600 840 1200 - -
10,000 250 - - - 150 210 300 420 600 840 1200 -
5,000 125 - - - 150 210 300 420 600 840 1200
2,500 60 - - - - 150 210 300 420 600  BuO
1,250 3p - - - - - 150 210 300 420 600
625 15 - - - - - - 150 210 300 420
310 7 - - - - - - - 150 210 300
Type of HWi{mm) TV (om) Thickness of lead (mm)
barrier approx. approx.
Pramary 12 40 225 213 2 189 177 165 153 141 129 117 105
Secondary
Leakaqe RN
0.1% 12 40 105 93 82 n 60 47 34 20 6 ] 0
0.05% 12 40 93 82 n 60 47 34 20 6 0 0 0
Scaltter *+****
300 10.2 34 122 111 1N 91 80 70 60 50 40 30 20
45¢ 8.7 29 97 88 79 70 62 53 44 35 27 18 9
g0° 7.5 25 77 69 62 54 47 39 32 24 16 9 3
-3: 4.3 14.5 26 32 27 23 19 14 10 6 3 .3 0
120 2 6.5 15 13 1 9 7 5 3 2 .5 0 0
150° 1.4 4.5 9 8 7 5 4 2.5 1.5 .8 .2 0 0

* for a weekly design level of 100mr. Add one tenth-value layer (TVL) for environs to reduce radiation to
100r /week .
** ki = work load in r/week at 1 m; U = use faclor; | = occupsncy factor.
“** Assuming use factor U and accupancy factor 1 equal to one.
Refers to leakaye radiation of source housing; may be ignored 1f less than 2,5mr per hour at 1m in CN position.
for large field (20 cm dia) and a source-skin distance of 40 to 60 cm.



TABLE 11.7. COBALT-60 SHIELDING REQUIREMENTS FOR CONTROL AREAS*

wyree Curies***(Approx.) Distance from source to occupied area (cm)
80,000 2,000 150 210 300 420 600 B840 1200 - - - -
40,000 1,000 - 150 210 300 420 600 840 1200 - - -
20,000 500 - - 150 210 300 420 600 B4R 1200 -~
10,000 250 - - ~ 150 210 300 420 608 840 1200
5,000 125 - - - - 150 210 300 420 600 840 1200
2,500 60 - - - - - 150 210 300 420 600 840
1,250 30 - - - - - - 150 210 300 420 680
625 15 - - - - - - - 150 210 300 420
310 7 - - - - - - - - 150 210 300
;thi:: :;;Eﬁ:? ;;;i::? Thickness of concrete (density 2.36gm/cc) (mm)
Frimary 66 218 1207 1146 1085 1024 960 899 836 715 m 650 587
Secondary
Leakaw....
0.1% 66 218 587 526 465 396 329 259 185 112 36 0 0
0.05% 66 218 526 465 396 329 259 185 112 36 i} a 0
Scatters*®ee
30° 64 208 77 N4 653 589 523 462 401 338 277 213 150
450 61 203 686 625 564 501 442 381 320 259 198 137 76
60° 58 193 610 551 493 434 376 312 254 196 137 76 13
9a° 46 157 429 381 335 290 244 198 152 104 53 3 0
i20° 43 147 381 338 295 251 208 165 19 76 30 a [t}
150° 38 127 239 201 163 124 B6 46 8 0 0 o 0

* For a weekly design level of 100mr. Add one tenth-value layer (1VL) for regions in the environs to reduce
radiation to 10mr/week.

** W = work load in r/week at 1m; U = use factor; | = occupancy factor.
*** Assumes use factor U and occupancy factor | are equal to one.

Refers to leakage radiation of suvurce housing; may be ignered if less than 2.5mr per hour at 1m in "ON" position
For large field (20cm dia) and a source-skin distance of 40 to 60cm.

vt
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TABLE 128 CES{UM-137 SHIELDING REQUIREMENTS FOR CONTROL AREAS*

wiilee Curies***(Approx.) Distaunce from source ta occupied area (cm)

24,000 2,000 150 210 300 420 600 840 1200 - - - -
12,0068 1,000 ~ 1%0 210 300 420 600 840 1200 - - -
6,000 500 - - 150 210 300 420 600 840 1200 - -
3,000 238 ~ - - 150 210 300 420 600 840 1200 -

1,58 129 ~ - - - 150 210 300 420 600 840 1200
- - - - 150 210 300 420 00 840

375 30 - - - - - - 150 210 300 420 600
Type of HVL {(mm) TVL (mm) Thickness of lead (mm)
barraer approx. approx.
Pramary 6.5 21 105 99 93 a6 80 74 617 61 S5 48 41
Secondary
Leakage®ese
0.1% 6.5 21 42 39 29 23 16 10 4 0 0 0 0
0.05%% 6.5 21 3s 29 23 16 10 4 0 0 0 0 0
Scatter=ees»
35° 4.9 15 53 49 44 39 35 30 26 22 17 13 8
S6° 3.8 13 41 37 33 29 25 21 17 14 10 7 4
90° 2.2 7 20 18 16 13 11 9 7 b 4 2 1
119° 1.3 4 10 9 8 7 6 5 3 2 2 1 0.3

* far = weekly design level of 100mm. Add one tenth-value layer (TVL) for regions in the environs to reduce
radiation to 10mr/week.

** ¥ - work lead in r/week at 1 m; U = use fa lor; 1 = occupancy factor.
*** Assumes use factor U and occupancy factor | are equal to one.

Refers to leakage radiation of sourcd housing; may be ignored if less, than 2.5mr per hour at Im in “ON" posil
for large field (20cm dia) and a source-scatterer distance of S0cm.
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12.5. SAFETY PROCEDURES FOR RADIOGRAPHIC TESTING

12.5.1. Opcrational Procedures

12.5.1.1. Introduction

Radiography is widcly used in the inspection of boilers and pressure vesscls, buildings, oil
and gas pipelines, bridges, aircraft, ships and many others. In general, these applications
can be classified into two categories, i.c. radiographic works performed in znclosed arcas
(exposure rooms) and radiographic works performed in open sites. Since the use of
radioactive sources or X-ray cquipments 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.

(iﬂ) D"Ii!'ﬁ !!l [!'ﬁnunﬁibl" user

The person who will supervise and be responsible for the use of radioactive sources or X-
ray machines should:

(i) be awarc 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 ,safe working practices and
emecrgency procedures to 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
te arcas where radiation may be present are supplied with necessary persouncl monitoring
devices,

(iv) ¢nsure that radiographic devices are not handled by unauthorised personnel,

(v} follow and cnforce all the requirements of any regulations and the conditions under
which the radioisotope license is issued.

(b) Oggerating procedurcs manual

Each company or department should have an operaling procedure manual lor routine
operations as well as emergency procedures. The rianual should include:

(i) the name of the responsible user and his allernate, including the lelephone numbers
where they can be contacted,

(1) routine operating procedures with particular reference 10 health and safety 1o be
observed during all radiographic operations in the radiography rooms and in the ficld or
other temporary locations,

(i) procedures for the proper use, care and maintcnance of radiography cquipment
through regular maintenance schedule and leak esis and of monitoring devices such as
survey meters, dosimeters and film monitors,

(iv) suurce changing procedures,

(v) procedures for storage of sources and radiographic equipment,

(vi) transportation requirements lor sources and radiographic cquipmenl,

(vii) list of emergency equipment that should be available at cvery radiographic operation,
(viii) emergency procedurcs

(ix) methods of maintaining records

(¢) Peavancl mopitoring.

All personnc) warking with radiographic sources must wear appropriate persoanc)
maniloring badges at all 1imes during radiography. The film badge should bo worn on the
chest. 4a addition ¢ depending on the operation ) the warker may also wear a wris) hadge.
The film is normally warn for & pesiod of four weeks and thea replaced. The used fidm is

M3



returned for processing and dose assessment. The film badges should be stored in a
radiation frec arca when not in use and must never be brought back home. Any accidental
exposurc or damage (o the film badge due to mishandling shall be reported immediately
to the safety officer in charge.

