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F O R E W O R D

This second edition of the manual on industrial radiography supersedes the original edition published in April 1970.

It is intended to fulfill a two-fold purpose:

(a) as a source of educational material to personnel who are interested in seeking certification as industrial
radiographers according to the requirements of CGSB Standard 48-GP-4M, Certification of Nondestructive
Testing Personnel (Industrial Radiography Method).

(b) as a guide and reference text for educational organizations and training centers that are providing or
planning courses of instruction in industrial radiography.

Comments on the manual and suggestions for its improvement will be welcomed. They should be addressed to the
Canadian General Standards Board, Ottawa, Canada K1A 1G6.
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Chapter 1

MATHEMATICS OF RADIOGRAPHY

1.1 SIMPLE EQUATIONS

A simple equation is one that deals with knowns and one unknown. An example of this type is Ohm's law which
is expressed mathematically as:

where: I is the current in amperes
E is the potential in volts
R is the resistance in ohms

Therefore, if the values of "E" and "R" are known, it is easy to solve for " I " .

Example

If 'E' = 120 V and 'R' is 30 fi, what is the value of 'I'?

Solution

Similarly, either 'E' or 'R' can be calculated by rearranging the equation so that th«t unknown quantity or factor
is on the left of the equal sign and all the knowns are on the right. The rearranged equation would then be
E = I x R, or R = E/l, respectively. It is to be noted that when a factor or expression is transferred from one
side of the equal sign to the other, its sign must be changed, i.e., plus to minus or multiplication to division, or
vice versa.

Examples

(a) x + 5 = 12

x = 1 2 - 5

= 7

(c) x - 4 = 10

x = 10 + 4

= 14

Obviously, if the whole equation is 'reversed' so that the unknown is on the right side, no changes in the signs
need to be made.

1.2 FRACTIONS

Regarding fractions, the following rules apply:

(i) To multiply a fraction by a whole number, multiply the numerator of the fraction by the whole number.
Then, write this product over the denominator of the fraction. Always reduce the answer to lowest terms.

(b)

(d)

4w

w

y
4

V

= 20

= 20*4 or

= 5

= 12

= 12x4

= 48

20
4



1.3

Exampje

3 (numerator)
-r , . . . x 24 (whole number)
4 (denominator)

| X 2 4 = ? = 18
4 4

(ii) To divide a fraction by a whole number, multiply the denominator of the fraction by the whole number.
Then write the numerator of the fraction over this product.
Reduce answers to lowest terms.

Ratio provides a method of comparing quantities. Thus an expression showing the relationship between two
members or quantities is called a ratio.

4
The ratio of 4 to 2 is 4 -s- 2 or — .

Ratio can be written in another form by using a symbol. This symbol is the colon (:); hence instead of using words to
write "The ratio of 4 to 2 " we use the symbol (:) and write (4:2). It should be remembered that a ratio can be

A

written as a fraction. Hence 4:2 can be written — . Consequently, since ratios can be written as fractions, we can:

(i) divide each term of a ratio by the same number without changing the value of the ratio.

12
Hence -r^- can be changed to 3/4 if we divide both terms by 4.

ID

(ii) multiply each term of a ratio by the same number without changing the value of the ratio.

5 5 55
Hence •—• can be changed to ^ T ^ J T if we multiply both terms by 10.

1UU 1UU01.4 PROPORTION

Proportion is an expression of equality between two ratios. Suppose we have two ratio expressions 6:12 and
7:14. We know that the ratio of these expressions is 1/2 for both which means that they are equal. It is there-
fore possible to write these expressions in such a way as to show that they are equal.

6:12 : : 7 : 1 4

This expression is called a proportion. Proportion must be made up of two equal ratio expressions. The propor-
tion 6:12 = 7:14 is read as 6 is to 12 as 7 is to 14.

6 7
Furthermore, we can write this ratio portion in fraction form TTT = -.-r •

12 14
In an expression such as 6:12 '.'. 7:14 the two outer numbers are known as extremes and the two inner numbers
as means.

extremes

means

Thus 6 and 14 are the extremes and 7 and 12 are the means. It will be noted that the product of the extremes
(here 6 x 14) is equal to the product of the means (here 7 x 1 2 ) . This must always be true in any proportion.



fi 7
If the proportion is written as a fraction r r = - T J , the above still holds true because 6 and 14 are the extremes

(6x14 = 84) and 7 and 12 are the means (7x12 = 84). Because these products are always equal in any propor-
tion it is possible to find any part that may be missing. For example, find the missing extreme in 6:12 = 7: ?

Product of the means 7 x 12 = 84

Divide this product by the known extremes (here 6) . . 84 * 6 = 14.

Thus: to find the missing extreme, the product of the means must be divided by the known extreme. Similarly,
the product of the extremes divided by the known mean will give the other mean.

1.5 SQUARE ROOT

The square of a number is the answer obtained when the number is multiplied by itself. Thus, 16 is the square of
4 and 36 is the square of 6; 5 squared is 25 and 12 squared is 144.

The number that is multiplied by itself to obtain the square is called the square root. Since 12 x 12 equals 144,
we say that 12 is the root of 144.

Finding the square root or extracting the square root of a number is an operation that enables you to find the
smaller number which, when multiplied by itself or squared, gives that number.

The symbol used to indicate square root is y/ ; for example, V 4 4 means the square
root of 144.

1.5.1 Conventional Method of Determining the Square Root of a Number

Example

Find the square root of 2116

1st. Starting from the right, separate the number into parts of two figures each, by a comma.

hence 21,16.

2nd. Place the symbol about the number

hence V21.16

3rd. Look at the first part at the left (which in this example is 21). Determine what number multiplied by
itself or squared will equal 21 or be a bit less than 21. In this instance the number is 4 (4 x 4 = 16)
since 5 (5 x 5 = 25) is too great for the part.

4th. Square the number and place the result under 21. The square of 4 is 16.
4

N/2TT6
16

5th. Subtract the 16 from 21. This gives you 5 and bring down the next part which is 16, placing it beside
the remainder 5; giving 516.

4

16
516

6th. Multiply the value 4 already obtained, by 20. This gives 80 which is the first trial divisor. Write 80 to the
left of the line.

4

80 16
516

48-GP4M



7th. Divide 516 by 80. This gives 6, with a remainder. Add this 6 to 80, giving 86.

4
80 v/21,16
_6 16
86 516

8th. Multiply 86 by 6. This gives us 516. Write 516 to the right of the line under 516. Write 6 as the second
figure of the root.

Subtract
4 6

16

Rfi 5 1 6

8 6 516

Since there is no remainder we say that the square root of 2116 is 46. This of course can be readily
verified by multiplying the figure by itself.

Hence 46x46 =2116

Other figures you may use for purposes of practice are: 3025,6561, 9604,4900, 1849,1225.

The Newton (Trial-and-Errar) Method of Determining the Square Root of a Number

— trial-and-error method is simple and fast

— method can be best explained using an example

Example

Find the square root of 731

— we know that the square of 20 is 400 and the square of 30 is 900; therefore, the square root of 731 lies
between 20 and 30. Therefore, the first step is to find two numbers that, when squared, one will be greater
than 731 and one will be lesc.

— 731 is closer to 900 than 400, so the square root of 731 will be closer to 30 than 20

— the next step is to take numbers close to 30 and square them to see how close they come to 731. Let's
square 27 and 28.

27
x27
189
540
729 729

28
x28
224
560
784 784

— checking the result, we see that the square root of 731 is slightly larger than 27.

— continue narrowing down the number to the accuracy you want. Let's see how close the square of 27.2 is
to 731.

27.2
x27.2

544
19040
54400
739.84 739.84 is still too large

48GP-5M



- try 27.1 27.1
x27.1

271
18970
54200
734.41 734.41 is still too large

- try 27.04 27.04
x 27.04

10816
1892B00
5408000

731.1616 731.2 is very close

- simply keep multiplying numbers to get as close as you want to 731

1.6 EQUATIONS INVOLVING POWERS OF NUMBERS

The relationship of radiation intensity to distance is given by the following equation:

'o D2

where: I is the new intensity

l o is the original intensity

D is the new distance

Do is the original distance

An equation of this type can be solved if it has 3 knowns and only 1 unknown. However, it is slightly more
complicated than our original equation in par. 1.1 because two of our factors (D2 and D0

J) are exponential
expressions (i.e. they are taken to the 2nd power, the '2' being called the 'exponent').

Again, to solve such an equation we transfer the factors so that the unknown is on the left and all the knowns
are on the right of the equal sign. For example, referring to the above equation and suppoiiing we wish to find
the 'new' intensity if the distance is changed, we would use the form:

D o 2 ,

or simply, I = —P-——

Example 1

If the original radiation intensity and distance are 100 units and 2 m respectively, what will the intensity be
at 4 m?

= _4_x 100
16

= 25 units

GP-5M



It should be noted that by doubling the distance we have 1/4 of the original intensity. If we wish to change the
radiation level by changing the distance we can rearrange the above basic equation.

to D = V D o 2 x l o / l

Example 2

If the original radiation intemity and distance are 300 units and 2 m respectively, at what distance will the
'new' intensity be 3 units?

Using the above equation, we have:

The above relationship of intensity to distance is known as the Inverse-square law and is very important in
radiography.

Further complication of the simple original equation is given by having the unknown as an exponent. For
example, in barrier thickness calculations, an equation of this type is used and may be in the following form:

2 n = R

where: n is the number of HVL

R is the reduction factor

(HVL or half-value layer denotes the thickness of any given material that will reduce the radiation intensity
to 1/2 its original value and 'Ft' or reduction factor is numerically equal to the ratio of original intensity to
the 'desired' intensity.)

If the original radiation intensity is 80 units and we wish to reduce this to 10 units, how many HVL are
required?

Solution

lo
Since R = 7—

= 8° = 8
10

and 2 " = R = 8

by inspection we can solve for 'n' and find that it is equal to 3. However, all problems are not so simple and
we must resort to a 'scientific' method of solving such problems. Again, using the above example:

2" = 8

48-GP5M



and using logarithms (see par. 1.9) we have n log 2 = log 8

log 8
or n = , ,

log 2

By referring to a table of 'logs' or a special scale on the slide rule, we find that log 8 = 0.9041. Similarly,
log 2 = 0.3010. Therefore,

_ 0.9041

0.3010

1.7 POWERS OF TEN

The powers of ten or 'engineer's shorthand' is a simple way of expressing very large or very small numbers.
For example, 37,000,000,000 would be written 3.7 x 1010 and 0.00032 would be written 32 x 10"5 or
3.2 x 10"4. In using the powers of ten, the laws of exponents must be observed. That is, in multiplication,
the exponents will be added, and in division, the exponents are to be subtracted. It is apparent that like
exponents in numerator and denominator may be cancelled. Also it should be noted that powers of ten may
be transferred at will from denominator to numerator, or vice versa, if the sign of the exponent is changed
when the transfer is made.

(a)

(b)

(c)

Ml

103 X

1 0 ' ^

10s

i o " 5 "

6 x

10f> =

10 4 =

1

10"

103 + «

1 0 7 * 4

= 10*

= 103

! v in'

1.8 The information given in the foregoing paragraphs can be applied to typical radiographic problems involving
the relationship of distance, time and radiation intensity. The necessary calculations for any changes in focus-
film distance (d), milliamperage (m), or time (t), are matters of simple arithmetic and are illustrated in the
following examples. Kilovoltage changes cannot be calculated directly but must be obtained from the exposure
chart of the equipment or the operator's log-book.

1.8.1 Milliamperage-Distance Relation

The milliamperage employed in any exposure technique should be in conformity with the manufacturer's
rating of the X-ray tube. In most laboratories however, a constant value of milliamperage is usually adopted
for convenience. The milliamperage (M) required for a given exposure is directly proportional to the square
of the focus-film distance (D). The equation is expressed as follows:

M,: M2:: D1»:D,».orgl- = %

Suppose that with a given exposure time and kilovoltag*, a properly exposed radiograph is obtained with
5 mA (M,) at a distance of 12 cm (D , ) , and that it it desirad to increase the sharpness of detail in the image
by increasing the focus-film distance to 24 cm (D 2 ) . The correct milliamperage (M2 ) to obtain the desired
radiographic density at the increased distance (D2 ) may be computed from the following proportion:

48-GP-5M



5 : M2 :: 12' : 24' or ± = g l

M, x 121 = 5 x 242

242

M2 = 20 mA

When very low kilovoltages, say 20 kV or less, are used, the X-ray intensity will decrease with distance more
rapidly than calculations based on the inverse square law would indicate. This is due to the absorption of the
X-rays by the air. Most industrial radiography, however, is done with radiation so penetrating that the air
absorption need not be considered. These comments apply also to the time-distance relationship below.

1.8.2 Time-Distance Relation

The exposure time {T) required for a given exposure is directly proportional to the square of the focus-film
distance (D). Thus:

T , : T 2 : :

Example

When the focus-film distance of 30 cm (D,), is changed to 24 cm (D2), an exposure time of 10 min (T,)
must be changed to T2 minutes:

10 :T, : : * * : « » * £ « j £

T2 x 302 = 10 x 242

T2 = 6.4 min

1.8.3 Milliamperage-Time Relation

The milliamperage (M) required for a given exposure is inversely proportional to the time (T)

, : M2 .. T2 : T, or —'- = -±

M2 T)

Another way of expressing this is to say that for a given set of conditions (voltage, distance, etc), the product
of milliamperage and time is constant for the same photographic effect. Thus,

M,T, = M2T2 = M3T3 = C, a constant.