(d) Radiation survey meler
The following points shall be checked regarding the use of radiation survey mecters.

(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 dosc rates from 2 mR/h to

1R /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.

(¢) Warning signals

Signals arc used to warn people around the area about the prescace 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 scaled source is exposed or an X-ray machine is energised.

(f) Warning signs

Warning signs of adequate size and with appropriate radiation symbols must bc made
available. Thesc signs are used to identify and define restricted areas. It is suggested that
the name , address and telephonc number of the person responsible for the site should be

included on each warning sign.

(g) Equipment and facilitics

(i) All radiographic devices must be conspicuously and permancntly marked with the
approved radiation warning signs.
(ii) The model number,serial number and source rating for the radioisotope contained in
cach camera should be stamped on the camera. When loaded the camera should bear a tag
showing the type of radioisotope, its date of procurement and strength in curies at that
time.
(i) A camcra should be so designed that :
1. numerous and claborate precautions do not have to be observed to avoid
excessive exposurcs Lo ionising radiation.
2. at no time during norma)l operation should it be necessary for a radiographer to
caposc any part of his body (cxcluding cxtremities) to a radiation ficld of more than
100mR /h.
3. the source capsule is fixed so that under no circumstances caa it drop out of the
camera.
4. the shiclding is uch that at no point on the surface of camera containing a
radioactive source does the radiation level oxceed 200mR /h with the camera in the
cloaed position,
S. the auter caning will prevent the shiclding material ( such as lead ) from shifting
or cacaping in the case of fire or accident.
6. il is capable of being locked preferably with the tock (ixed on the body of the
camera.
T it weighs 48kg ar lea it is provided with careying handle(a) that cpable the
perean(s) careying it 1o remain (arthee than 1Mme from its surface.
Nl it weighs mare than 45kg, it s mounted on a carriage of adequate strength and
wtability.



iv) A camera should be provided with collimators to limit the beam of radiation to the size
of the arca 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 cxtended by means of a telefiex cabic 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 hosc or tube through which the source moves pneumatically or mechanically should
be capable of withslanding repeated flexures without suffering permaanent 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 uscd should be selected in relation
to the job to be performed.

(xi) The camera must be tested for proper mechanical function of shutier mechanism,
source coupling , source positioning plungers, locking mechanisms and cleanliness of hos.
or tube through which the source moves.

12.5.1.3. Radiographic works ia cXpOSRIC T0OMS

Every radiographer must understand the working principles and operation of each
radiographic unit that he will be using. The equipment should be checked before taking it
out to the ficld and before using it to ensure thal it is functioning satisfactorily. This will
cnablc the radiographer (o deal with cmergencies with minimum delay and so limit
personal radiation exposurc,

(a) Before starting any radiographic work the radiographer must obtain the permission of
the person responsible for the exposure room and shall inform him on the ;

(i) Type and strength of the radiation source ( X or gamma ray :mA or Ci)
(i) Modcl and scrial numhers of the radiographic equipment

(i) Number and names of radiographers involved

(iv) Period of work

However in practice the radingrapher will be asked 10 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 the cxposure
room especially ai the door and cable holes 1o ensurce that there is ao radiation leakage.
The arca must be cleared and some person designated to preveat unauthorised entry iato
the controlled arca. A plan must be prepared to direct the beam towards the ground
unoccupicd arcas or arcas that are adequately shielded. The radiographic sct up must be
completed hefore the shutier is opened.

(¢) During radiation cxposurc ensurc that the door is tightly clased. Occasional radiation
survey must be carricd out 1o casure (hat the radiation level anywhere outside room docs
nat excecd the permissible limit. The survey should also be made before enicriag the
CAPOSNIC FaOm.

(d) Afier completion of work check with ke survey metcr whetber the source has reiurncd
10 its proper shiclded position, remoave the radiographic cquipment and olher accossorics
and store them in thelr proper storege arca. For fixed installations (¢.g. X-ray machines )
the cquipment oaly nccds 10 be switched off. The warsing signs and barricss showld be
iemoved. Inform the person in charge of the cxposure room regarding the completion of
the joh. Carry out o coreful inspection of cquipment for any defccts with spocial sitention
1 cleanlingas and lubrication of seurce guides, couplings cic. If anyibing is defcctive it
shovld be repaired immediately without postposing it. The supvey meter should be cheched
and batteries replaced f acceesary.

s



12.5.1.4. Radiographic work ia opcn sitcs.
12.5.1.4.1._Dutics of radiographer
(a) Transportation of radicaclive 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 1o the above requirements the following conditions
should be observed for in-use (radiography vehicle ) transportation.

(i) The vehbicle must be conspicuously marked with radiation warning signs

(ii) The source container must be conspicuously marked with radiation warning signs. The
naturce and amount of radivactive malcrial 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 occupicd position in the vchicle must not exceed
2mR/h.

(vi) Only radiation workers should travel in a vehicle carrying a radiographic source.
(vii) Emergency equipment and wrilten procedures must be available to all personnel
travelling with the source.

(b) On arrival al site the radiographer must obtain permission from the pcrson responsible
for the arca and inform him on the :

(i) Type and strength of radiographic source.

(ii) Model and serial number of radiographic cquipment.

(iii) Name of radiographer.

(iv) Type of radiation safely cquipment 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 the location of the radiograpbic work has been identified the following
requirements shall be satisficd:

(i) Boundarics shall be clearly defined with barriers of rope or other malerials ¢.g.limber.
(i) Warning lights shall be displayed 10 indicale that radiographic cxposure is underway.
(iii) Warning signs shall be prominenily displayed.

(iv) The asea shall be kept under surveillance at al) times during an exposure.

(d) Using a survey meter the radiographer shall check the exposire rate al the site
boundary at [requent intervals Lo casure that the boundary is correcily placed. If the dose
rate caeceds the permissible limit the barricr should be adjusied.

(¢) When operating radiation cquipment the radiographer must take every effort 1o
minimise the risk of over cxposure. This can be achicved oy observing three important
paramcten:

(i) Time (as short as possible ).
(i) Distance { as Cur as possible ).
(i) Shiclding (wse collimator or shiclding matcrials wheaever pussible )

(1) ¢n 1he complciion of work the sadiographes must casure that all radiation cquipment
aRd radiation warRings ar sigas arc removed from 1he site before leaving. The preson in
charge of the arca shall be informed about the completion of ihe job



12.5.1.4.2. Types of open sites
{a) Eully open sites {ficld siles)

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. Warping lamps shail be used all
along the previously determined circular boundary for permissible radiation levels.
Unauthorised persons shall not be allowed to enter this barricr and notices bearing words
such as ‘DO NOT PASS THIS BARRIER < RADIOGRAPHY IN PROGRESS’ must be

displayed.

(b) Parily open sites

A partly open site refers to the radiographic site where the path of radiation is obstructed
by foreign objects or materials acting as shiclding. In tbis case the boundary is not
necessarily circular as in field sites, The shape of the bouadary is dependent upon the
thickness and position of the obstruction.

12.5.1.5. Safety requircmonts for X-rays
12.5.1.5.1. Equipment specifications

(a) The control panel of an X-ray unit should be marked with a suitable warning sign, ¢.g.
*Caution - X-rays. This equipmeni will produce X-rays when energised’

(b) Effective means should be provided 1o prevent and unauthorised use of the equipment.
(c) There should be some casily discernible device on the control paael 10 give positive
information as to whether or not the X-ray tube is energised.

(d) Tbe tube housing should provide adequate protection Lo personncl. At the maximum
specificd rating \he leakage radiation at a focal distance of 1m should not exceed 1 R/b.
(¢) The uait should be provided with a cone or diaphragm to restrict Lhe useful beam 1o

the arca of interest.
(f) An X-ray tube which can be continuously energised should be provided with lcad

shutters. The protection afforded by these devices should be at least equal 10 the 1ube
housing and arranged so that it can be opened and closed only from the contral panel.

12.5.1.5.2. Auxiliary protection devices

{a) all proteclion devices ,appliances and apparatus should be adequate for the purpose for
which they are intended.

(b) pratective lead-sheeting or mobile screens should be mounted in a manner so as o
avoid ~creep” and 1o protect them from mechanical damage.

12.5.1.5.3. Building and inatallation spscilication

(a) In dcicrmining barricr thickncsses the protection provided should be such that :

(i) in arcas occupicd by radiation workers the radiation Jevel does not excecd

1mR /week.
(ii) in arcas aceupicd by aoa radiation workers or the genceal public the radiation

tevel does not cxcecd HimR /week.

(h) In planning an X ray room carcful comvideration should be givea v ecducing to »
minimum the sumber and vize of all pefarations in the protective barricrs and apesings
of the room

() Booevintu X-ray ropms should be s arranged 1hat Ao one can cater such rooms during
capovure withouwt the operator's kbaowledge

M?



(d) Warning lights and /or audible signals should be provided outside the X-ray room access
doors to indicalec when the X-ray tube is about to be energised.

(¢) All doors or panels inlo an X-ray room should be provided with interlocking switches
prevenling operation of the X-ray tube unless the door or panel is closed.

(f) All means 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 Lo reset manually a suitable device
provided for this purposc and located at the operator’s station.

(h) Effective means which can be resel from outside should be provided within the X-ray
room for preventing or interrupling the operation of the X-ray machioe.

Special precautions [ installati

(a) The control panel should be placed and operated from behind a fixed or temporary

barricr of adequate protective thickness.
(b) During X-ray exposurcs all persons other than the control operator should be :

(i) shielded from direct and / or scattercd radiation by a barrier of adequate
protective thickness, or

(ii) excluded from the area around the radiographic site. (This area 1o be
determined by a qualified person)

(c) The area as determined by the above procedure should be demarcated by roping off by
suitable means.

(d) Audible signals should be provided and operated immediately prior 10 radiographic
¢xposure.

(¢} Visible warning signs should be provided and operated during radiographic exposure.

() Whesever practicable the useful beam should be diiected away from the occupied spaces
and the beam cross-section should be limited 1o the smallest arca necessary for the work.

12.5.1.6. Establishment of radicgraphic boundary

44

(a) Inmitial calculations

A preliminary boundary can be estimated if the radiation inteasity al a cerlain distance
fram the source is known. The safe working distance can then be determined by the inverse
squire law. This law is cxpressed as (he cquation :

LWl = 'i'/"n’
wheee,
1, = intensity at a distance 1,
I; = intemnily at @ divtance 1,

Example 1, If the dose rale a1 1 meter from a aource v § R/h, whal is the distance from
the souree which corresponds to a doso rate of 2.5 mR /WY

Let b, = S R/h-SimR /h
1, - | meier
- - SmR/h
9y -



Substituting into the equation,

V(L /1) = WV (5000/2.5)

44.7 = 45 meters.

Example 2 : A 40 Curie source of Iridium 192 is used in a radiographic work. Given that
the dose rate of Iridium 192 is 0.5R/h/Curie at a distance of 1 meler [rom the source.
What is the dose rate received by a radiographer if he stands 30 meters away from the

source?
The dosc rate of Iridium 192 is 0.5 R/h/C at | meter: thus the dose rate of a 40 Curie

source at | meter is 0.5x40R /h or 20 R/h.

I, = 20 R/h = 20,000 mR/h
n Im
r; = 30 m,; = 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
mrem/hr how far from the source should he stand?

r; =V(20000/2) =V10000 = 100 melers

(b) Afier the safe working distance bas been determined make a preliminary boundary and
place radiation waraing signs al the boundary.

r2
r

nowon

(c) Encrgise the X-ray machine or expose the radioactive source.

(d) Check the dose rate at the boundary using a survey meter and adjust the boundary if
necessary. The safe boundary is now established.

(e) For a fully open site, the boundary is circular.

(f) For a partly open site a preliminary boundary is calculated as described in (a) but the
final boundary must be cross checked with a survey meter.

12.5.1.7. Storags of tadiographic cquipment on sitc

Somctimcs radiography is conducted at sitc for & long period of time. la this case
radiographers arc resident in the arca and 1he source or X-ray machine must be properly

slored.

() Stocage for radioaclive SORICCS
If radivactive sources are to be used a specially construcied storage pil is necessary and this
shatl be prepared before 1he sources are broughi to site.

The responsibility over the safety of this pit shall be assumed by authorised persons.
Sulficicat radiation warning notices shall be displayed at the feace as 1o be clearly visible
from all dircctions. The names and telcphone numbers of the responsible persons should
be included together with the company's namc, address and telephoac number.

(b) Storags Lor X ray cquipments

Storage faciliticsfor X-ray cquipment are less complicated than those for radiation sources.
A small lockable store room is swlficicat. This is because once the machine is switched off
ihere will be no radistion emitted. Protection is aaly required agains ihelt or vandalism.

12.5.2. Emargency procedurcs
1282 layoductios

tnduntrin) radiography is an important 1adusirial use of inmisiag radistions and 1he wide

vange of accidents which have accurred illusirate why al) wsors mus cxcscise proper care
ta caie Ihal mo unnccesvary radiation cxpowire takics placo. AbRough various safety rutes

9



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 for the employer or
his appointed representatives (e.g. safety officers) o 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 (o 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
cmployer to cnsure that each radiographer must bave 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 the actual
conditions of cach accident.

Emecrgency situations are most likely 1o arise when jonising 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 lo members of the public and emergency crew are kept
to the lowest practical amount.

(b) ensurc that during emergency operalions ihere is no possibility of ingestion of
radivactive material by any person.

(¢) be specific in relation 1o the equipment, radioactive substance in use and possible
modes of accident.

12.5.2.2. Administrative rcspomsibility

The responsible user named on the licence must ensure that :

() Copies of the emergency procedures are distributed and explained to the operating
personncl.

th) All groups who use and/or store potentially hazardous amounts of radivactive
substance should periodically meet Lo review the emergency procedures and modify them
in the light of cxperience gained.

{c) Emergency equipment is readily accessible to all concerned.

(d) Namcs and iclephone numbers of health authorities are available to operating
personncl.

(¢} Emcrgency measures laken in cach accident are documenied.

The time to think about a radiation accident with radiographic cquipment is before it
happens. This is why detailed emergency procedures should be prepared in advance and a
capy should he available at the site of every radiographic opcration. In handling any
cmergeney siluation the first rule is never (o alicmpt 1o correct i ualess a radiation
detector in proper operating condition is available. I a suitable radiation detector is not
available & restricied arca should be sel up and wasning signs posted. The extent of this will
depend upon the strength of the source and other factors such as shiclding available. No
furthcr action should be taken until proper isstrumcents became uvailable. The sccond rule
i think of steps thiat must be takien to remedy the irouhle and should result in the minimum
personal cadiation expasurc; for this the factars of time |, distance and shiclding must be
wacd 10 the best advanlage.

12924 Emergancy procedurcs iniolving X-ray canipment

Persuns may be accidentally exposed 10 va tistiua rom the X-ray machine. This can hagpen
K ihe maching is unintentially eacrgised while pereans aro within ihe "no entry® barsicr

1%



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

musl be taken :

(a) Action by 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 cstablish the extent of cxposure received by them. If they cannot
remain on sitc 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
mcasures canr be taken to restrict entrance to the arca. This will ensure that the
situation under which the 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.