This is commonly referred to as the reciprocity law. In the example above, the equation would be expressed:

M,T, = M2T2

Example

Assuming that a good radiograph is obtained with 15 mA (M,) in 0.5 min IT,}, what will be the correct time
if it is necessary to change the milliamperage to 5 mA.
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Solution:

15 : 5 " T2 : 0.5 or y - = g |

T, = O.b x £

T2 = 1.5 min

1.8.4 Milliamperage - Time - Distance Relation

The relationship between milliamperage, time and distance can be combined in a quantity known as the
Exposure Factor or EJf. For X-rays the relationship is expressed as:

milliamperes x time (seconds)
distance2 (centimetres)

For gamma rays: gigabecquerel x time (minutes)

distance2 (centimetres)

In X-rays the relationship milliamperes X seconds is usually referred to as "mA-s".

Example 1 - Method A

A satisfactory radiograph is obtained using 5 mA and an exposure time of 90 s at a focus-film distance or
30 cm. How many milliampere-seconds (mA-s) will be required to produce a similar radiograph at a focus-
film distance of 40 cm?

Formula

E — O i '

where E, is initial exposure (mA-s)

E2 is new exposure

D, is initial distance

D2 is new distance

It should be noted that the above is not an inverse relationship, i.e. as the distance is increased the exposure
(mA-s) must also be increased.

Ej = 450^40! = 8 0 0

the exposure at 40 cm must be 800 mA-s.

Example 1 — Method B

A second solution may be obtained using the exposure factor as follows:

_ mAxs 450 __
EF- ~ 15TF " sob" = a s

48GP-5M



Since the exposure factor will remain the same for the new condition:

mA-s g p

• ^ r = 0.5 : mA-s = 0.5 x 1 600 = 800

Example 2

A satisfactory radiograph is obtained using 150 GBq of Iridium 192, a source-to-film distance of 75 cm and an
exposure time of 36 min. What source-to-film distance is required to produce a similar radiograph if any 300 GBq
source of Iridium is used with an exposure time of 32 min?

Formula

where: Et is original exposure (gigabecquerel-minutes)

E2 is new exposure (gigabecquerel-minutes)

0 , is original distance

D2 is new distance

Solution

a , (D,)' x E,

2 = 75* x (300x32) 5 625 x 9 600
( 2> (150x36) 5 400

D2 = V'0 000 = 100 cm.

1.8.5 Determination of Radiation Intensity at a Distance

Problem

The radiation emitted from a cobalt source at 1 m is 4 000 mR/h. What will be the radiation intensity at 2 m?

Formula:

where: I, is initial intensity (here 4 000 mR/h)

l 2 is intensity at new distance

D| is initial distance (1 m)

D2 is new distance (2 m)

48-GP-5M



Solution:

1.9

Intensity at 2 m

LOGARITHMS

is 1

I2

000 mR/h.

= 1, x (D,

4000 x
(2)*

4000 x

( I ) 2

1
1000

The logarithm (log) of a number is the power (or exponent) to which the number 10 must be raised to give the
original number. For example, the logarithm of 100 is 2 since that is the power to which 10 must be raised to
give the number 100:

102 = 100

Similarly, the logarithm of 1 000 is 3, since

103 = 1000

The logarithms of all numbers that are powers of 10 (i.e. 10,100,1 000, etc.) are of course whole numbers.
Logarithms of other numbers are decimal numbers, and are found in tables of logarithms or located on a slide
rule scale.

A logarithm is made up of two basic parts — a "characteristic" and a "mantissa". The mantissa is the actual
value that you find in tables of logarithms or on the slide rule scale, and is preceded by a decimal place. It is
the same for all numbers that have the same root integer and that are multiples of 10 of that integer. For
example, the mantissa for the number 2 (i.e. root integer 2) is 0.301 and is the same for the numbers 20,
200,2 000 and so on.

The "characteristic" is that part of the logarithm that is to the left of the decimal place, and is determined by
the size of the number concerned.

The value of the characteristic is easily obtained if you keep in mind the following table:

Log1
Log 10
Log 100
Log 1000
Log 10000

Characteristic

0.000
1.000
2.000
3.000
4.000

It will be seen from the above table that the logarithm of any whole number from 1 through 9 will have a
"characteristic" of 0. Logarithms of numbers from 10 through 99 will have a "characteristic" of 1,
from 100 through 999 will have a "characteristic" of 2, and so on.

Now that we have defined the two parts of a logarithm, let us put them together, in an •xampl*, to form a
complete logarithm.

Prpb]em What is the fogarith of 328?

Solution. Since 328 falls between 100 and 999, the "characteristic" of its logarithm is 2. We will find
from the log tables that the mantissa of the logarithm for 328 is 0.516. Therefore, the
complete logarithm is 2.516.

48-GP-5M 11



In radiography, logarithms find particular use in the preparation of exposure charts (see par. 10.5, Chapter 10)
and in film characteristic curves which plot film density against relative exposure as explained in par. 6.3.3,
Chapter 6.

1.9.1 Determination of absorber material thickness

Problem

Radiation emitted from a source is 600 mR/h. Calculate the absorbing material thickness ( f ) if the intensity is to
reduce to 300 mR/h. Linear absorption coefficient of the material is 3.466/cm.

Solution

Formula: I = loe"Mf

which can be written as 7 - = e"M f

'o

This equation may be solved by using common logarithms or natural logarithms and the two methods will be
shown below.

Using Common logarithms:

log101 - log,o l o = -

where I = 300 mR/h

l o = 600 mR/h

p - 3.466/cm

By transposing

logl0300-loglo600=^m^x

l o g , 0 3 0 0 - Iogi0600 cm

log,0e 3.466

log,oe = 0.434 3, Iog10300 = 2.477 1 and Iog10600 = 2.778 1

These values can be obtained from a set of logarithm tables.

Using the above information

2.477 1 - 2.778 1 cm
0.434 3 3.466

-0.301 cm
0.434 3 3.466

f = 0.199 9 cm

= 0.2 cm = 2 mm

Therefore absorber thickness is 2 mm.
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Using Natural Logarithms:

This calculation will be very simple if a scientific calculator is available.

i - = e-Mf
•o

fin I - 2n l o = -W f4n e

£n300-4n600 = ^ j 2 2 - - f SinceKne = 1

5.703 78-6.39693 = ~ 3 4 6 6 • fcm

-0.69315 cm
-3.466

0.1999 cm = f

0.2 cm = f

2 mm = f

Therefore absorber thickness is 2 mm.

1.9.2 Determination of intensity of a beam after it has passed through a material

Problem

Radiation emitted from a source is 600 mR/h. Calculate the level of intensity of the beam after it has been
intercepted by an absorbing material of thickness 0.2 cm whose linear absorption coefficient is 3.466/cm.

Solution

Formula

I = Ioe-Uf

Once again this problem may be solved either by using common logarithms or natural logarithms.

Using Common Logarithms

By substituting the values in the formula
I "3.466

I = 6 0 0 - e

Taking common logarithms on both sides
log,0l = I o g 1 0 6 0 0 - 1 ^ = 1 [0.2 cm)log10e

log l o600 -[0.6832] (0.4343) (|oglne = 0.434 3)

2.778 2 - 0.301 06

= 2.477 14

I = antilog 2.477 14

= 300 mR/h
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Using Natural Logarithms

1

urn

i

(-3.466
= 600 x e V cm

= 600 x e"0-6932

= fin 600 - 0.6932 • in e

-= 6.39692-0.693 2

= 5.703 7

= antilog 5.7037

= 299.97

= 300mR/h

0.2 cm

(since

)

£ne = 1)
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Chapter 2

BASIC PHYSICS

. 1 . INTRODUCTION

This chapter is intended as an introduction to the basic concepts of atomic structure and radioactivity as they
pertain to understanding the nature of gamma-rays and X-rays.

.2 THE ATOM

All of the untold thousands of different materials in the world, be they gaseous, liquid, or solid, are composed
of only about one hundred basic substances called elements. Some of these elements are extremely rare, existing
only in nuclear reactions, but most, such as copper, carbon, oxygen, iron and nitrogen, are very comi an. The
smallest unit that an element can be divided into and still remain identifiable as that element is -ailed the atom.
Individual atoms can combine to form what are known as molecules, which can be made up from atoms of the
same element or from atoms of two or more elements thus producing the wide range of materials that exist.
For example, hydrogen gas exists in nature in the form of hydrogen molecules; two hydrogen atoms joined
together as a single molecule (H2). A molecule of water, on the other hand, consists of two hydrogen atoms
and one oxygen atom (H2O).

2.2.1 Atomic Structure

Atoms themselves are extremely small but they in turn are built from yet smaller particles which are common
to all elements. As shown pictorially in Figure 2.1, all atoms have a central mass calEed the nucleus which is
made up of particles called protons and neutrons. A third kind of particle, called the electron, revolves in specific
orbits around the nucleus of the atom much like planets around the sun. The proton is a positively charged
particle (p+), the electron is negatively charged (e~), and the neutron has no electrical charge (n).

Hydrogen Atom (, H1)
(a)

Helium Atom (2He4)
(b)

Carbon - 13 Isotope (6C'3)

FIGURE 2.1

Atoms of different elements differ from each other by having a different number of protons and electrons in
their make-up. The simplest atom is that of hydrogen which has a single proton in the nucleus and a single
electron circling around it (Figure 2.1 (a)). The second simplest atom of a different element, helium, has two
protons and two neutrons in the nucleus, with two orbital electrons (Figure 2.1 (b)). The number of protons
and neutrons in the nucleus increases with increasing atomic weight of the element Uranium is the largest
naturally existing atom and is composed of 146 neutrons, 92 protons and 92 orbit;,1 electrons. In general, the
number of protons in the nucleus of an atom is equal to the number of electrons in the orbits thus balancing
out the total positive charge of all protons and the total negative charge of all electrons and leaving zero net
charge on the atom.
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2.2.2 Electron Orbits

A useful model of the atom is one where the electrons are visualized as circling the central nucleus in orbits at
different levels or shells. The atom is mostly empty space since, for example, the diameter of the electron orbit
of the hydrogen atom is 10 000 times greater than the diameter of its nucleus. Similarly, all the weight of an
atom can be regarded as only the weight of its nucleus since one electron weighs almost 2000 times less than
either a proton or a neutron.

The electron shells or levels around the nucleus have traditionally been labelled as the "K" shell for the inner-
most level, the " L " shell next, and continuing as " M " , " N " and so on. The total number of electrons that can
occupy a given shell is limited. For example, the " K " shell can contain only 2 electrons while " L " and " M "
can contain 8 and 18 respectively. If an electron is for some reason knocked-out of an inner shell, the space is
spontaneously filled by an electron from a higher level. This "jumping" process of an electron from a higher
level to a lower one is accompanied by the release of energy in the form of electromagnetic radiation called
X-rays, as illustrated in Figure 2.2.

2.2.3 Atomic and Mass Numbers

The number of protons in the nucleus of an atom determines the overall structure and characteristics of the
element; uniquely defining it, for example, as an atom of carbon (6 protons) or nitrogen (7 protons) etc. This
important quantity is called the Atomic Number and is usually represented by the symbol "Z". Another useful
quantity to define is the Mass Number of an atom which is the sum of the number of protons and neutrons in
the nucleus of an atom. It is commonly designated by the symbol " A " and is referred to as the mass number
since, as was stated previously, the contribution of the electrons to the total weight of the atom is negligible.

If we denote the number of neutrons in a nucleus by the letter " N " , then the mass number and atomic number
are simply related by the formula:

Mass Number Atomic Number No of Neutrons
of an Atom (No of Protons)

For example, uranium has an atomic number of 92 (ie its nucleus contains 92 protons). If its mass number is
238, then its nucleus must contain 146 neutrons. (N = 238IA) - 92(Z)).

A common way of symbolically writing elements to show their atomic and mass numbers is to use Z as subscript
and A as a superscript with the chemical notation for the element. For example:

2He* (Helium); ,H' (Hydrogen); 8O16 (Oxygen); 92U238 (Uranium)

2.2.4 Isotopes

An atom of an element is identified by the number of protons (Z) in its nucleus. Any change in the number of
protons means that a new element has been created. However, the number of neutrons in the nucleus (N) may
vary, so that the same element can have atoms of more than one mass number (A = Z •+ N) which are called
isotopes. An isotope may therefore be defined as one of two or more species of an element, having the same
number of protons and electrons in its atom, identical in chemical behaviour, but distinguishable by the number
of neutrons in its nucleus.

Every element has isotopes, many of which are naturally occurring. They are not given special names but are
identified by their mass numbers (Figure 2.1 (c)). Examples of these are uranium-235 (92 U

23S); and
uranium-238 (<, 2 U

2 •"*); the latter containing 3 more neutrons per atom than the former.

16 48-GP-5M



Energy in Form of
X-Ray of Specific
Frequency Given Off

L - Electron Jump
to K Shell to Fill Gap

K - Electron Knocked Out
By Electron Bombardment

FIGURE 2.2

X-RAY PRODUCTION IN AN ATOM
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2.3 RADIOACTIVITY

An element or isotope is said to be "radioactive" if its atoms are unstable, and conversely, nonradioactive if its
atoms are stable. Stable atoms are simply those atoms consisting of a number of protons, neutrons, and electrons
which are arranged such that the atom does not change; it does not naturally lose any of the particles it was
originally made from. An unstable or radioactive atom (often called a radionuclide or radioisotope) is one which
can be considered to be energetically "unhappy" with the number and/or arrangement of protons, electrons,
and neutrons. It attempts to become a stable atom by either spontaneously rearranging the particles, or by
emitting particles from its nucleus with an accompanying loss of energy. In doing so, it will change to another
type of atom which could be a stable or non-radioactive atom. Many radioactive isotopes exist naturally
(carbon-14, thorium-232, uranium-238) but the majority are artificially made by nuclear reactions.

2.3.1 Radioactive Particles and Gamma Rays

The particles that a radioactive atom may give off in trying to become stable are either:

(a) A particle composed of two protons and two neutrons called an alpha particle (a-particle). This particle
has the structure of the helium nucleus with a mass number of 4, and a positive charge of 2 (it is just the
nucleus with no orbital electrons).