(h) Action :rvisor

As mentioned carlier in accidents involving ionising radiation the most important thing to
do is to estaolish the extent of the exposure received by persons involved. As a matier of
fact this is the recason 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 at the time
of the accident and for how long the dose reccived by them may be estimated especially in
cases where no personnel monitoring devices are worn, This estimation can be found by
irradiating a film badge placed at the position of the person during the accident at exactly
the same KV and cxposure time. The following actions must be taken by the supervisor:-

If it is suspected that RADIOGRAPHERS ARE ACCIDENTALLY EXPOSED 1o
radiation.

. REMOVE THEM FROM WORKS involving ionising radiation until their exposures have
been eslablished.

i. ASK THE COMPETENT AUTHORITY CONCERNED FOR ASSISTANCE IN
ASSESSING THEIR DOSE.

ii. SEND THEIR FILM BADGES TO AN APPROVED LABORATORY.
in all cases :-

w Make full investigation of the incident, taking writien statemenis from the radiographer
or any other members of public including details of where they were in relation 1o the X-
ray machine and for how long. I it appears that the radiographer may have been
wercapased, aatily an employment medical adviser ar appointed doctor immedintely so
that acecssary medical examination can be carried out.

12.5.2.5. Emgrasacy proscdnscs involving radicactive sonrco(s)

128290 douigea U

Gioagrally speaking, an cmergency sitwation arises when the source is ammed in ns guade
tuhe (fur a projector lype container) of the source is accidentally acparaicd from the
shuticr

Siace work shuyld be conducicd within a pecdetermined barricr and constanl Momineing
ol ke dise s carried oul wsing 8 wrvey meter, the proscace of any unshiclded source
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should

be apparent immediately. In the event of this incident, the following action should

be taken -

(a) Action by radiographers

TABLE 129

lr-192

Cor td)

i. Using a survey meter, MEASURE THE DOSE RATE AROUND THE AREA
AND ESTABLISH A NEW SAFE BARRIER (c.g. beyond which the dose rate is
less than 0.25 mrem/hr.). The survey meter used should be capable of reading high
radiation doscs.

i. RESTRICT ACCESS TO THIS BARKIFR AND DISPLAY A WARNING
LIGHT around it together with a radiatic a warning notice. If barrier materials are
not available “sentries’ should be posted to ensure that no one passes through the
barricr except those engaged in rescue o-crations. Detain any persons who may
have been inside the barrier during the acaident, If this is not possible, obtain their
names, addresses and telephone numbers so that they can be contacted later if
recessary.

iii. THINK AND PLAN CAREFULLY A COURSE OF ACTION while outside the
barrier. Prepare all cquipments required for the rescue operation, cg long
handling 10ngs, shiclding materials, cic.

iv. INFORM THE PERSON IN CHARGE OF THE AREA WHERE THE WORK
IS CONDUCTED. of the mishap and the proposcd action to he taken.

v. ATTEMPT TO PLACE THE SOURCE INTO ITS CONTAINER QUICKLY if
possible by using long handling tongs. NEVER TRY TO ¢ICK THE SOURCE
WITH BARE HANDS. The recommended maximum permissible times for rescue
operation involving Ir-192 and Co-60 sources arc given in Table 12.9. A second
person must stand at the barrier to time the operation and shout when the
permitted time is up,

vi. TRY TO ATTENUATE the radiation intensity using whatever matcrials are
available (c¢.g. concrete block, sand, wood, ctc.).

vii. CALL 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 (¢.g. The Atomic Energy Licensing Authority}

MAXIMUM PERMISSIBLE TIMES FOR RESCUE OPERATION INVO! VING
Ir-192 AND Co-of* SOURCES

Activity Dose Rate at Time allowed
in Ci 1 meter (rem/hr) in minotc (s)
| 148 120

M .46 o,

) 2.40 28

16} 4.80 12

0 9.6d) 6

S0 4.0 2

1IN} 48.0) |

| (LY 46

2 2t n

L) (X} U]
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2 2640 23
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(h) Actign by supervisor

Upon arrival at the scene, the supervisor’s action depends on whether or not the source has
been returned to its container.,

If the 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 their doscs have been established.

Aiii. SEND THE FILM BADGES WORN BY THE PERSONNEL INVOLVED to the
approved laboratory (e.g. SSDL) 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 the radiation arca is under control.

Bit. MAKE FURTHER ATTEMPTS TO RETURN THE SOURCE into its container. If
this fails, a decision must be made cither to continue the rescue operation or obtain an
other container as a temporary shicld for the source.

Biii. WHEN THE SECOND CONTAINER IS AVAILABLE. PLACE THE SOURCE
INSIDE IT. The container must have adequate shiclding propertices so that it is capable
of attenuating the radiation down to a permissible dose. At this stage. a decision must be
madc cither to return the source toits original container with the aid of handling {acilitics
al the hasc or (o take disposal actions. In the latier case, it will be necessary (o contact the
Licensing Authority to obtain further advice.

Biv. The series of actions Ai - Aiv should now be set in motion.

This situation may occur as a result of road ur other accidents. Before commencing any
source rescue aperation, effarts must be made 1o rescue any injured or trapped persons.
The rescucrs must be told about the presence of radioactive materials. Until measurements
have been made with a survey meter, it should be assun-ed that the source is unscaled.
Then carry out necessary actions as stated in Section 12.5.2.5.1,

(h) Ei

In the event of a fire, try 10 remove the container away from the seene. However, if this
is nat passible, abandon i1, and 1ell the Fire Service of the presence of radioactive materials
as quickly as possible. Then commence the series of actions mentioned in Section
12.52.51. (a) and (b).

(c) Minsing or slolen 3o ¢

{0 this case, the following action should be taken :

+ BEGIN AN IMMEDIATE SEARCH using whatever detectors are available.
il )it cannat be found, INFORM THE police, THE SUPERVISOR, AND THE MAN IN
CHARGE OF THE  AREA. IU i vehicle containing a source is missing the police and the

supervisor must be informed immediately.
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(d) Source lost in trapsport

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 1o 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.



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 phrasc , total quality control, ‘quality’ docs not mean best or excelient, it means
meceting 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 are not met.

4. Assessing the nced for changes i Lthe 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:

1. Technological - machines, materials and processes.

2. Human - operators, foremen and other personnel.

The laler 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 te inspect them after manufacture.

In the 1920's statistics were applicd , initially at the Bel) Laboratorics in the USA, in the
development of acceptance sampling as a substitute for 100% inspection. General
acceplance of the techniques occurred during World War 2 when the carly Military
Standards conlaiping quality control clauscs were developed.

Subscquently Qualjly Control lastitutes and Standards Associations were formed. The
Institutes promoted the use of quality control techniques for production and service,
through publications, confercnces and training.

Standards Associations have promoted the developmont of univorsal standards which may
be adopted as part of the quality control process,

123 THE NEED FOR QUALITY CONTROL
Quality Control is requircd because of changing buyer-producer relationships and major
marketplace dewands for quality. These changes can be scen in mounting product and

scrvice Hahility trends and consumer pressures which impact stzongly 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 assurc the nied for quality assurance.
Similarly the changing work practices in factories and offices and the need to competc in
international markets rcquirc 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 (o be educated to
the benefits of quality coatrol , they need tofeel 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 factorics to oversee the quality of products.
These involve staff representatives at all levels who meet for short periods of time c.g. an
hour, every week to discuss the quality control of their 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 woiker, the typist , the purchasing officer and the managing director.

The responsibility for quality begins when markeling determines the customer quality
requirements and continues through o 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. laspcction and Tcst Dopariment

1342,
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Inspection and test has the responsibility to appraise the quality of purchased and
manufactured items and 1o report the results. These results can be returned 1o other
departments so that corrective action can be taken when necessary.

In order 10 perform inspection , accurale equipment is necessary. This means it must be
maintained and regularly calibrated.