(b) A very high speed electron usually called a beta particle (/3-particle) carrying a negative charge of 1. This
electron or /3-particle comes from the nucleus of the atom and not from the electron orbits. This is possible
if the neutron is considered to be made up of one electron and one proton combined together to produce
zero net charge. Thus the neutron in a nucleus when emitting an electron (^-particle) will change to a
proton.

(c) Neutrons themselves are sometimes, but not often, emitted.

In addition to one of these particles, the radioactive atom usually gives off energy in the form of electromagnetic
radiation called gamma rays (7-rays). Gamma rays, just like light and radio waves, can be visualized as radiation
travelling in the form of waves. They form one part of the total electromagnetic spectrum as shown in Figure 2.3.

The various regions in the electromagnetic spectrum differ in their frequency which is defined as the number of
waves (i.e., complete cycles as in Figure 2.4) that go past a given point per second, and is given the unit hertz (Hz).
All electromagnetic radiations travel at the same velocity through vacuum, ie the speed of light = 3 x 108 m/s.
Thus, using the formula in Figure 2.4, each frequency in the electromagnetic spectrum can be assigned a specific
wavelength as shown. The energy of electromagnetic radiation is quantized into what are called photons and is
directly related to the frequency by the formula E = hf, where " h " is a constant for all electromagnetic radiations.

As illustrated previously. X-rays originate from energy changes of the orbital electrons in atoms and have energies
in the kiloelectronvolt (keV)* range. Gamma rays on the other hand originate from energy changes within the
nucleus of the atom itself and have energies in the megaelectronvolt (MeV|* range.

2.3.2 lonization

When an atom loses an orbital electron, it becomes positively charged and is then called a positive ion. The
electron that has been freed from the atom is called a negative ion. The process of producing ion pairs is called

-ionization. When particles, given off by radioactive atoms, pass through a material, thsy lose some of their
energy by ionizing atoms of that material. That is, the particles pass through and between the atoms, disturbing
them and occassionally knocking electrons from them. Alpha particles and neutrons are relatively heavy particles
and cause a lot of ionization or damage along their path. Gamma rays and beta particles on the other hand,
cause only slight ionization.

'One electronvolt (RV) is the energy acquired by an electron accelerated by an electric potential of 1 V.

(1 Mf?V — one million electronvolts).
(1 keV = one thousand electronvolts).
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2.3.3 Attenuation of a, (3, and y Radiation

Because a-particles are heavily ionizing, they lose their energy quickly and thus do not penetrate very far in most
materials. In fact they will only travel a few centimetres in air and be absorbed completely by a piece of paper.
Beta particles are much less ionizing and will travel several hundred centimetres in air before they lose their
energy. They will penetrate up to about a centimetre into a person's body but can be readily shielded against by
a few millimetres of material such as aluminum or glass.

Gamma rays, and similarly X-rays, are very penetrating radiations, being capable of passing through considerable
thicknesses of material before essentially losing their energy. Gamma and X-rays can lose their energy when
travelling through material through collisions with orbital or free electrons in the material. In collisions with
orbital electrons, the 7-ray may transfer all its energy to the electron and eject it from its orbit. This is called
the photo-electric effect and the electrons ejected by the process are known as photo-electrons. If the 7-ray
strikes a free electron, it may become scattered and suffer only some loss of energy. This is known as the
Compton effect of scattering.

The various absorption and scattering processes for a 7 - or X-ray beam, travelling through a material, will cause
a decrease in the intensity of the beam. The decrease will be proportional to the initial intensity of the beam and
the distance it has travelled into the material. This can be expressed mathematically by the formula

I = I o e - M f

where l o = initial intensity of the beam

f - distance into material

|i = constant for the material, called the
Linear Absorption Coefficient

e = mathematical constant = 2.718

I = intensity of beam after penetrating a distance f into the material.

The constant " p " is known as the linear absorption coefficient and its value depends on both material density
and initial energy of the 7 - or X-ray. It implies that there is a constant fractional decrease of beam intensity per
unit thickness of material. Thus, while the total amount of radiation absorbed by a specified thickness of mate-
rial is proportional to the intensity, the fraction absorbed (or emerging) is independent of this intensity.

For shielding calculations, it is convenient to define quantities called the half-value layer (HVL) and tenth-value
layer (TVL). These quantities are, for a particular material and radiation energy, the thicknesses of absorber that
are required to decrease the radiation intensity to one-half and one-tenth of its original value respectively. These
quantities are then a specific property of the absorbing material and do not depend on the intensity of the inci-
dent radiation (just its energy). In application, a one-tenth value layer will reduce the radiation intensity by a
factor of 0 .1; two tenth-value layers will reduce it by a factor of (0.1)2 , ie, 0.01, and so on. Table 2.1 shows
some approximate values of TVL and HVL for various shielding materials and for different radiation energies.

2.3.4 Strength of Radioactive Sources

While a and (3 radiation can be completely stopped by shielding material, 7-rays and neutrons cannot be com-
pletely stopped, only reduced to safe levels by the use of sufficient shielding. The amount of shielding depends
on the initial intensity or strength of the radioactive source. Everytimt an unstable atom gives off a particle and
7-ray in trying to become stable, a disintegration is said to have occurred. The average number of disintegrations
of a radioactive material that are occurring in a given period of time is a measure of how strong or active the
material (source) is.
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TABLE 2.1

Approximate T V L and HVL Value* for Shielding Materials

(Values shown are in millimetres)

Source

X-rays

100 kV (Peak)*
250 kV (Peak)
400 kV (Peak)

1000 kV (Peak)
2000 kV (Peak)

7-Rays

Co-60
Cs-137
lr-192

Lead

TVL

0.8
2.5
7.6
25
38

41
21
16

HVL

0.25
0.8
2.2
8
13

12
6.3
4.8

Steel

TVL

8
30
84

203
267

74
57

HVL

2.5
10
25
64
89

22
17

Concrete

TVL

58
91

109
152
203

229
180
157

HVL

18
28
33
46
62

68
53
48

*See par. 3 .2.1, Chapter 3 for definition of kilovolts (Peak)

Historically, a radioactive source in which atoms are disintegrating at a rate of 2.22 million-million (2.22 x 1 0 " )
every minute is said to have a strength of ONE CURIE (1 Ci). A microcurie (yCi) is thus a source disintegrating
at a rate of 2.22 million (2.22 x 106) atoms every minute. Under the SI system of units, currently being adopted
in Canada, radioactive source strength (or activity of radionuclides) has been given the unit becquerel (Bq) defined
as one disintegration per second. The becquerel is related to the curie as follows:

1 Ci - 2.22 x 1012 disintegrations per minute

2 22
= - ^ - x 1012 = 37 x 109 disintegrations per second

01/

:. 1 Ci = 37 x 10* Bq

= 37 GBq (gigabecquerel)

or 1 yCi (microcurie) = 37 kBq (kilobecquerel).

One should be familiar with both these units since both are likely to be in general use for source strength of
radionuclides for some time.

2.3.5 Radioactive Decay Process

Since radioactive nuclei tend to decay to stable states, it is obvious that the amount of radioactivity will
constantly decrease with time. It has been established experimentally that the rate of decrease is characteristic
of the particular radioactive nucleus and cannot be changed by chemical or physical means. The time required
for half the number of any given number of radioactive nuclei to decay is called the half-life of the particular
radioisotope. For example, there are one thousand atoms of a certain radioactive substance which has a half-life
of 10 min. After 10 min, there will be only 500 radioactive atoms left. In the next 10 min half of the remaining
500 would decay to 250. This process would continue until, after four half-lives, 1 /16th of the original radio-
active atoms would remain. This process has been shown graphically in Figure 2.5 and can be depicted by a
simple formula:

2 n

where N o = original number of atoms

N = number of atoms after " n " number of half-lives have elapsed.
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Analytically, the number of atoms disintegrating in a given time interval " t " is proportional to the number " N "
of radioactive atoms present. From this it can be shown that:

N = Noe " * t

where X = decay constant

No = total number of atoms present when time "t" = zero

e = a constant =2 .718

Table 2.2 lists the half-life and energy of the decay products for three generally useful isotopes.

^ " " ^ 2 0 0 mR/h

One
-Half-life-
" Period "

-100 mR/h

In 7 half-life periods
the radioactivity of
the material has
decayed to less than 1

. 50 mR/h

25 mR/h

3.12 mR/h \ - 5 6 m R / h

24 h 24 h 24 h 24 h 24h

7 Days

FIGURE 2.5
DECAY OF RADIOACTIVE MATERIAL WITH A 24 h HALF-LIFE

TABLE 2.2

Radioisotope

(Cesium)

27CO»
(Cobalt)

• 192
7 7 "

(Indium)

Half-Life

30.1 a

5.3 a

74.3 d

Energy of Emitted Radiation

Beta Particle
(MeV)

1.17 (8%)
0.51 (92%)

0.32

0.672

Gamma Ray
(MeV)

0.66

1.33

Numerous energies
from 0.137 to 1.38
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The reason why different radionuclides have differing half-lives is that some atoms are more unstable than
others and are thus more likely to disintegrate. Thus the amount of different radionuclides to give the same
source strength will vary depending on the relative stability of the atoms. A very unstable material, likely to
disintegrate readily will require a smaller amount of material to produce the same source strength as compared
to one which is relatively more stable. Of course, the longer lived radionuclide will retain its activity over a
longer period of time and its source strength will not decay as fast as that of the short-lived radioisotope. The
specific activity, defined as the amount of radioactivity per unit mass of the source (e.g., becquerel per
gram-Bq/g) is sometimes used as a quantity to describe source strength.

2.4 PRODUCTION OF RADIOISOTOPES

Although many radioactive isotopes exist in nature, most of the ones currently used in industry (e.g., 7-radiography)
and medicine (e.g., cobalt treatments for cancer) are produced artificially in nuclear reactions by bombarding
nuclei of stable atoms with particles. To date, approximately 1 000 artificially radioactive nuclides have been
produced and identified. Radioisotopes can be readily produced in an atomic pile or what is more commonly
now called a nuclear reactor. Figure 2.6 is a schematic diagram of the NRX Reactor at Chalk River, Ontario
which has facilities for making radioisotopes as shown.

2.4.1 Nuclear Fission

The nuclear reaction upon which the operation of an atomic pile or nuclear reactor is based is that of nuclear
fission. The word fission means to split and this is exactly what takes place. The nuclei of certain heavy radio-
nuclides, such as uranium-235, when hit by a neutron, can split into two new, and lighter atoms, which are
called fission products. In addition to the fission products, two or three neutrons, gamma radiation, and heat
are released. The fission products themselves are almost always radioactive and thus the fission process is one
means of obtaining radioisotopes if they can be separated from the uranium and each other.

The nuclear reactor depends on the fission process to proceed on the basis of a chain reaction. That is, at least
one of the neutrons released when one uranium atom fissions, must carry on and hit another uranium nucleus
to produce another fission and so on, giving a self-sustaining fission process. The nuclear fission process is
illustrated in Figure 2.7. A nuclear reactor is designed in such a way that the chain reaction can be initiated and
stopped in a controlled manner. The million-million fissions that take place every second in a large power reactor
can thus be used as the source of a large amount of heat, released during the process, to produce steam and drive
generators to provide electricity.

2.4.2 Neutron Activation

The fission process in a nuclear reactor is an excellent source of neutrons which can be used to produce radio-
isotopes by the process of neutron activation. This is the process whereby a nonradioactive material, when
bombarded by neutrons, is converted into a radioactive material and is therefore said to be activated. Depending
on the original material and energy of the initial neutron, a material may simply absorb the neutron and give off
a gamma ray. This process is quite common and is called an (n/y) reaction (neutron in — 7-ray out). The radio-
isotope formed in this way is just an isotope of the original element since only a neutron has been added to the
nucleus. Thus it cannot be separated by chemical means from the original target material.

Another nuclear reaction is one where the neutron is absorbed and a proton is emitted. This is an (n,p) reaction
and results in a radioisotope which is a different element from the target material since a proton has been removed
from the nucleus.

Similarly, reactions may occur where the neutron is absorbed and an a-particle is given off, (n,a) reaction; again
resulting in a new element being produced. In these cases, chemical separation of the resultant radioisotope from
the target material is possible. Examples of these nuclear reactions are:

(a) (n/y) Reaction

27Cos» + o n ' » 27Co*° + 7

(Nonradioactive Cobalt-59 absorbs a neutron to produce radioactive Cobalt-60 and gives off a 7-ray.)
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FIGURE 2.7

THE NUCLEAR FISSION PROCESS

(AECL Drawing)

(b) (n.p) Reaction

(Nonradioactive Oxygen-16 absorbs a neutron to become radioactive Nitrogen-17 and releases a proton.)

In practice, to produce a radioisotope, a sample of some element — such as cobalt, iridium, copper, gold, zinc,
etc - is placed in a small aluminum can which is then placed in a nuclear reactor. The time of irradiation in the
reactor depends upon the rate of decay of the resulting radioactive isotope, the relative absorption of neutrons
by the target element, the level of activity desired, and certain other variables. When producing isotopes of short
half-life (4 d or less) the target substance is normally left in a reactor for a week, whereas for radioisotopes of
larger half-life, the target material is left for several weeks to several months.

2.5 BASIC PROPERTIES OF X-RAYS AND GAMMA RAYS

X-rays belong to the electromagnetic spectrum. They have wavelengths some 1/10 000th of those of visible light.
Their wavelength distribution varies with the voltage of generation. Gamma rays also belong to the electromagnetic
spectrum and generally have wavelengths shorter than those of X-rays. They both have the properties listed
below:

(a) They penetrate matter; penetration is less the higher the density of the specimen and the greater its
thickness.

(b) They travel in straight lines.

(c) They affect photographic emulsions.

(d) They make certain chemicals fluoresce.

{e) They may be scattered.

(f) They may be reflected, refracted, and diffracted.

(g) They cannot be felt, seen, heard, or be detected in any other way by the human body,

(h) They damage living tissue.

(i) They ionize gases.

Properties (a) to (f) are used in industrial radiography. Properties (g) and (h) are important in regard to the
dangers of the rays and the last, (i) because it enables the dose received by the operator to be measured.
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Chapter 3

PRODUCTION OF X-RAYS

3.1 ELEMENTS OF ELECTRICITY AND MAGNETISM

3.1.1 Introduction

Electricity cannot be seen; it makes itself known only through the effects it produces, such as production of heat,
light and magnetism. Electricity is measured, as will be seen later, by means of these effects.

3.1.2 Current

An electric current is the motion of electrons (and protons) in a copper wire, in air, or water. The production
of a current by chemical action is shown by the voltaic cell (Fig. 3-1). If copper and zinc rods or terminals are
connected by a copper wire and immersed in dilute sulphuric acid, H2SO4, the acid becomes ionized or broken
up into hydrogen and what is known as a radical composed of sulphur and oxygen — the sulphate radical, S 0 4 .
Each of these hydrogen atoms has lost an electron and hence is positively charged while the lost electrons are
attached to the sulphate (SO4) radicals giving them negative charges. The positively charged hydrogen moves to
the copper making it positive while the negatively charged radicals move to the zinc giving it a surplus of electrons.
These electrons flow through copper wire to equalize this imbalance and this constitutes an electric current which
can be detected by the galvanometer (G). When the sulphate radical gives up its electrons to the zinc, it combines
with an atom of zinc to form zinc sulphate (ZnSO4) which settles to the bottom. Thus the zinc terminal becomes
gradually eaten away. The hydrogen ions or ionized atoms become neutral by picking up electrons at the copper
terminal, and bubble off as a gas.

3.1.3 Electromotive Force

An electromotive force (emf) is any pressure that will put electrons (or protons) into motion or stop their motion.
Electromotive forces may be set up by five different methods: friction between dissimilar substances, chemical
action (as in the voltaic cell), thermoelectric action, contact between unlike substances and electromagnetic
induction. In each of these methods, the net result is the collection of charges of one sign (negative electrons),
leaving an equal number of charges of the opposite sign (positive protons). The resultant force of attraction
constitutes an emf. The practical unit of emf is the volt. A kilovolt is equal to 1 000 V.

3.1.4 Resistance

The passage of an electric current through a substance is impeded by friction and by the binding forces that some
atoms and molecules display toward electrons. These factors are not equal in all substances. If they are small, the
substance is said to be a good conductor of electricity. If they are large, the substance is said to be a poor con-
ductor of electricity — or an insulator. In either case, the opposition to the flow of current is called "resistance".
When a definite resistance is required in a circuit, a "resistor" is used. A simple resistor may consist of several
of wire wound on porcelain or hard rubber. Some resistors have movable contacts so that various portions of the
total resistance can be used.

The practical unit of resistance is called the "ohm". An emf of one volt will produce a current of one ampere
against a resistance of one ohm. The resistance of a wire depends upon its size, length and the material of which
it is made. The resistivity of a material is equal to the resistance in ohms of a piece of the material 1 cm long x
1 cm wide x 1 cm high. Resistivity of a conductor is low, that of an insulator is high.

3.1.5 Ohm's Law

In 1826, Ohm discovered the fact that the electromotive force necessary to propel a steady current in a given
conductor is proportion*! to the current; that is, E equals ' x R where E is the emf measured in volts, I is the
current in amperes and R is the resistance in ohms. Ohm \ Liw provides a method of calculating resistance.
According to the preceding equation, R equals E/l; that is, the resistance of a conductor is numerically equal
to the «mf divided by the current.
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FIGURE 3-1

THE VOLTAIC CELL
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3.1.6 Potential Difference (Voltage)

In order that electric current may flow from point to point along a conductor, there must be a difference of
potential from point to point in the conductor. This might be compared with the flow of water in a pipe or
to the flow of heat in a substance. The potential difference across the ends of a conductor is, by Ohm's Law,
the product of the current and resistance of the conductor. The practical unit of potential difference is the
volt.

3.1.7 Electric Circuits

Ohm's Law, as applied to a completed electric circuit, states that the sum of the potential differences of various
parts of the circuit is equal to the emf of the circuit. Thus, in the circuit shown in Fig. 3-2 a portion of the
battery's emf is required to propel the current through the battery, the rheostat, the lamp, switch and the wire.
The lamp, switch, etc., all offer resistance to flow of the current. There is no "piling up" of current in any
portion of the circuit; the current in any one part of the circuit at any instant is equal to the current in all other
parts of the circuit. Moreover, when the switch is "open", even though there be an emf across the battery
terminals, no current flows in the circuit. Electricity flows only in completed circuits.

1111

(A) - Series Resistance (B) - Parallel Resistance

FIGURE 3-2

TYPES OF ELECTRIC CIRCUITS
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3.1.8 Series and Parallel Resistances

In Fig. 3-2(A), the resistances represented by the lamp (R s ) , rheostat (R 2 ) , meter (R 3 ) , etc., are connected in
"series". The total resistance (R) of the circuit is equal to the sum of the separate resistances. Thus R equals
Ri •• R2 + R3 + R4 + R5 •

The total resistance R' of resistances in parallel such as the rheostat and lamp (R2 and Rs) j n Fig. 3-2(B) is
given by:

and the resistance R of the whole circuit equals

R, + R3 + R4.
x Rs

No reference has been made to the resistance of the wires of these circuits. In general, the wire resistance is small
compared with the total resistance of the circuit and therefore the wire resistance can be assumed to be equal to
zero.

3.1.9 Electric Power

Electric power, or any type of power, is defined as the rate of doing work. When electrons are in motion, work is
done. The rate at which this work is done is, by definition, equal to the product of the emf and the current; that
is, power equals volts times amperes. The practical unit of power is the "watt", and the meter that measures
electrical power is called the "wattmeter". One volt propelling a current of one ampere represents one watt of
power. Therefore, power in watts = I x E which, applying Ohm's Law (par. 3.1.5), can also be stated as I2 x R.

3.1.10 Heating Effect of Current

The flow of electrons in a resistance will produce heat. Experiments have shown that the amount of heat produced
is proportional to the power (I2 R). If the heat production is slow, and if the resistance element loses this heat
rapidly, the temperature of the resistor may not be increased appreciably. If however, reverse conditions exist,
the resistor's temperature may increase to the melting point. This is what happens when wires, meters, etc., are
burned out. The metal carrying the current is melted.

3.1.11 Magnetism

3.1.11.1 Magnets - The popular idea of a magnet is a piece of iron, bar shaped or horsehoe shaped, which has the power
to attract and hold to itself small pieces of iron. This attraction power appears to be concentrated near the ends
of the bar. These areas are called "poles". The iron bar is said to be magnetized, or to possess magnetism and it
is called a magnet. A compass needle is a bar magnet. The end of the needle that "points" north is said to have a
north-seeking pole; the opposite end is said to have a south-seeking pole. Experiments show that the north poles
of two compasses repel each other, and south poles likewise repel each other. The north pole of one magnet
attracts the south pole of the other. The fact that a compass needle always orients itself in a north-south direction,
indicates that the earth is a huge magnet, with magnetic poles near its north and south geographical poles (Fig. 3-3).

3.1.11.2 Magnetic Fields - In the space around a magnet, whether it be a bar magnet, compass needle or the earth, there
is a field of force. A small compass needle will assume very definite positions or orientations, not only to the
earth's magnetic field of force but slso when placed at different points in the space around a bar magnet. If these
positions are sufficient in number, their locations can be connected in fairly uniform, regular lines. These lines
appear to emanate from the poles of the bar. They are the paths of "magnetic poles", if the latter were free to
move. They are called "magnetic lines of force" and the sum total of them is called the "magnetic field".
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3.1.12 Electromagaetism

3.1.12.1 Electric Current and Magnetic Field - Oersted, in 1820, discovered that electric currents exhibit magnetic effects.
A compass needle held close to a straight wire carrying a direct current, will turn perpendicularly to the wire and
current, indicating the presence of a magnetic field about the conductor. Further experiments show that the
magnetic field encircles the conductor (Fig. 3-4).

FIGURE 3-4

The strength of the magnetic field increases as the current increases. In fact, currents are measured in some
instruments by determining the magnetic field strength.

3.1.12.2 Electromagnets — Certain materials become magnetized when they are in magnetic fields. Soft iron offers little
opposition to the magnetic effect and retains little of it when removed from the field. Steel, for example, offers
considerable opposition to magnetization but retains most of it when removed from the field, and is consequently
used for "permanent" magnets. Magnetization is accomplished in this manner by magnetic induction.

Electromagnets increase the effect of the magnetic field surrounding a wire carrying a current, by winding the
wire into a coil or "solenoid" (Fig. 3-5). The magnetic fields around the turns of wire add together, turning the
coil into a magnet with a pole at each end. If a soft iron core is inserted into the coil, it becomes magnetized and
contributes to the magnetic field. As long as the current flows in the coil, the electromagnet has all the properties
of a magnet. When the current ceases to flow, the coil, and hence the core, loses the magnetism. If the direction
of the current is reversed, the direction of magnetization is also reversed and the poles are interchanged. The
principle of the electromagnet is utilized in many devices such as relays, circuit-breakers, remote control switches
and contactors in X-ray circuits.

• Stationary Iron Core

FIGURE 3-5

ELECTROMAGNET
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3.1.12.3 Electromagnetic Induction - Michael Faraday discovered in 1831 that variations of current in a circuit would
produce an "emf" in a neighboring circuit. This phenomenon occurred even though there were no electrical
connections between the two circuits. It is called electromagnetic induction. Experiments shewed that the
induced emf results from a changing magnetic field. Emf's may be induced in conductors when the conductor
is moved in a field of constant strength, or when the conductor is stationary and the magnetic field strength
varies, or when both occur at once. A bar magnet undergoes a force of repulsion when it is thrust into a solenoid
which has the ends connected to form a closed circuit, and a force of attraction when removed from it. Likewise,
a loop of wire with the ends connected is repelled when moving into a magnetic field; it is attracted when moving
out of the magnetic field.

3.1.12.4 Motors and Generators - The principle of relative movement between a magnetic field and a conductor is used
in the operation of electric generators and motors. In a generator, an armature or coil of closely wound wire is
rotated between the poles of a permanent magnet. An "emf" is induced in the coil and the resulting current is
introduced into a circuit through contacts or "brushes". The induced emf (and therefore current) reverses direc-
tion every half turn of the coil and the current produced is known as alternating current (a-c). Fig. 3-6 shows the
intensity of emf or current plotted against time. This is known as a sine wave. A wavelength is known as a cycle,
and a current having a frequency of 60 cycles per second is known as a 60 Hz (hertz) current. If a "commutator" is
attached to the coil, the current can be taken off in such a way that it always flows in the same direction. This is
known as direct current (d-c). However, its intensity will vary from zero to a maximum (amplitude) at each half
turn to produce a pulsating wave of current. An electric motor is essentially similar to a generator, except that in
this case, current applied to the armature causes it to rotate.

Most currents employed in industry are a-c. Whenever d-c current is required, a "rectifier" is used. This is a device
which operates like a valve, permitting current to flow in one direction but not in the opposite direction. The
most common rectifiers used today are electronic tubes (or valves) somewhat similar to X-ray tubes: in fact, some
X-ray tubes act as their own rectifiers.

1 Wavelength or Cycle

(i) AC Sine Wave

(ii) Half-Wave Rectified AC

(iii) Full-Wave Rectified AC /
or Pulsating DC A

•••

FIGURE 3-6
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3.1.13 Electrical Measuring Instruments

Instruments that measure electric current are called ammeters; those measuring voltage or emf are called volt-
meters. Each of these is designed to operate with either direct current or alternating current. Thus, there are
d-c meters and a-c meters. Most current and voltage measuring instruments do not measure maximum values;
instead, they measure either effective values or average values. The effective value of an alternating current is
equal to the value of direct current which produces an equal heating effect in a wire. The average value of an
alternating current is zero (true sine wave form). If the wave form of a current is truly a sine wave, then the
effective value of the current is equal to 0.707 times the maximum value, and the average value of one-half
cycle is equal to 0.64 times the maximum value. The maximum, effective, and average values of a continuous
direct current are equal. D-c meters measure average values. All a-c meters, unless stated otherwise, measure
effective values.

Fig. 3-7 shows two instruments and how they are connected. Because the voltmeter measures emf across the
load, it is connected across it as shown (in parallel with it). The ammeter on the other hand, measures the
current so the current must pass through it. Since most currents are too strong for the coil, a "shunt" is connected
in parallel with it to take most of the current. A small percentage of the current thus actuates the moving parts
of the instrument.

3.1.14 Choke Coils

The magnetic field of force that is developed about a conductor carrying an alternating current, tends to restrain
the movement of the electrons. This force is called a "counter emf". The results of a counter emf are essentially
that of a resistance. The magnitude of the counter emf depends upon the amount of current flowing and also upon
the shape of the conductor and the amount of magnetizable substance in proximity to it. For instance, a compact
arrangement of coils of wire such as found in a solenoid, provides for great concentration of a field of force. If
there is inserted into this field of force a substance such as soft iron, the already concentrated field of force will
become intensified. If the magnetizable substance (the soft iron core) is made adjustable so that it can be partially
or entirely moved into or out from the magnetic field of the solenoid the instrument is described as a "choke coil".