Jt is nccessary to continually monitor the performance of inspectors. Some defects are more
difficult 10 find and require more paticuce. Inspectors vary in ability and the defect level
affects the number of defects reported. Samples with known defects should be used to
cvaluate and improve the inspector’s performance. The reliability of inspection can usually
be quantificd and is most ofien affected by the operator not the possible defects in the
component presented for inspection. Education (training) is the most effective way of
improving reliability,

Onality Coatrol Depariment.

The Quality Control Department docs not have direct responsibility for quality. 1 assists
or suppons the other departments as they carry out their reaponsibilitics. The refationship
between the deparimenta and quality control is similar 10 @ line -staff organisational
refationship,

Quality Control appraises the curreat quality, determinos quality problem arcas and assisis
in the correction or minimisation of theso problem arcas. The overall objective is the
improvememt of the product guality in ¢o-operation with the responsible departmeata
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Figure 13.1 Departmenis responsible for quality

13.5. QUALITY ASSURANCE

Definition: All those planned and systematic actions necessary to provide adequate
confidence that the item or facility will perform satisfactorily in service.

It involves a continuing evaluation of the adequacy aad cffectiveness of the overall quality
control program with a view 10 having correclive measures initialed where necessary.
For a specific product ur service this involves verification audits and evaluation of quality
factors (hat effect the production or use of the product or service.

IT IS QUA LTY CONTROL OF THE QUALITY CONTROL SYSTEM

Important functions -
catablishment of qualily standards
writica procedurcs
controf of document flow
mainlaining identity and traccability of matcrials
calibration of equipment
icieation of records

A quality asswrance systom is aa clfcclive mothod uof atiaining and maintaining the desircd
quality dandards. 1t ia based on the Tact that quality is the responsibility of all fuaclions.
These interrclates Cunctioas can be brokea duwn into 10 swbsystoms, as ilustrated in

Figure 13.2.
s
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Figure 13.2 Major clements of a quality assurance system

The quality assurance system is an evaluation or audit of each one of these subsystems (o
determine how effectively the functions are being performed. Evaluations are usuvally
conducted cach year to determine which elements and subsystems need improvement. The
overall rating provides a comparison with past performance or with other planis of a
multiplant corporation.

Inspection alone does not assure quality or,more preciscly, does nol assure conformance
to requirements of the contract or customer order. This applies not only to complex
products such as satelites or nuclear submarines, but also to simple products such as nails
or pipe fillings. Regardless of the product or service involved, the cssentials of an effeclive
quality assurance system include:

1. Independence of the quality assurance department from the design and production
departamenis,

2. Staadards of quality that reflect both the needs of the customer and the charaeleristics
of 1he manulacturing process.

3. Writtea procedures thai cover all phases of design,production, inspection, installation
and scrvice, with o program for continuous review and update of these procedures.
4.Control of the Mow of documents such as order entry, arder changes, speeifications,
drawings, route slips, inspection tickets and shipping papors.

S. Mcthods for maintenance of part idemtity which must cstablish traccability thraugh the
process.

6. Methods far timely detection and segregation of noacoaforming matcrial which must also
include prograns for corrective action,

1. Schedutes for periodic calibration of inspection cquipment.

A.Nchedules for retaining impartaat records.

9 Programs for training a8d qualification of key production and isspestion persoancl.
10. Systema for contrel of specification incorporated into purchase ordess, for control of
the guality of purchined goods and for appeapriate impection of purchased goods



11. Systems for control of manufacturing , assembly and packaging processes, inciuding
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 the area being audited.

13.5.1. Iadcpcadeace of Quality Asssraace Departmest

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 reporis directly 1o an upper level manager such
as gencral manager, vice president or presideat. The quality assurance department should
be free to devise and recommend specific systems and procedures and to ; cquire corrective
action at their discretion.

13.5.2. Establishmeat of Quality Standards

No single quality level is necessary or economically desirable for universal usc; the quality
requirements of a paper clip arc obviously quite diffcrent from those of a nuclear reactor.
Many professional groups, trade associations and government agencics have established
national codcs and standards. However these codes and standards generally cover broad
requirements , whereas a sel 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 gualitly assurance manager to interpret national
codes and standards in terms of the purchase order and from these to devise process rules
uniquely suited to the specific products and manufacturing methods used in that particular
plant. The sct of process rules thus devised may be known by various names: in these
training notes it will be called an ‘operating practice description’. There may be thousands
of opcratiag plant descriptions in plant files, cach varying from the others as dictated code
or customer requirements, limits on chemical composition or mechasical propertics | or
other special characteristics. Large plants may bhave compulerised storage systems
permitling immediate retrieval of part or all of the operating practice descriptions at key

locations throughout the plant.

13.5.3. Writtea proccdurcs

Written procedures are of prime importance in quality assurance. Oral instructions can be
inadequatcly or incorsecily given and thus misundersivod and incorrectly followed. Clear
and concise writtea instructions minimisc the likelihood of misinterpretation.

Vaguc geacralisations that do acither assign specific seaponsibilitics  nor determine
accountability in case of error must be avoided. For instance, procedures should be speeific
regarding the type and form of inspection records, the identity of the individual who keeps
1he reenids, and where records are kept. Similarly a calibration procedure should aot cal)
for calibration at "periodic intervals’ bur should specfy maximum inlcrvals hetween
calibrations. Depeading on the type of equipment | calibration may be performed a
intervals ranging from a few howrs 10 a year or more.

11.5.4. Contr) of documen flow

The original purchuse order, which is often less than one page in leaglh, may goacrale
hundreds of other working papers befure the ordered matesial or part is shipped. Al
paperworh must be accurale and must reach cach work station on lime. In vome industsics
wheic ithere muy be an average of Iwo or more specification or drawing ehanges per oider,
an elfective syxtem of materiel 1raching that is scparatc and distinet from matcial
Wee i icution is secesvary

Control of document Mow places direct responsiiility or depariments aor wsvally asviated
wilk quality comtrol. The sales office ( which is respoasitde far catey of the cuatomer nsder)
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. the production planning group ( which is responsible for scheduling work and tracking
malcrial) 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
specifications, drawings, material sizes, shop operations, shipping and routing. In turn this
file may be accessible from various terminals in the sales office, home office or plant, when
information is nceded on material location, order st2tus and the like.

13.5.5. Maintaining idcantity and traccability of matcrials

In high speed manufacturing operations, particularly those involving hot work, identity
markings on the raw malerial, such as paint marks, stencils or stamps, are 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 traceability of individual units of products by 3 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 |, test reports and centificates of compliance.
This confidence is of great importance in certain applications in the acrospace and nuclear
industrices.

13.5.60. Noacoaforming matcrial and corrective action
A system for detection and segregation of nonconforming material requires:
L. wrilten inspection instructions that can be clearly understood;
2. identified, segregated holding arcas for paris that  bave been rejected: and

V. a structured growp ( sometimes called a materials review board) to evaluate
rejected material, make final judgment on its fitness for use , decide what is 10 be
donc with non-conforming materisl and prescribe corrective action for the cause
of rejection.

{n many instances rejected parts are only slightly out of tolesance and their uscfulness is
notl impaired . Even so, all decisions of a maicrials review board 1o accept nonconf orming
maicrial must be unanimous. { In the absence of unanimity, the problem may be referred
10 top management for a decision bascd on overall business judgment.) lo same companics
. the authority of the materials review board is limited to mercly deciding whether or not
aoacoafarming material is [t for wse. However, in many compasies the board also
determines what is 1o be done with nonconforming lots-whether they are 1o be shipped "as
iv’, sorted, repaiced or scrapped - and fixes the accountahility for incureed Josses. When
corrective action is rccommended by a materials review board, itis usually systems orieated
- that iy, intcaded 10 prevent cecurrcace of the noacanfarmity by avoiding its cavse. Ia
instunces where a lothas been rejected becauss the acceplance number fur & sampling plan
Ras been cacceded, decivioas coaccraing dispusitioa of the Lot ofice arc made on the basis
of conts, the sulution that results in the least total cost to both producer and customer is
adupicd. Somctimes, matcrial that is slightly out of tolcrance and therefore mot it (or use
by ore customer may meel the specifications of another customer.