Choke coils are voltage regulating devices. With X-ray equipment they are used particularly in the primary circuit
of filament transformers. There, they serve to regulate the voltage in the primary and therefore the voltage in the
secondary circuit of the filament transformer. Thus, they control the current and hence the heating of the
filament of the X-ray tube. For this reason, they are described as "filament regulators".

3.1.15 Transformers

3.1.15.1 The physical effects described in connection with choke coils and electromagnets are utilized in the design of
transformers (Fig. 3-8). The core of a transformer serves to intensify the magnetic fields of the electrical circuits.
Transformers consist of four essential parts; primary coil, secondary coil, core and insulation. The core is made
of an alloy of iron, either round, rectangular or cylindrical in shape. The primary coil (copper wire) is wound
around one arm of the core; the secondary, also of copper wire, may be wound around the same arm or a differ-
ent one. In either case, the primary and secondary coils are connected magnetically by the iron core. They are
not connected electrically however at any point. Rubber, baked enamel, cloth and other types of insulators
cover the wire of the coils, The coils themselves are insulated from each other and from the core by wood,
porcelain, glass, mica and other types of insulators. The coils and core are often immersed in transformer oil
which provides further insulation.

3.1.15.2 Step-up - When the number of turns in the secondary winding is greater than the number of turns in the primary
winding, the transformer is described as a "step-up transformer". This term refers to increase in the voltage across
the secondary coil and thereby, also, of the secondary circuit, compared with the voltage across the primary coil.
The ratio of secondary to primary voltage is approximately equal to the ratio of the number of turns of wire in
the two windings. Because there can be no increase in total power in a transformer, the wattage of the secondary
circuit is no greater than that of the primary. The higher voltage produces a correspondingly lower current and
I x E remains roughly the same as in the primary circuit. Because the primary winding carries a heavier current
(at low voltage), the wire is heavier than that of the secondary and hence the two windings can be readily
distinguished.
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3.1.15.3 Step-down - When the number of turns in the secondary winding is less than that in the primary, the result is a
step-down transformer. The term "step-down" again refers to the voltage and the ratio of voltages has the same
relation to that of the windings as in the step-up transformer. Again the power remains roughly the same. As in
the step-up transformer, the winding carrying the heavier current (in this case, the secondary) is heavier than the
other and is easily recognized. Fig. 3-8 shows a simplified schematic arrangement of both a step-up and a step-
down type of transformer.

Primary
Coil

Secondary
Coil

Primary
Coil

Secondary
Coil

Step-Up

FIGURE 3-8

TRANSFORMER CONSTRUCTION

Step-Down

3.1.15.4 Transformer Losses — The design and construction of transformers offer very complicated engineering problems.
There are numerous factors that govern their efficiency of performance. By efficiency is meant the power (in
terms of wattage) of the primary circuit as compared with the total wattage induced (that is, available) in the
secondary circuit. Very efficient transformers function with no more than a 2 to 5% loss in output (that is,
secondary wattage) as compared with input (primary wattage). Transformer losses are due to heat generated in
the copper windings, eddy currents generated in the iron core laminations, and a "magnetic resistance" of the
core called "hysteresis". Most transformers designed for use with X-ray apparatus are of relatively low efficiency.
With some, losses may amount to 50 or even 60%.

3.1.16 Autotransformer

An autotransformer is a transformer constructed of a single winding of relatively heavy copper wire wound about
an iron core. It differs from an ordinary transformer in that this winding provides an electromagnetic linkage for
two or more independent circuits. On one side of it, related to the secondary circuit of the autotransformer,
there are a number of leads extending from one or another winding in the coil. These provide for connecting a
variable number of turns into the secondary circuit, as shown in Fig. 3-9. Depending upon the number of turns
included in the primary circuit as compared with the total number of turns contained in the autotransformer,
there can be accomplished a control of the voltage across the entire number of windings. Such control of primary
voltage is described as line voltage compensation. Thus, the primary circuit of the autotransformer may function
as a line voltage compensator.

3.1.17 Grounds

When a point in an electric circuit is connected to earth through a low resistance path, that point in the circuit
is said to be "grounded". The electrical difference of potential between the earth and the "grounded" point is
zero, or practically so. The primary purpose of grounds in X-ray machines is to protect technicians from electri-
cal shock. Ordinarily, the human body has the same electrical potential as the earth. No current flows between
them. Therefore, if contact is made with grounded portions of a machine, no current would flow through the
body and there would be no electrical shock. Conduits, metal cases or frames of equipment (panel cabinet, radio-
graphic table, tubestand, etc.) must be grounded (or isolated) so that, if by accident, any of the circuit wires
should touch any of the metal enclosures, no dangerous current would be passed to a person who might be in
contact. A good ground will permit sufficient current to open a circuit breaker, or burn a fuse, and thus clear
the fault. Without this safety factor, high voltages might build up on metallic parts and thus become electrical
hazards.
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3.2 X-RAY GENERATING EQUIPMENT

3.2.1 Xray Tubes

An X-ray tube consist of a highly evacuated glass bulb into which are sealed two electrodes — the cathode or
necjative electrode (the source of electrons), and the anode, or positive electrode. The degree of vacuum of the
X-ray tube and the arrangement of the electrodes are such that no electrical discharge between the cathode and
the anode is possible until the filament of the cathode is heated (Fig. 3-10).
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FIGURE 3-10

X-RAY TUBE
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On the principle that all hot bodies emit electrons, an incandescent filament of tungsten wire is incorporated
in the usual form of X-ray tube. The filament is heated to incandescence by current from a low voltage step-
down transformer. The temperature of the filament controls the number of electrons emitted - the higher the
filament temperature, the greater the electron emission. The stream of electrons from cathode to anode
constitutes the tube current and is measured in milliamperes (mA) by a miliiammetsr.

Surrounding the filament is a shield terminating in a cup that serves to focus the electron stream from the heated
filament to the focal spot on the end of the anode. Varying the distance between the focussing cup and the anode
affects the size of the focal spot. The shape of the filament also determines the focus, whether small, medium or
large. The electron stream is propelled by a high voltage* applied to the tube electrodes by a high-voltage trans-
former. This voltage, which may be varied at will, regulates the speed with which the electrons cross the gap
between the cathode and the anode. Upon impact with the focal spot of the tube, the electrons give rise to a
stream of X-rays which are emitted over a 180° hemispherical angle surrounding the focal spot of the target.
Only a fraction of these X-rays pass through the window of the tube. Despite the enormous energy in the electron
stream, only a small portion is effective in the production of X-rays; the bulk is dissipated as heat through the
anode. The greater the force of impact of the electrons on the focal spot, the shorter the wavelength of the X-rays
and the more readily do they penetrate the object being examined.

The anode of the line-focus type of tube is usually a solid bar of copper, with the end facing the cathode cut at
an angle of about 20°. The angle of the anode face affects the size of the focal spot. The actual target, generally
a block of tungstsn, is set into the anode face and X-rays are produced when it is bombarded by the stream of
electrons from the cathode. Nearly all the energy applied to the X-ray tube is transformed into heat at the focal
spot - the area of electron bombardment on the target. This heat is dissipated largely through the anode stem,
a copper bar fused into and protruding out of the glass envelope of the tube. The high concentration of heat in
a small area, such as the focal spot, imposes a severe burden on the material and design of the anode. This is the
main reason for gradually applying the energy (warm-up period) on all industrial X-ray equipment.

The efficiency of the focal spot material in the production of X-rays is proportional to its atomic number. The
high atomic number of tungsten, in combination with its high melting point, makes it the most suitable material
for the focal spot of an X-ray tube.

The duty cycle of X-ray equipment is generally given as the percentage of exposure time versus total time. Duty
cycle of 100% means continuous service, and of 50% means that it is necessary to provide after each exposure a
rest time that is equal to the exposure time.

3.2.2 Industrial X-ray Tube Types

The X-ray tubes used in industrial radiography are of two types: Bipolar and Unipolar.

3.2.2.1 Bipolar Tubes (Fig. 3-10) - The bipolar tube has the advantage that the potential difference with respect to
ground on both the anode and the cathode is equal to one-half of the tube voltage, which is a great advantage
from the point of view of insulation. The exit window is necessarily situated at the middle of the tube. Bipolar
tubes are used in practically all portable units where they are mounted in the same housing as the high voltage
transformer. These units are made for kilovoltages up to 300. Some bipolar tubes are mounted in a separate
housing, the high voltage being connected with special cables. This is the case for constant potential units which
are made for potentials as high as 4 000 kV. Some older bipolar tubes were air-cooled, but modem units are all
oil-cooled by circulating insulating oil either through the channels in the anode stem or past a radiator tightly
mounted on the anode stem. This latter method is generally used in the portable units.

3.2.2.2 Unipolar Tubes (Fig. 3 - 1 1 ) - In the unipolar tube only the cathode has a potential difference with respect to
ground, the anode being connected to the casing which is grounded. The advantage of unipolar tubes is that the
X-ray beam comes out very near to the end of the assembly. Also these tubes are made with a long hollow anode
of relatively small diameter that can be positioned inside small openings. Unipolar tubes are made with conven-
tional conical beams and annular beams that irradiate 360° around the anode. These latter types are useful for
taking circumferential or panoramic exposures of cylindrical objects.

' N O T E : X-ray tubes are usually rated tor maximum voltage, expressed as "kV (peak) Ikilovoltspeak). This voltage is the maximum
value, represented by the crest of the sine wave form shown in Fig. 3-61 a), and differs from the effective voltage in the same way
as maximum value of current differs from effective value as explained in par. 3.1.13.
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Unipolar tubes are used with constant potential equipment where they are mounted in separate tube heads fed
with one high-voltage cable. They are also the only type of tube suitable for reasonant transformer types of
X-ray machines.

The cooling of unipolar tubes is very simple. Since the anode is at ground potential, water can be used to remove
heat. In one portable type, a fan blows air past a finned radiator mounted on the anode.

3.2.3 Types of X-ray Machine Circuits

The distribution of X-radiation among the different wavelengths depends upon the characteristics of the kilo-
voltage applied to the tube. If one X-ray tube is supplied with a current of constant voltage and another, under
the same maximum kV conditions, with a current of pulsating voltage, the variations in intensity of X-radiation
against wavelength will be different. With a pulsating voltage there are, during each cycle, moments of lower
voltage during which there will be a greater proportion of soft (long wavelength) rays. This means that a machine
working with a constant voltage will provide a higher intensity of hard (short wavelength) radiation than one with
a pulsating voltage.

Following is a description of six different circuit diagrams of X-ray machines, in the graphs beside each circuit,
the dotted lines represent the alternating voltage from the secondary of the high voltage transformer. The solid
lines represent the current flowing through the X-ray tube. See Fig. 3-12.

3.2.3.1 Self-Rectifying Circuit (Figure 3-12(A)) - Normally no current can flow from the anode to the cathode of an
X-ray tube; the negative half-cycles of in alternating current do not pass through the tube, and only the positive
half-cycles are usad. One disadvantage of this circuit is that if the anode becomes overheated during operation it
may begin to emit electrons. This results in a reverse current during the negative half-cycles, which can damage
the cathode and even destroy the filament. This circuit is used in most portable machines, mainly for economy
and reduction in weight and size. Most modern portables have a rectifier in the primary of the high-voltage
transformer to reduce the possibility of reverse current through the X-ray tube.

3.2.3.2 Single-Valve (hot-cathode diode! Circuit (Figure 3-12(B)) - In this circuit the diode takes over the rectifying
action, thus eliminating completely the risk of reverse current in the tube. This circuit is no longer used in
modern industrial X-ray units.

3.2.3.3 The Villard Circuit (Figure 3-12(CI) - When the current flows in the direction indicated by the broken line
arrows, the two condensers are charged. When the current is in the opposite direction, it passes through the
X-ray tube and is supplemented by the discharge from the condensers. This produces a pulsating voltage on
the tube of th» same frequency as the line voltage.

3.2.3.4 The Graetz or Full-Wave Bridge Circuit (Figure 3-12(D) - During both the half-cycles of voltage of the trans-
former, current passes through the X-ray tube in the same direction. The pulsating current in the tube is at
twice the line frequency.
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3.2.3.5 The Greinacher Circuit (Figure 3-12(E)) - During one half-cycle (solid-line arrows) condenser C, is charged,
while C2 is charged during the other half-cycle (broken-line arrows). The X-ray tube is connected in parallel
to the two condensers, which are themselves connected in series; the result is a voltage which is doubled and
fluctuates very slightly. The circuit is almost universally used in modern constant-potential equipment.

3.2.3.6 The Resonant Circuit (Figure 3-12(F)) - This circuit is basically a self-rectifying circuit using a unipolar tube
of special design. Taps on the secondary winding divide the high voltage into fixed increments which are applied
to accelerating electrodes built in the tube walls. The transformer is also of a special type, encircling the tube;
it is usually operated at 1000 to 3000 Hz from a frequency converter. This makes for a small, light-weight tube
head, but the frequency converter is usually large and heavy.

3.3 HIGH VOLTAGE RADIOGRAPHY

3.3.1 Introduction

High-voltage radiography is the term applied to radiography using radiation energies from 1 to 30 MeV. Energies
of this magnitude permit radiographic inspection of up to about 450 mm thicknesses of steel. The advan-
tage of high-voltage radiography is its capability to provide greater sensitivity, latitude and image sharpness for
thick specimens than conventional lower voltage systems. The main types of high-voltage equipment include:

3.3.1.1 Betatron — The betatron (Fig. 3-13), is basically a combination of magnet and transformer designed to guide
and accelerate electrons in a circular orbit to very high energies. With the use of only a few thousand volts,
electron* are energized to many millions of volts before they strike the target to produce X-rays.

a- X-ray beam
b - target

c— electron accelerator tube
d - magnet
e - electron gun

FIGURE 3-13
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The electrons are accelerated by the electrical field induced by a time-varying magnetic field. The induction
electron accelerator may be compared with the ordinary transformer except that the usual many-turn, high-
voltage, secondary coil has been replaced by an evacuated doughnut-shaped glass tube with a hot-cathode
electron gun. The electrons are shot tangentially into the tube and are caused to circle around within the tube
by the magnetic field. With each revolution the electrons acquire the same voltage increase as if they had
flowed through a single turn of wire located at the orbit. The electrons are magnetically guided while being
continuously accelerated in the circular path until, at a chosen time, they are magnetically guided away from
this circular path and made to strike a target, producing X-rays. Although no electrode in this type of device
actually operates at extremely high voltage, nevertheless the electrons may acquire energies which correspond
to acceleration by potential differences of many millions of volts.