1437 Calibsatioa of cquipment

The quatity aawdrance sysiem must revoguine Thiot 1he accuracy and sepeatabibity of
Meariing and 1osting cquipment may be affccicd by continucd vae ; matimum intervats
between calibrations should be apecificd i the writlen quality avierance procedues
Except perhiaps (or amall hand (Rstruments , vuch or micromelion, cach teating mechise o
imatiumcst should be plainly labellcd with ihe lang date of calibyation Calibsation standards
should be sraceatde 10 recognised industry or aational standards of mcaswrement I8 i atso
devssable 1o mainiain 4 ceniral file of calibration sceonds Fur cach plant ar depesiment



13.5.8. Retention of records

A quality assurance system muost designate which records are 1o be retained and must set
down minimum time periods for retention of such records. It is usual for important
documents (o be retained for 25 years or more; the nuclear industry is required to maintain
records for 40 years. Retention time , however, shcald 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 ycar old structure prior to repair was avoided when the fabricator was able to
produce original drawings and malerial test reports.,

13.5.9. Personacl training and qualification

13.5.,0.

1.5.11.

National codes exist for the qualification of certain specialised workers |, for instance
welders and inspectors. When agplicable, codes should be incorporated  as minimum
requirements fos training and qualification of key personnel. All of these , however, must
be supplemented by local written procedures for bath on-the-job and classroom training.
Quality assurance management must reduce complex procedures 1o the simplest form that
will permit a traince to understand exactly what the job is and how it is to be performed.

Control of parchascd matcrial

All specifications and orders for outside purchases of material whose performance may
affect product quality should be subject to approval by quality assurance management.
Inspection of incoming malcrial should be incorporated into the quality assurance program.
The main purpose of receiving inspection is to check for failures of vendor quality
programs, but receiving inspection should not be expected to compensate for poor quality
contral by vendors. The purchases should evaluate and periodically audit the quality
assurance system of cach major supplicr to make sure that the purchased matersial can be
cxpected 1o have the specificd level of quality.

Periodic Audst ( Quality Audit)

A periodic audit or quality audit of the system performance against written standards is
nceded to detect carner - cutling, noncompliance and intcntional violations of ¢stablished
quality procedures. To be as unbiased as possible |, such audits should be performed by
persons not having responsibility in the arca being audited. In compaaics having multiple
plants |, cach individual plant may conduct its own internal audit , but in addition should
be subject 10 audit by corporate staff personnel. The most important aclivitics of corporate
ataff, avide from auditing, arc review of the quality system with the highest level of plant
management and follow up to approve corrective acticn for any discccpancics found during
an audit,

Periodic review of the quality ansurance system and reaffirmation of quality objectives by
top manegement should be part of company paolicy. This will in part casure long rasge
viahility of the buvincss enterprise.

N I
Oclinniva. An independent evaluation of vasious avpects of quality pedfurmance Lo provide
information with reapeet 1o that peformance.

Quality audits arc uwally made .
ty companies to evaluate their owa qualin performance
by buyers 1o cvalwate the peiformance of thoir veadon
by scgulatory ageReics to evaluate the porfurmaence of crgamizations which they
wre anvigaed 1o regulale

Putpose of andit 1o provide avsursuce thal
prosedures (or attainimg quatity arc auch 1hat § followed the intended quality will be
vhaing!



- products are fit for use and safe for the user.

- laws and regulations are being followed.

- there is conformance to specifications.

- written procedures are adequate and are being followed.

- the data system is able to provide adequate information on quality.
- corrective aclion is being taken with respect to deficiencies.

- opportunitics for improvements are identified.

For an internal quality audit typically the organisation is divided up into its component
parts and cach arca is audited. The time taken depends on the size of the organisation. For
a small NDT organisation one could audit the lollowing

- documentation of NDT procedures

- control of stores

- receipt of job instructions

- purchasing of cquipment and accessorics

- maintenance of equipment and accessories
- calibration of equipment

- contract administration

- safety

- accounting

- office administration ¢.g. wages, leave, superannuation
- reports and records

- codes and standards

- organisational structure

- research and development

13.6. QUALITY CONTROL APPLICATIONS OF NON DESTRUCTIVE TESTING

Quality control of manufactured goods is accomplished by mecasuring dimensions,
propertics or other characteristics, comparing the measurements with predetermined
slandards and varying the manufacluring 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 fold - costs were incurred to make the product, yet
no profit can be made from its sale. However if the same information can be oblained
without destroying the part , even if only as an indirect measurement, then the part can
be sold for a profit after it has been tested. The commercial incentive to fesl non
destructively is lurge when small quantitics and large profit margins are involved and is
crucial with onc of « kind products.

Various methods have been developed for accurately and reliably measuring characleristics
of parts without affecting their commercial value, Many of these arc indircct methods |, but
they have pained wide acceplance as toals that can aid both management and production
personacl in reducing costs and improviag product quality. Also use of mom destructive
inspection has become necessary as 4 means of mecting cerlain legal aad contractual
requirements fffecting the production and sale of a wide varicty of manwlactured producis.

Factorn that conmribuie 1o the reliable application of several of 1he major procasses of son
destruclive inepection are comsidered later.

el Quality of inspection

A with all production proccsses many quality cossideration munt be applicd to Ihe comtrad
of mon deatruitive impection processes 1o camure (thal the infarmation beisg swpplied from
them iz accuiale , timely and germane( ic. rclevant). One of the grealeal prablems of son
destryctive inspection s been misapplication which wawally meant ihat the wiveg
islosmation win aupplicd Thua mus deatructive inepection rometimes has had oaly limired



uscfulness 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
10 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 thesc prerequisiles is not met |, there is a potential for error in meeting quality
objectives . For instance, with inappropriale equipment or with a poorly trained operator
. gross crrors are possible in detecting and characterising flaws . This is of particular
concern if it means chronic failures to detect flaws that seriously impair scrvice
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
are understood. only then is it practical to define the non destructive inspection that should
be used. For iostance, 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 ratiation beam will
usually not be detected. Even when the direction of zrain flow is known it may be difficult
to orient the radistion beam properly but it is usually casy and effective Lo inspect the part
plirasonically.

An used in non destructive (esting and quality control, the term *defect’ means a de.ectable
lack of coalinuity or a detectable imperfection in a physical or dimensional attribute of a
part. The fact thal a part contains onc or more flaws does not necessarily imply that the
part is aon conforming (o specification or is unfit for use. Similarly the term * non
conforming ' mcans only that a part is deficient in one or more specialised characteristics.
It should mot be automatically assumed that a nos conforming part is uafit for usc. In many
instanccs & non conforming part is entirely capable of pecrforming its inlended fue.ion
cven in its son conforming comdition. In other instances a aon conforming parl can be
reworked 1o make it conform to specifications. Of course sometimes a non conforming part
can acither be uscd mor reworked and must be scrapped.

11.6.2. Heman faclors

Education of wll levels of persoanc) engaged in non destructive inspection , including
formal training and cestification in accordance with goveramenl , techmical socicty or
industry standirds, is probably the greatest single factor affccting the qualily of aon
destenctive inspection. All methods of mos destructive inspection are highly depeadent un
operators far obtaining and intcrpreting dats. Inadequate cducation of personact
popardises the reliability of inspection. This applics cven 1o automated inspection which
is controlled by the accepi-rejeet eriterin programmed isto the procoss. Automatic dute
analysis techaiques must be ostablished, proves amd monitored by competcnt aon
deatructive imvpection personne). In gencral inspection showld be pedformed by penoanct
who are trained 0 the national cquivalent of 18O DIS 9732 Level 2 in the particular
:mh;xd being weed. Supervirnry pervonncl whould Rave skil) cquivaleat to 150 DIS 9712
tvel 1

The effcete of uman facion oa 1N aon doutructive impection pracess aho must he
comidered 1 has beon found INrough independent statistical sindics that Jfferemt prople
have widely diffcring abilitics 1o find all the Flaws in a par, cven when e same aon
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destructive process and specific inspection procedure is used. This variability is vsually
more pronounced with small flaws, There is also a pronounced variation in the cffect of
factors such as heat, lighting , ventilation , fatigue and attitude on the performance of
properly trained and qualified operators. As a result of these studies, confidence curves
have been established showing the probability of detection versus defect size for cach of
the major non destructive inspection processes. Human factors should always be considered
by the design engincer when setting maximum allowable defect sizes and by quality
engincers when sctling accept-reject criteria,

13.6.3. Acccplaace limits

The sctting of accept-reject criteria is important to the quality of non destructive
inspection. Limits that are too strict unnecessarily increase both manufacturing and
inspection costs, and often require special manufacturing techniques to meet the strict
acceptability limits. Acceptance limits arc uswally indicated on the design drawing or
specification. Often, however, these limits have been selected arbitrarily. [t is a function
of quality engincering to review acceptance criteria, ascertain that they are appropriate and
can he met in production, and then approve them. It is often necessary, after production
expericnce and reports of service usage have been oblained |, to review acceplance limits
to sce if changes arc needed. An acceptance limit that is oo strict increases cost , but one
that is too lax can coatribute to lailurc to mect scrvice requircments.

Fracturc mechanics can he used to establish acceptance limits for critical paris , because
it describes product per{ormance in terms of the size of any flaws that might be preseat and
can aid in establishing whether in scrvice inspection i nccessary. Fracture mechanics
studies usually are underiaken only for critical parts becausc such studies arc cxacting and
cxpensive. Imspection 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 that might be missed that ultimaicly determines the reliability of a part.

13.6.4. Inspcetion Standards

Inspection standards should be established so that decisions 1o accept, rework or scrap
parts arc based on the probable cffect that a given defect will have on the service life or
product safely. Once such standards are established non destructive inspection can
characterise flaws in terms of a real cffcet rather than on an arbitrary basis that may
impose uscless or redundant quality requircments.

Maost non destructive inspection methods rely on a reference standard 1o define acceplance
timits or 1o estimate defeet sizes. However there of ten is no recognised universal standard
that can be used on diverse products or o satidfy varying inspection requirements of
individual uscrs, For instance, ultrasonic inspection in widely used 1o inspeet adhesive -
bonded structurcs, yet the varicty of desigas, materials and adhesives that are vsed do nol
permit & atandard reference pancl that is universally aceeptable to be produced. Under
normal circumstances , produccr and consumer agree in advance as 10 the design of the
refurence standard and 1o the procedure for using .

13.60.5. Effcet of manwlactering opcrations

I in difficutt 10 define the beat point in o sequence of manulaciuring oporalinns at which
imspection should be perfarmed. Obvinualy, there vhould be some type of final inapection
alter ald manufaciuring operations hiave heea completed . However, fiaal inspection s often
Fiut From aptimal as rcgards cither quatity of inspection ar aveeall cecomomy of marufactuec
In maRy instance il ie casicr, more ecliable  and mare coonomical 1o perform timited
inspection at cach of several poirta in the meawfaciuring vequence raiher than perfarming
all invpection @ the crd of the wwynenee

In geaceal, the prirciples linted below ahould be followed whes ehoasing the poing of
RpeChing.



1. Inspect raw material for flaws that may have been missed by the supplicr’s inspection
and that can interfere with manufacturing operations or will reduce performance of the
finished part.

2. Perform intermediate inspection following cach operation or series of operations that
have a significant probability of introducing serious flaws,

3. Perform intermediate inspection when the part shape affords casiest access to the region
to be examined.

4. Limit the extent of aon destructive inspection 10 detection of flaws having a size , type
and location that will significantly affect subscquent manufacturing operations or service

performance.

S. Use different inspection methods to detect different types of flaws particularly when no
single mcthod yields an optimal balance between inspection costs and sensitivity to the
varions types of flaws that may be present.

6 Perform final non destructive inspection only to detect those flaws that could have been
introduced after the last previous inspection or to serve as a check (audit) of intermediate
inspection.

Characteristically, non destructive tests are casiest to perform and mast cffective when
applicd 10 incoming stock or al intermediate points in the manufacturing process rather
than at final inspection. From the standpoint of manufacturing cconomy it is foolish 10
expend time and effort processing parts that already contain flaws that exceed allowable
limits. Consequently it is desirable to find non conforming parts and remove them from the
normal process flow as soon as possible alter the non conformance is introduced. Of
course, cach set of operations will be different from all others and cach situation shoutd
be studied to determine where in the manufacturing sequence non conformance can be
detected with greatest effectiveness and least cost. Points of greatest effectiveness may not
coincide with points of least cost so trade offs to achieve optimal balance may have to be
made. In some instances, a highly sensitive non destructive test method cansot be
cconomically  justificd. Usually a less costly method can be substituted but with an
accompanying reduction in scasitivity.

13.6.6. Quality Manuals

A Quality Manual is 8 document which fays down the basic policies and principles on which
the Iaspection Group functions and provides the coordinating links with the other more
detailed collections of operating procedures |, resource information und data upon which
the tnspection Group's quality depends. 3t is a working document describing the reality of
the group’s operations for use by both management and staff.

Typical clements of a Quality Manual are:

1. Table of contents 10.0perational procedurc

2. Amcndmeat of records H.Contral of test Hems

Y Inireduction 12.Teat records

4. Management of quality ayrtem 1. Diagnmlic and corrcclive aclions
§ Deseription of group and its funchien . Teat reparts

O Siall 1S Subcantracting

7 Equipmem 16.0ccupatinnal kealth and safcty

K Teating cavironment 17 Propeicty righta and conlidemtiazlity
2 Teol methads I Accreditations held

LA



14. ORGANISATION AND ADMINISTRATION OF NDT

The responsibilities of the owner or manager of an NDT company arc:

14.1. RESPONSIBILITY FOR FINANCIAL STABILITY

Primarily thc manager has to be concerned about the profitability of his company. To
achicve that he must have a complete understanding of his operating costs so that % &nows
the dircct cost of every job he undertakes and how o apportion his indirce( costs as an
overhead to every job. A cost analysis has Lo be carricd oul to determine the total cost of

a scrvice or product.

14.1.1. Cost accounting
Total cost compriscs three clements:
i) Matcrial cost, i) Labour costs (wages ), and ici) Expenses i.c. the cost of services
provided including the notional cost of owned asscts.
Each of these clements can be further divided into two parts :
1) Dircct costs, and i) Indirect cosls.
Dircct costs are those costs which can be identificd as having been dircetly incurred in
carrying out an inspection on behalf of a clicnt and can therefore be allocated dircctly to
a cost unit or cast centre. Indirect costs cannot be convenicntly allocated (i.c. dircctly
charged) but can be apportioncd or absorbed by cost units or cost centres. Indirect
cxpenses arc known as ‘Overheads’ or *On Costs’. These overhcads may be divided on a
functional basis. For cxample, in the casc of a company manufacturing a product as (1)
Works at Factory costs, (2) Administration and office costs, (3) Sclling costs , and (4)
Distribution costs.
The total cost can be tabulated as follows:
Total costs
Dircct costs Indirect costs
: (overheads)
Dircect Dircct Direct Indircet Indircct Indircct
Materials Labour Expenses Materials  Labour Expensces
Manufacturing Adm, Sclling Distribution
Expenscs Expenscs Expenscs Expenscs
14.1.1.1. Dircet Matcrials

Raw matcrials , semi finished materials or componcenis which become part of a product are
known as * dircet materials . * They go into the product ¢.g.cloth in garments, timber in
furniture, Jeather in shoes, pig iron in a foundry, spare parts und components of assembled
products such as cycles, radios, cars cic. 1t also includes primary packing matcrials such as
cartons, polystyrene foam, adbesive tape, staples cte. However if @ material forms part of
u product but is of acgligible value |, it may be treated as * indirect material’, The cost of
dircet materiads inc'udes not only invoices but also cxpenses direetly incurred in acquiring
them, such as carriage inward, customs duty, clearing charges cte, Where i in not practical
or convenient 1o charge these purchase expenses to dircct materials, they may be included
an preduction overheads.
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14.1.1.2. Pircct Laboyr

All lTabour expended in construction or altering or shipping a product may be regarded as
* dircct labour’ and remuncration paid (o it as * dircct wages . This includes the time
workers engaged in actual production or in carrying out an opcration or a process It docs
not include scrvices of attendants, scrvicemcn, supervisors ctc. Howcever if the time is spent
by a supcrvisor or inspector on a particular job it may be trcated as direct labour. Any
dircct labour cost which is insignificant such as trainces may be considered as indirect
labour.