3.3.1.2 Resonant Transformer — This kind of unit operates on the basis of a coupling between tuned primary and
secondary windings and a sectionalized X-ray tube. The electrons are accelerated by application of the full
d-c potential across the tube.

3.3.1.3 van de Graaff Electrostatic Generator — In this unit electric charges obtained from a d-c potential of about
30 kV are transported by means of a moving belt to the high potential electrode. The full potential of 1 to
2 MeV is applied across a sectionalized X-ray tube.

3.3.1.4 Linear Accelerator — This is a traveling wave type machine, that depends upon a wave guide technique in which
a high-frequency wave passes down a hollow conducting tube. Electrons are injected into the tube at about
50 kV and are accelerated, by transfer of energy from the high-frequency wave, to energies of 3 to 40 MeV.
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Chapter 4

FUNDAMENTALS OF RADIOGRAPHY

4.1 INTRODUCTION

Radiography is a nondestructive method of inspecting materials for hidden flaws by utilizing the ability of
electromagnetic radiations of short wave-length to penetrate these materials. The value of this ability lies in
the fact that the penetrating radiation is absorbed by the material to a degree dependent upon its composition
and thickness. Since the amount of radiation emerging from the opposite side of the material can be detected
and measured, variations in this amount (or intensity) of radiation are used to determine thickness or compo-
sition of the material.

4.2 SOURCES OF RADIATION

Penetrating radiations are those restricted to that part of the electromagnetic spectrum of wave length less than
about 10 Angstrom units (1 nm) as illustrated in Fig. 4 -1 . They are produced by X-ray tubes, high energy
X-ray equipment, naturally-radioactive elements such as radium and radon, and artificially-produced radioactive
isotopes of elements, such as Cobalt 60 and Iridium 192.

X-RAYS VISLSLE
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GAMMA RAYS ULTRAVIOLET INFRARED

FIGURE 4-1

ELECTROMAGNETIC SPECTRUM

4.3 ABSORPTION OF RADIATION

Radiation penetrating a material is absorbed by that material according to the equation:

I = l o e " ^ '

where: I is the intensity of radiation

Vi is the linear absorption coefficient of the material

l 0 is the incident radiation impinging on the material

e is the base of natural logarithms, tqual to 2.178 28

f is thickness of material.

The coefficient JJ is a complex quantity whose value depends upon the atomic number and density of the
absorbing material and the wave length of the incident radiation. I t may be considered to be roughly propor-
tional to the fourth power of the atomic number of the absorbing material. Hence an exposure that is satis-
factory for one inch of mild steel will be completely inadequate for a tungsten alloy tool steel. The variation
in required exposure for all steals except special high alloy* will, however, be too small to require consideration,
and a steel exposure chart can even be used for cast iron in most casts. The ability of a material to absorb
radiation is often referred to as its radiopacity, as a parallel to the opacity of materials to light.
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4.4 DETECTION OF RADIATION

The most common means of measuring the variations in a beam of radiation is by utilizing its effect on a
radiographic film. This effect is the same as that of light, and more intense radiation will produce greater
degree of blackness a light stopping power of the film; and is referred to as density (par. 4.5.3).

Unlike photographic films, which are single coated, the radiographic film is double coated — a layer of x-ray
emulsion on either side of the film. Radiation penetrates throujh both layers which gives raise to a composite
radiographic image.

The basic principle of radiography is shown in Figure 4-2. The specimen to be inspected is placed between the
source of radiation and the radiographic film in a light-tight holder or cassette. Radiation is allowed to penetrate
the specimen for the necessary length of time to be adequately recorded. The result is a two-dimensional projec-
tion of the specimen onto the radiographic film producing a silhouette of varying degree of blackness or density.

Incident radiation is selectively absorbed depending upon the shape of the specimen and its various thicknesses.
Radiation emerging from the specimen contains a 'phantom' image of the specimen which, on penetrating the
film, sensitized the emulsion layers and produces a 'latent image'.

On development, this latent image is further magnified to become a visible radiographic image which, on fixing,
becomes permanent.

Radiographs so produced are very similar to photographic negatives, and are generally viewed on bright screen
viewers. Radiographs are usually kept as a permanent record, and can only be duplicated by a special photo-
graphic procedure. Radiographs can also be used to produce either negative or positive prints for purposes of
illustration.

4.5 THE ELEMENTS OF IMAGE QUALITY

4.5.1 Sensitivity

The characteristic of a radiograph that permits an observer to detect small changes in film blackness due to small
changes in material thickness or density is referred to as sensitivity. It depends not only upon the eyesight of the
observer but also upon the contrast of the defect image, i.e., how the image stands out against its background
due to the film densities involved, and upon the sharpness or definition of the defect outline.

Sensitivity is a measure of the image quality of a radiograph and is defined as the smallest percentage variation
in specimen thickness that can be detected. It is expressed as a percentage of the smallest detected difference
in thickness compared to the total thickness through which the radiation is being directed. Two per cent is
usually considered a satisfactory sensitivity although better sensitivity is sometimes attainable and may be
required in some instances. On the other hand, sensitivities as poor as 10 or 15% may be acceptable for some
specimens. Sensitivity is assessed by determining if a known change in specimen thickness can be detected on
the radiograph. This may be achieved by placing a sensitivity gauge, made of material similar to that of the
specimen, on the specimen when it is being radiographed. These gauges are referred to as "penetrameters" or
"image quality indicators" (IQI). A penetrameter (or IQI) may take different forms, but its thickness is such
that when placed on the specimen it represents 2% of the specimen thickness at that position.

Penetrameters are intended to provide a simple check on the overall quality of a radiograph and of the technique
used to produce it. The penetrameter image should not be used to judge the size of a defect. It is simply an image
quality indicator as the name implies. If the penetrameter image is not clearly defined the quality of the radio-
graph is indeed questionable. If the image is clearly defined it usually means that the sensitivity is substantially
correct provided the following requirements have been met:

(a) The penetrameter thickness which is sharply defined is 2 % of the thickness of the part measured, in the
direction of the beam of radiation.

(b) The penetrameter material is the same as, or very similar to, the specimen material.

(c) The penetrameter has been correctly placed upon the specimen, i.e. on the source side of the specimen.
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The most common types of penetrameters are as follows:

4.5.1.1 Flat Type — This type is used almost exclusively in North America and is basically a flat strip of metal containing
holes and identified usually with a lead number. The type illustrated in Fig. 4-3 is the ASTM (American Society
for Testing and Materials) penetrameter in which there are three holes whose diameters have a direct relationship
to the penetrameter thickness "T". When a radiograph is viewed, a specified hole in the penetrameter must be
clearly visible. The particular hole to be observed will depend upon the end use of the specimen. For example,
in highly critical nuclear parts the smallest hole may be required to be visible whereas for less critical structures it
may be permissible to see only the largest hole.

r 4T diam

Place Identification
Numbers Here

Minimum Penetrameter Thickness 0.12 mm
Minimum Diameter for I T Hole 0.25 mm
Minimum Diameter for 2T Hole 0.50 mm
Minimum Diameter for 4T Hole 1.00 mm

-Tdiam

r 2Td iam

FIGURE 4-3

4.5.1.2 Step or Wedge Type — This type, shown in Fig. 4-4, is similar to the flat type and may be considered as a
combination of several flat penetrameters of different thicknesses. There may or may not be holes in the
steps. There is an economical advantage to the step type, for fewer penetrameters are needed to serve a
certain material thickness range. One disadvantage is that the holes, if present, are usually of no significance
in assessing sensitivity.

.. ... • 62 mm

12 mm
-*—»-

12 mm

1
1.00 mm

0.12 mm

0.75 mm
0.50 mm

0.25 mm

FIGURE 4-4
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*>.'*.*. '; Mm: Type - Another type employs a series of different diameter wires that are held in a plastic or rubbe;
as illustrated in Fig. 4-5. This type is known as the DIN type, is accepted by the International Institute of
Welding (IIW) and is used almost exclusively in European countries where it is known as an image quality
indicator. The advantage of this type, as with the step type, is that it combines several penetrameters in one
package. Of more importance is the fact that the wires offer a good means of judging the sharpness or definition
obtained in the radiograph.

»!• 50 mm (25 mm with 10/16 range)

W

II
u—u

0 E

in
in

98 mm (72 mm with 10/16 range) &*\

FIGURE 4-5

Deutsches Institut fur Normung (DIN)
Steel wires in a flexible envelope,
wire diameters in geometric pro-
gression, common ratio 1:25. There
are three ranges: DIN 1/7,0.8-3.2 mm;
DIN 6/12, 0.25-1.0 mm; DIN 10/16,
0.1-0.4 mm (wire diameters)

4.5.2 Definition or Image Sharpness

The sharpness of the outline of any defect or damage in specimen thickness is a major factor affecting the
quality of a radiograph. It is influenced by most of the variables, discussed in par. 4.5, that determine radio-
graph quality.

4.5.3 Density

The transmission ratio, T, of light through a radiographic film is defined as follows:

Transmission ratio, T = -rf- where

It: is the light transmitted through the film

Ip is the light incident on the film

Figure 4-6 shows the general arrangement of a densitometer and incident and transmitted beam. Transmission
ratio is always less than one.

Opacity, 0 is the reciprocal of the transmission ratio and is equal to l j / l f .

Opacity is always greater than one and increases with increasing degree of blackness. Density is defined as the
logarithm of Opacity.

Therefore,

Density = log-p-

With increasing degree of blackness. It becomes smaller and hence the numerical value of the right hand side of
the equation increases.
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4.5.4 Contrast

Contrast is the relative brightness of two adjacent areas in a radiograph or fluorescent screen image. It is thus a
measure of the difference in film densities produced by radiation passing through different thicknesses of
absorbing material. The greater the density difference between the image of the flaw and that of the sound material
the easier it will be to detect the flaw. '

4.5.5 Latitude

Latitude of a film is closely associated with contrast. It is the range of thickness of material that can be recorded
on the radiograph within the useful range of film density. A high-contrast film has little latitude and conversely
a low-contrast film has great latitude.

4.6 VARIABLES THAT DETERMINE RADIOGRAPH QUALITY

4.6.1 Radiation Source

Absorption of radiation by a specimen decreases as the wave length of the radiation decreases. That is, the
shorter wavelengths are more penetrating. This means that the longer wavelengths, being more readily absorbed,
are more readily attenuated or changed in intensity by small changes in specimen thickness, and the contrast is
thereby improved.
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Radiation from a tungsten target X-ray tube, the type in common use for radiography, contains rays of all wave-
lengths from the longest to a minimum wave length that is determined by the applied voltage according to the

equation: X = - ^ j ^ where X is wavelength in nanometres and v is applied voltage in kilovolts. It follows that

the thickest section to be radiographed determines the voltage used in X-ray work. On the other hand, the lowest
possible voltage is used to obtain the greatest contrast.

Radioactive sources differ from X-ray equipment in the fact that they produce rays of discrete wavelengths or
energy levels, some so short that they penetrate over 300 mm of steel. Usually this results in a wider latitude
with consequent lower contrast.

4.6.2 Geometrical Unsharpness

Geometrical unsharpness (Ug) is determined by the source size, the source-to-film distance (SFD) and the object-
to-film distance. Simple geometry dictates that the source of radiation should be as small as possible. Since the
radiograph is essentially a shadow picture, it exhibits the same penumbra effect as a light shadow. This is illus-
trated in Fig. 4-7(A) and 4-7(C). The larger the source, the larger the penumbra and the less distinct is the outline
of any image. Definition is the element of quality that is adversely affected. Unfortunately, smaller sources
generally produce less radiation and since these radiations, whether X-ray or gamma ray, cannot be focussed, a
compromise between source size and radiation intensity has to be made.

Source Source

Source

Penumbra Penumbra

FIGURE 4-7
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4.6.3 Source-to-Film Distance (SFD)

The main effects of changing the distance from radiation source to film are:

4.6.3.1 Radiation Intensity - Radiation intensity obeys the same inverse square law as light. In Fig. 4-8, consider the
amount of radiation from source S passing through the square of side "a" . It covers an area of a x a or a2 .
Further from S, this same amount of radiation has to pass through the much larger area A 2 so that the amount
of radiation per unit area is smaller by the ratio a 2 /A 2 . By geometry, the sizes of a and A are proportional to
the distances d and D so that a/A equals d/D. Thus a*/A2 equals d 2 /D 2 which tells us that the amount of radia-
tion per unit area received at the larger distance D, is smaller than that received at d in the ratio d 2 /D 2 . Thus the
amount of radiation is inversely proportional to the square of its distance from the source (par. 1.6, Chapter 1).

4.6.3.2

FIGURE 4-8

Geometrical Distortion — If rays forming a shadow are parallel, that shadow is the same size as the object causing
it. The closer the source of radiation is to the object, the more the lack of parallelism is exaggerated and the larger
is the shadow compared with the object. Fig. 4-7 (B) and 4-7(C) illustrates this distortion and also shows how the
outline is blurred, causing poorer definition. It should be remembered also, that when the object is very close to
the film, this distortion is minimized.