14.1.1.3. Dircct Expenscs or Chargeablc Expenscs

Thesce are expensces other than direct labour which are specifically incurred for 2 product
or process. These expenses are:

(1) Hirc charges, repairs and maintenance of special cquipment 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 (6) Excisc duty (7) Royaltics, and (8) Travel expenses connceted o a job.

14.1.1.4. Qverheads

Overheads are the aggregate of indirect material, indircct labour and indirect expenses.

14.1.1.5. Jadircct Matcrials

Matcrials which do not form part of a product arc indircct matcerials, c.g. consumable
stores, lubricants, cotton wastc, chemicals added in the production process, stores required
by sc¢rvice and maintenance departments. The dircct material which is of very small value
may also be treated as * indircet material * e.g. threcad in dress, nails in wooden box
cte. Costs of indirect materials cannot be allocated to cost units but are apportioned on

some cquitable basis.

14.1.1.6. lndircct Labour

Wages paid to persons who facilitate or assist the dircet labour in a manufacturing process
arc known as * indircct labour costs '. Examplces arce services of supervisor, inspectors,
instructors, repairers and servicemen, stores personncl, drawing office personacl, clerks and
typists in the office, service department personnel, trainees, apprentices, time office staff,
cte. Indirect wages are apportioned on the basis of the benefit reccived indircctly by cost

centres.

14.1.1.7. lndircet Expcascs
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These include expennes which cannot be allocated but can be apportioned to or absorbed
by cost units, such as rent, tax, depreciation on buildiags and furniture, insurance, welfare
expenses, depreciation on plant and machinery, power and fuel, advertising, show room
cxpenses, rescarch and development expenses, office expenses cte.

Overheads are analysed and grouped into:

1) Production overheads

2) Administration overheads

1) Sclling and disrivation overheads

Again when marginal costing principles are to he applicd they are subdivided into

1) Fixed overheads
1) Semicfimed overheads
1) Variahlc averheads



14.1.1.8. 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 matcrial consumed d *
Direct wagces * *
Dircct expenses * *
Prime cost * *
. L

Add Factory overheads

Works cost .

Add Admin. overheads ¢ *

Cost of production * *

Add sclling and distribution ovcrheads * *
L] .

Cost of sales

14.1.1.9. Mcthods of collccting and prescoting costs

The mcthods of collecting and presentiog costs vary with the type of production to be
costed. The methods cmployed fall into two groups:

a) Specific Order Costi
1) Job costing

2) Batch costing

3) Contract costing

b} Qpcration cesting

1) Process costing
2) Service costing

The basic costing method adopted thus depends on the nature of activity being carried oul
by the organisation. Given this basic method there is then a choice open as 1o the way in
which the information is to be presented for control purposes. * Marginal costing’ may be
employed or * actual costs may be asccrtained and variance accounting may be adopted.

14.1.1.10. Exampls.of simplificd costing of NET toat

Cost of equipment including installation charge
Opcrating crew Level 1
Level 2
Power consumption
Discct cxpennes

Caleulati ( \
i {4) Wages

(b) Power

(¢) Consumables

(d) Repairs and maintenance

Prime -ost



Add Faclory overheads

Depreciation @ 5%(?)

Sharc of factory cxpenses( salary, lighting,
rent cte.)

Return on investment @ 10%(?)

Works cost

(@
( Distributcd on the opcrating hours availablc)

Cost of production

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 clc.

14.2. RESPONSIBILITY FOR SAFETY

He is responsible for the safety of his staff and of the public. This means that he must be
awarc of and implemcnt:

- Government regulations with regard to hygicne, buildings, scaffolding, usc of radioactive

equipment, usc of clectrical cquipment, ctc.
- Proper care and handling of hazardous materials( toxic and inflammable).

- Provision and usc 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 1o
specialise in only one type of NET or cover all methods, specialise in only once industry or
try to be gencral. What docs he want his organisation 10 be doing in ) year's time, 3 year’s
time 10 year's time eic. What is the market place doing i.c. trends which can give him
busincss opportunitics. What staff does he  have ? What are their strengths  and
weakacsses ? Is training required or will he steal staff from other organisations when

required?

14.4. RESPONSIBILITY FOR ORGANISATION

He is responsible for effective management systems leading 1o locating work, costing and
submitting bids, programming work( siafl, cquipment ), ensuring successful completion,
coricot reporting, correct invaoiciog , cnsuring payment of all accounts, chasing bad debts
. buying new cquipment, carsying outl rescarch and development to produce new lest
procedurcs, hiring and firing of staff, maintaining cquipmeni, conducting quality audits,
excreiving techaical controlelc.

14.5. RESPONSIBILITY FOR QUALITY ASSURANCE MANUAL

e in reaponsible for the development of the Quality Assurance Manual for his
organivation. This Marual should .
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- detail all the policies ,procedures and practices of the organisation and give cross
references to other organisation documents.

- be a working document for all his staff.

- contain instructions for its own review and updaling as practices or policies change.
- be the basis for self audit of the organisation by management.

- describe procedures for training staff and monitoring their performance

- deseribe the job dutics | authority and responsibilitics of cach of the key technical and
managcrial positions in the staff structurc .

- deseribe 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 traccable link between the
test and the report to allow repeatability.

- indicate which calibration records must be kept and by whom, For example , records of
- UT equipment
- UT probes
- intensity of black light
- colour intensity of penctrants
- efficiency of used emulsifiers

- system checks with reference testpieces

- state who is responsible for check viewing of radiographs and how many radiographs have
to he checked and where the result of the check is recorded. e.g.

- repetitive work -29% checked

- geacral jobbing work - 20% checked

- state who is responsible for visits 1o site to check ultrasonic work and where the records
of the visits have to be recorded.

- nlate wha is rcaponsible for checks on developer sircagth and temperature.

- stiate whao is responsible (or checks fos compliance with the sensitivity requisements of
codes,

- slate who s responsible Tor routine checks of the ficld strength in mugactic particle
testing using poriable flux indicators or magactic ficld melers.

1.6 RESPONSIBILITY FOR TEST METHOD MANUAL AND FOR ENSURING THAT TEST
METHODS ARE FOLLOWED

The Test Method Manuat should contain copics of all standard test procedures. in addition
all sedl pedforming a 1est muet have @ copy of the relevant code, standard or test
procedure and procedurcs must be followed cxuctly. Any modifications 1o stasdard
procedures are only acceptatie W the effccta of the modificaions have beea documented
and can be justificd tcchmically. Ary vaciations muat be aoted and sckeowlcdged in teat
documents. Frocedwics must ahvo be in place to update codes and vandards.

Auy intcimal vy proceduscs, proceduies which are aut covered by coder, @t be
documented and verdicd.

m
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