From these considerations, we arrive at the rule that the ratio
source-to-film distance (SFD)

must be made as
object-to-film distance

large as possible. The SFD is limited by the inverse square law which controls the amount of radiation we have
to work with. This ratio, then, is best controlled by having the film as close to the specimen as possible. If it is
important to detect defects near a particular surface of the specimen, that surface should be the one adjacent to
the film. It is seen that the penumbra effect of a large source can be partly compensated for by increasing the
SFD.

4.6.4 Exposure Time

The term "exposure" is used to cover the variables that govern the amount of radiation received by the film.
In X-ray techniques these are: filament or tube current, SFD and time. In gamma ray work the first of these
is replaced by source strength. The exposure factor (EF) is defined as:

EF at
d2"

where: a = current, in milliamperes (for X-ray), or

source strength in milliroentgens (for gamma rays)

t = time of exposure, in seconds

d = source-to-film distance (SFDI
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4.6.5 Halation

This phenomenon is seen in the blurring of image outline (poor definition) due to large grain size of the film.
When the dividing line between intense and less intense radiation touches a grain of film emulsion, the complete
grain is activated by the stronger radiation and the dividing line is forced around the grain. Intense fluorescence
of a grain may also activate an adjacent grain, causing it to f luoresce and blur the outline still further. Hence it is
important to use films and screens with as fine a grain as possible. Since fine-grained films react more slowly to
radiation, this is another factor requiring an increased exposure time.

4.6.6 Scattered Radiation

Scattering is probably the most important factor that can adversely affect a radiograph. More variations in tech-
nique are introduced to overcome the effects of scatter than for any other reason. Fig. 4-9 shows how a primary
beam of radiation is scattered in all directions when it strikes an object. Anything in the path of a beam of X- or
gamma radiation produces scatter; consequently we get scatter from the X-ray tube, the specimen being radio-
graphed, the table top, floors, walls, and any objects on or under the table that are in the path of the primary or
scattered radiation.

Because it travels at an angle other than that of the primary beam, scattered radiation increases film density
without contributing to delineation of detail. When detail is lost along the image outline due to scattering at the
perimeter of the specimen, the phenomenon is referred to as undercutting. Fig. 4-10 illustrates scatter produced
by specimens of simple shapes that are often encountered, and some easy methods of counteracting it. Scatter
from parts of the specimen above the surface "B" is largely absorbed in the specimen because scattered radiation
has a longer wavelength that is readily absorbed. Another factor that reduces intensity of scattered radiation is
that it traverses a longer path through the specimen than the primary beam, as illustrated in Fig. 4-11.lt becomes
clear that the rule of having the film as close as possible to the specimen is an important one. Very often the
shape of the specimen is such that a large amount of scatter is unavoidable. In this case it is often better to use
shorter wavelength radiation that produces less scatter.

4.6.7 Fitters and Screens

Lead screens are used to reduce scatter and to increase the film density by emission of electrons. For all radio-
graphs of heavy metals such as steel, the film is sandwiched between sheets of lead foil in close contact with the
film emulsion. Usually the lead foil is purchased in standard film sizes, mounted on cardboard and kept in the
film holder. It is important to have good contact between the lead screens and the film emulsion, because the
electrons emitted then react with the emulsion before they have an opportunity to affect adversely the definition
of the radiograph. The screen on the source side also acts as a filter to stop some of the weaker scatter reaching it.
Fig. 4-12 shows how the scatter is absorbed more readily than the primary radiation because of its longer path as
well as its longer wavelength. The back screen also has the role of stopping backscatter.

Because of these roles played by the lead screens, the front screen is usually thinner than the back one.
A common combination is 0.12 mm front and 0.25 mm back screen. When higher energy (shorter wavelength)
radiation is used, the front screen is often thicker. A front screen is not used for lighter metals and plastics
because the long wavelengths used are absorbed and there is no intensifying effect on the image. In some cases
it is common to place a metal foil filter near the source to eliminate the very long wavelengths that produce
more scatter. This filter may be of lead or other metal such as copper.

Before the advent of high-energy radiation from isotopes, betatrons and million-volt X-ray machines, it was a
common practice to increase film exposure by the use of fluorescent screens, usually calcium tungstate, in place
of lead foil. These screens increase the useful film density to such an extent that exposure times are reduced
substantially. The main drawback of fluorescent screens is the reduction in definition due to halation. When high
energy sources are not available, calcium tungstate screens can be used to extend the limit of specimen thickness
capable of being radiographed by equipment at hand.
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RADIATION SCATTER PRODUCED BY SPECIMENS
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4.6.8 Masking or Blocking

Masking or blocking is often used to reduce the effects of scattered radiation by preventing unwanted radiation
from reaching the film. This involves the use of a form of mask placed around the specimen.

Masks should be of a material highly absorbent to X- or gamma ray radiation. They may be cut to shape from
sheet material such as lead or formed by the use of putty placed around the specimen. In some cases the speci-
men may be surrounded by metallic shot or powder or immersed in a suitable liquid.

Fig. 4-13 illustrates the use of lead sheet cut to the shape of the specimen.

FIGURE 4-13

Fig. 4-14 shows the use of lead sheet and putty to provide masking.

FIGURE 4-14
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Fig. 4-15 illustrates the use of metallic shot, powder or a liquid in which the specimen is immersed.

4.7

FIGURE 4-15

Except for the use of powdered lead, the masking or blocking methods described above may be used to extend
the range of thickness adequately recorded in one exposure. The blocking material is placed under or over the
thin sections to equalize the specimen thickness. Possibly the easiest method of extending the range is to use
two films in one holder. Another method is to expose the thin sections first, then cover them with lead and
continue the exposure for the thick sections.

LIMITATIONS OF RADIOGRAPHY

A knowledge of the factors that determine the quality of a radiograph enables us to predict fairly accurately

where radiography is useful and where it cannot be used to any great advantage.

(a) the first obvious limitation is thickness of the part being radiographed.

(b) the second limitation is the configuration of the part, which may not permit close positioning of the film
to the part. A complex shape may produce an excessive amount of scattered radiation.

(c) radiography ;annot normally detect crack-like discontinuities unless the plane of the crack parallels the
radiation beam as shown in Fig. 4-16. Crack 'a' will show on the film but crack 'b' will not because the
beam traverses only its thickness that is less than the limit of sensitivity normally attained by radiography,
i.e., approximately 1 %. Crack 'c' will show as a broad, slightly darker image on the film and may be very
difficult to detect.

Radiographic Image

FIGURE 4-16
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Chapter 5

RADIATION SAFETY

5.1 UNITS USED IN RADIATION WORK

5.1.1 Introduction

In radiation work it is necessary to understand the units used for measuring different quantities, and to under-
stand the inter-relationships that exist. The more important units and their definitions are discussed below.

5.1.2 Units for Measuring Radioactivity

A given amount — volume or weight — of an isotope with a short half-life will be more radioactive than the same
quantity of a longer lived isotope. Obviously then, the quantity in mass or volume is not a measure of its radio-
activity. The unit of radioactivity was initially established as that activity corresponding to the activity of one
gram of radium or, more precisely, the quantity of radioactive nuclkJe having a disintegration rate of 37 billion
atoms per second. This is called one curie of activity, symbol Ci; smaller units are the millicurie (mCi) - one
thousandth of a curie, and the microcurie (fiCi) — one millionth of a curie. In SI the accepted unit of radioactivity is
the beccu'jrel (Bq) which has a disintegration rate of one atom per second.

5.1.3 Units for Measuring Radiation Energy

5.1.3.1 While the becquerel defines the rate of disintegration, it does not indicate the energy of the radiation being
emitted. The unit used for this is the electronvolt. symbol "eV". One electron volt is the energy gained by
an electron passing through a potential difference of one volt. Since the charge on the electron is very small,
the electron volt is a very tiny amount of energy. The energy of the radiation used in radiography is expressed
in million electronvolts (abbreviated as MeV).

5.1.3.2 The energy of X-radiation is often expressed in terms of kV (peak). This is an abbreviation for kilovoltage peak,
and refers to the peak potential of the high voltage in the X-ray machine. It is not a direct measure of the energy
of the radiation, but since energy and tube voltage are related, it gives an indication of the quality of the radiation.
The quality of an X-ray beam can also be described by its half-value layer (HVL). The HVL is that thickness of
some specified material, (usually Al or Cu) that will attenuate or reduce the beam to one-half its original intensity.
The HVL of a beam is a function of its effective energy.

5.1.4 Units of Radiation Dose

5.1.4.1 Roentgen - The most important characteristic of a, 0, y and X-rays is their ability to ionize the atoms and
molecules of the material through which they pass. Trie unit for measuring intensity of X- or •y-radiation is
based upon its ability to produce ionization. The unit chosen is the roentoen (R). The roentgen is defined as
an exposure dose of X- or y-radiation such that the associated corpuscular emission per 0.001 293 g of air
produces, in air, ions carrying one electrostatic unit of quantity of electricity of either sign. More simpiy it is
that quantity of radiation that creates 2.06 x 19' ion pairs per cubic centimetre of air at standard temperature
and pressure (S.T.P.). By definition the roentgen is a unit of exposure dose which is based upon ionization of
air. It is not a unit of ionization, nor is it an absorbed dose in air; and finally it applies to X-and y-rmiiations only.

5.1.4.2 Rad — Since the roentgen is not easily applicable to all systems, a new unit of absorbed dose is used when
considering radiation damage in living tissue. This unit is called the rad and is equal to the amount of ionizing
radiation that deposits 10 pJ of energy per gram. The roentgen and the rad are really not very different in
value; however, the rad is a unit of absorbed dose and can be applied to all types of radiation. In SI the unit
of absorbed dose of ionizing radiation is the gray (Gy). (1 rad = 10 mGy).

5.1.4.3 RBE - RBE is the abbreviation for Relative Biological Effectiveness and is a factor that is used to compare
biological effectiveness of absorbed radiation doses due to different types of ionizing radiations. Different
ionizing radiations cause different amounts of biological damage for the same rad dos«. For example, both
alpha particles and fast neutrons cause more damage than X- and 7-radiations. The RBE for X- and 7-radiations
used in radiography is equal to 1.
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5.1.4.4 Rem - The rem is an abbreviation of roentycnoquivalent-man and is the unit used to express human biological
doses as a result of exposure to one or more types of ionizing radiation. The rem is related to the rad by the
equation

rem = rad x RBE

It is the correct unit for expressing radiation doses received by workers.

For X- and y-radiations the RBE is equal to 1; therefore, the rem dose and the rad dose are the same. For
expressing radiation doses the correct unit is the rem. A smaller unit of this is the

Millirem (mrem) = \

Since the roentgen and the rad are not very different in many occasions, the symbol " R " is used instead of rem,
and 'mR' instead of millirem.

Note: In SI, the unit "sievert" (Sv) may be adopted for dose equivalent in the future. 1 Sv = 1 J/kg =100 rem

5.1.5 Relationship Between Radiation Dose and Source Strength

The radiation dose at any given point from a radioactive source depends on (a) the source strength and (b) the
energy of the radiations emitted. Unless the radiations from two different isotopes are very nearly identical, the
radiation dose from equal quantities of each at the same distance is likely to be different.

5.2 BASIC PRINCIPLES OF RADIATION PROTECTION

5.2.1 Introduction

There are certain basic principles for protection of personnel, regardless of the type or energy of the radiation.
The main factors to be considered are time of exposure, distance and shielding. The most economical and
practicable combination of these factors consistent with adequate protection should be used.

5.2.2 Time

Time is the most effective factor in reducing radiation exposures in many cases. The time a person must spend
near a radiation source can often be reduced by careful planning. Cameras or devices housing sources should
always be stored in low occupancy areas, and simple procedures that can be completed in the shortest possible
time should always be adopted.

The dose rate from any source falls off with time. For example, if a Cobalt-60 source with an initial activity of
400 GBq has been in a radiography camera for two years its activity will now be 308 GBq, or only about three quartet,
of its original strength. Radioisotopes decay at different rates, and the decay rate is usually expressed as the
half-life of the particular isotope (par. 2.3.5 of Chapter 2).

Half-life calculations can be easily performed by using the formula:

where n is the number of half-lives

N o is the original number of atoms

N is the number of atoms after " n " half-lives have elapsed.
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Example

What is the dose-rate at 1 m from • 400 GBq lridium-192 source after 370 d?

Solution

Half-life of lrm = 74 d

370 d = 5 half-lives

Dose rate from 40 GBq lr1M = 0.S1 R/h

400 GBq = 0 . 5 1 x 1 0

or 5.1 R/h

However, since S half-lives have elapsed, the new dose rate will be

, _

- 0.18 R/h or 160 mR/h

5.2.3 Distance

Distance is very effective and can be one of the easiest and cheapest factors to apply. Alpha and beta particles
do not travel far in air, and distance is an effective shielding for them. For X- and 7-rays the intensity decreases
very rapidly with the distance between the source and the point of interest. This is mainly due to the spreading
of the beam, with some due to absorption by air over relatively short distances. The decrease due to distance is
expressed by the Inverse-Square-Law which is written as

where, l<> is the original intensity

I is the new intensity

Do is the original distance

D is the new distance

Example 1.

Find the intensity of radiation from a gimma source at 6 m if a reading taken at 0.6 m is 600 mR/h.

Given: l0 = 600 mR/h

DQ = 0.6 m

D = 6m

by transposing the formula, we have

I - lo

• 6 mR/h
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Example 2

Find the radiation intensity from a point gamma source at 3 m if a reading taken at 6 m is 100 R/h.

Given: l0 = 100 R/h

Do = 6 m

D = 3m

Then:

I = lo • -=§-

I)
= 400 R/h

This principle of distance can work in reverse as well. For example, a relatively small source which is of little
consequence at a reasonable distance can be quite dangerous if picked up. The dose received by the thumb and
finger would be enough to cause considerable damage.

Example 3

Let us take a 40 GBq source of Cobalt-60. The dose at 1 m is 1.23 R/h. We shall assume the source is picked up
and held for 2 s, the time it might take to retrieve it from the ground and place it in a storage pot.

1 23
Dose per second at t mm = ' e n • |103)2

_ 1.23 x 103

3 £

= 0.342 x 103

= 342 R/s .

Therefore, for 2 s the dose would be 684 R.

Shielding

Shielding is the most important and expensive of the three factors for protecting personnel. Shielding allows
large sources to be used in working areas where personnel must remain for long periods of time.

The principle of shielding is straight forward, and concepts have been introduced to make the calculation of
shielding requirements very simple. These are Half-Value Layer (HVL) and Tenth-Value Layer (TVL), which
are discussed in par. 2.3.3 of Chapter 2. It should be noted that the values of these vary as radiation penetrates
a thick shield. This variation is caused by the build-up within the absorber, and hardening of the beam. This
last point is particularly evident when dealing with X-ray beams but the errors introduced can be greatly reduced
by using TVL when dealing with thick absorbers.

Formulae that relate HVL and TVL to radiation intensity are,

for HVL I = - ^ and. for TVL I = ^

Where l o = original radiation intensity

I = shielded radiation intensity

n = number of Half-Value or Tenth-Value Layers.

48-GP-SM



Example 1

Calculate the dose from a 40 Bq Cobalt-60 source at 1 m with the beam passing through SO mm of lead. Given
that 40 Bq of Cobalt-60 produces a radiation dose of 1.23 R/h at 1 m and the HVL is 12.5 mm of lead.

Solution

50
(a) number of HVL used = r^-? or 4

(b) given that l o = 1.23 R/h

We substitute the foregoing into the following equation

snd we have

1.231 =1 * -

= 12?
16

= 0.08 R/h

Example 2
Find the thickness of concrete required to reduce the radiation level from 2 000 mR/h to 2 mR/h, given that
the TVL for the radiation h question is 225 mm of concrete.

Solution

The basic formula I = -r^

can be rearranged 10n = —-

and the known values ?re substituted as follows:

10n = ^ - ^ = 1000

Therefore, we can see that n = 3

(i.e., 10x10x10)

Since 1 TVL = 225 mm

3 TVL = 675 mm

5.3 BIOLOGICAL EFFECTS OF IONIZING RADIATION

5.3.1 Introduction

In discussing the biological effects of radiation, it is important to recognize certain basic facts:

5.3.1.1 The biological effects observed for one type of radiation can be produced by any other type of radiation.
This is important since experience gained with X-rays can be applied to other types of ionizing radiation.
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5.3.1.2

5.3.1.3

5.3.2

5.3.2.1

5.3.2.2

5.3.2.3

5.3.3

5.3.3.1

The amount of energy required to produce marked effects on tissue is small.

With the single exception of the very infrequent beneficial mutations, radiation is always damaging to the cell or
tissue. Therefore, it is well to remember that ionizing radiations are destructive and must be carefully used.

Sequential Pattern of Biological Effects

For short-period exposures, observed biological effects usually follow a sequential pattern. For protracted-type
exposure, these effects occur simultaneously and may not be observed. In general, the sequence of events
following radiation exposure may be classified as follows:

Latent Period - Following the initial radiation event and before the first detectable effect occurs, there is a time
lag. This period, referred to as the latent period, merely represents the time interval until one is able to detect
damage. In fact, biological effects of radiation are arbitrarily divided into acute and long-term effects on the basis
of the latent period. Those effects that appear within minutes, days, or weeks, are called acute effects, and those
that appear years, decades and sometimes generations later are called long-term effects.

Generally speaking, the larger the dose the earlier is the appearance of injury. In actual practice, barring accidents
or gross negligence where the doses are small, the latent period for some effects may be very long (25 a or more).

Period of Demonstrable Effects on Cells and Tissues — During or immediately following the latent period, certain
discrete effects can be observed by microscopic examination of tissue or by less direct physical methods. One of
the phenomena most frequently observed in growing tissues exposed to radiation is the cessation of mitosis or
cell division. This may be temporary or permanent, depending upon the radiation dosage.

Recovery Period - Following exposure to radiation, recovery can and does take place to a certain extent. This is
particularly manifest in the case of the acute effects, i.e., those appearing within a ma*ter of days or weeks after
exposure. There is, however, a residual damage from which no recovery occurs. This is the basis of the long-term
effects.

Determinants of Biological Effects

Total Amount of Radiation Absorbed - There is a quantitative relationship between the extent of damage and
the amount of radiation absorbed. If we plot dose versus effect for various tissues, there are, in general, two
forms in which the graph may appear (Fig. 5-1).

B
FIGURE 5-1
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Curve 'A' illustrates a common type of biological response to many physical and chemical agents. Here the effect
is not measurable until a certain minimum or threshold dose is exceeded. The resultant curve is not linear but
generally approaches an 'S' shape. Most of the acute effects of radiation, taken individually, appear to be this
type. It may be, however, that as more sophisticated ways are found to measure radiation effects, more of them
will be seen to be the 'nonthreshold' type.

Curve 'B' represents a hypothetical 'non-threshold' case in which a linear relationship exists between a dose and
effect. A minimum dosage is not required to produce an effect, and furthermore any given dosage in this case
produces the same effect regardless of any previous dose. Genetic effects of radiation tend to follow this type
of dose effect curve.

5.3.3.2 The Type of Radiation — The various types of ionizing radiations will result in different degrees of tissue damage
for the same quantity of energy absorption depending upon their characteristic specific ionizations. The greater
the specific ionization the greater the biological damage with equal amounts of energy absorption per uni* mass
of tissue. For example, a gram of tissue absorbing 1 Gy of alpha radiation would exhibit much more damage than
if the same gram of tissue absorbed 1 Gy of gamma radiation.

5.3.3.3 Rate of Absorption — The rate at which the radiation is administered or absorbed is most important in the
determination of what effects will occur. Since a considerable degree of recovery occurs from the acute effects
of radiation, a given total dose will produce less of an acute effect if divided than if given in a single exposure.
With many of the long-term effects, however, since recovery does not occur, rate of absorption is not important.

5.3.3.4 Area Exposed - Ordinarily, when reference is being made to dosage such as maximum permissible level of
exposure or median lethal dose, it is assumed to mean dosage delivered to the whole body. The qualification of
whole-body radiation is important. Large doses of radiation can be applied to local areas (as in therapy)*with
little danger, but are lethal if applied to the whole body. For example, a person who exposed a finger to 1000 R
might experience little effect except localized injury to the finger, but if the same dosage were delivered to the
entire body, it would prove fatal.

5.3.3.5 Relative Sensitivity of Cells and Tissues — The most radiosensitive of all tissues are those of embryonic nature
and growing tissues. The human embryo for instance, in the first 3 months, may be damaged by as little as 25 R
and malformations may result.

In general, the relative sensitivity of various cells and tissues is the same in the various mammals that have been
studied. However, under identical exposure conditions, the different types of cells and tissues show marked
differences m their response to a given radiation dosage. It appears that not all cells and tissues are equally
sensitive or vulnerable to radiation.

5.3.4 Types of Effects

The biological effects of radiation, except for exceedingly high doses, are delayed from a few days to many years,
depending on the dose and type of radiation received. Overexposure to radiation may cause:

(a) injuries to superficial tissue.

(b| general effects on the body, particularly the blood and blood-forming organs; e.g., production of anemia
and leukemia.

(c) induction of malignant tumors.

(d) other deleterious effects such as cataracts, impaired fertility, and reduction of life span.

(e) genetic effects.
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The probable early effects of human whole-body acute radiation exposure can be summarized briefly as follows:

Acute Dose Probable Effect

0 — 25 rems No obvious injury

25 - 50 rems Possible blood changes, but no serious injury

5 0 - 1 0 0 rems Blood cell changes, some injury, no disability

100 - 200 rems Injury, possible disability

200 - 400 rems Injury and disability certain, death possible

500 rems Fatal to 50% <LD 50)

600 or more Fatal

5.4 RADIATION SAFETY STANDARDS

5.4.1 Basis and Philosophy

Safety standards, defining the maximum permissible radiation doses (MPD) a worker can receive in a given time,
have been set by international and national authorities. There is an overall MPD for the whole body, and separate
ones for different body organs and special cases. The MPD is the dose experts believe causes negligible harm. If
exceeded, it does not mean that harm will follow; but there is an extra risk that is judged undesirable. MPD's are
set well below the dose that would produce radiation sickness or other observable effect. It is necessary to set
them low because of the risk of long-term damage. (The MPD does not include medical exposure.)

The long-term hazards of radiation depend on the sum total of all radiation exposures throughout life, i.e.,
radiation exposures are cumulative in their effect, like lead poisoning or cigarette smoking. The cigarettes you
smoked yesterday won't hurt you: it is the total number you have smoked over the years that counts.

The MPD is roughly 50 times higher than the 'natural background' dose; which is the radiation dose everyone
receives from cosmic rays, natural radioactivity in the environment, etc. The MPD for members of the general
population is 1/10 of the MPD for a radiation worker.

Tissues and organs of the body differ in their sensitivity to radiation: therefore, different MPD's have been set
for different organs. These can be used when appropriate, but expert knowledge is needed. For example, a special
MPD for skin doses is set, but is applicable only if the radiation is of a type that does not penetrate much below
the skin. When radioactive material gets into the body, it causes internal exposure. Both internal and external
exposures must be included in the MPD.

It is important to distinguish carefully between the 'dose rate' at a given instant, as measured by an instrument,
and the total dose over a period of time. The MPD refers to the latter. The film monitoring report is the best
way of assessing external exposures because it gives the total dose over the time intervals to which the MPD
refers; i.e., annually, quarterly (13 weeks) and 'lifetime'. The MPD is always calculated as being in addition to
the natural background dose, and doses received in medical X-ray examinations.

5.4.2 International Standards

The recommendations of the International Commission on Radiological Protection (ICRP) are generally
accepted throughout the world. They are too detailed and complicated for discussion here but the following
table summarizes the various maximum permissible doses. The Atomic Energy Control Regulations are based
on ICRP guides.
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5.5 PRINCIPLES OF RADIATION DETECTION

b.5.1 Introduction

Ionizing radiation, unlike light and heat, cannot be detected by our normal senses. Consequently, it is necessary
to have instruments that will detect it and determine its type and intensity.

SUMMARY OF DOSE LIMITS FOR INDIVIDUALS

Organ or tissue

Gonads, red bone-marrow

Skin, bone, thyroid

Hands and forearms; feet and ankles

Other single organs

Maximum Permissible
Doses for adults
exposed in the

course of their work

5 rems in a year*

30 rems in a year

75 rems in a year

15 rems in a year

Dose Limits for
members of the public

0.5 rem in a year

3 rems in a year

7.5 rems in a year

1.5 rems in a year

"In Canada, at the present time, up to 3 rems may be accumulated in any period of a quarter of a year, provided
the above-given annual limit is not exceeded.

5.5.2 Purpose of Measurement

Radiation measuring instruments can be classified into the following main categories:

(a) laboratory instruments for measuring the activity of a sample in units related to the source strength
i.e., the number of curies.

(b) survey instruments for measuring the rate of radiation in units (such as mR/h) related to ionization and
radiation damage to tissue.

(c) personnel monitoring instruments for measuring total cumulative exposure in units related to absorbed
dose.

5.5.3 Methods of Measurement

There are many techniques for the detection of radiation; the most important and commonly used are:

(a) electrical collection of ions

(b) photographic detection

(c) scintillation of crystals

5.5.3.1 Electrical collection of ions — Devices based on the principle of collection of ions formed in a gas comprise the
vast majority of instruments used. The most common of these are lonization chambers and Geiger counters.

Radiation produces ions in a gas. These ions eventually recombine, but in the electrical field between two
electrodes they are attracted to the oppositely charged electrode. This is the principle of an ionization chamber.
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An ionization chamber is essentially a hollow cylinder fitted with a central electrode and filled with gas, usually
air at standard temperature and pressure. A voltage is applied between the outer case and electrode, and the
appropriate ions are then attracted to the charged surfaces to give a flow of current. If the voltage is increased,
a stage is reached where all the ions created are collected by the electrode. This voltage results in operation of
the chamber in what is called the saturation current region. The current passing through the chamber is then
directly proportional to the ionization, and hence to the radiation intensity.

The operating potential for an ionization chamber type instrument usually lies between 60 and 300 V, depending
upon the size of the chamber and nature of the filling gas.

Instruments operating on this principle have low sensitivity, since they measure only the primary ionization.
For the same reason they have a very high range. If the voltage is increased above that required to give saturation
current flow, in moving towards the electrodes, the ions gain sufficient energy to cause secondary ionization,
and a much larger number of ions is received by the electrodes than originally formed by the radiation; this
phenomenon is called gas amplification. The higher the voltage the higher the gas amplification factor. When the
voltage is high enough so that the resulting pulse height is relatively independent of the specific ionization of the
incident radiation, the instrument is operating as a Geiqer-Mueller counter; the gas amplification factor can be as
high as 10'°. Such instruments are extremely sensitive, and can detect radiation that produces even a single ion
pair.

5.5.3.2 Photographic Detection — Darkening of photographic emulsion was the first method used to detect radiation.
When radiation strikes photographic film, it ionizes the silver halide in the emulsion. The effect is so small that
no visible change is produced in the undeveloped film. However, upon development the latent image is converted
into a black deposit of metallic silver. This darkening is related to the type, energy and quantity of radiation to
which the film was exposed. Photographic methods are used to study the tracks of atomic particles. The most
extensive use, however, is in X-ray diagnosis and autoradiography. The use of photographic emulsions for
personnel monitoring is discussed in detail in a later section.

5.5.3.3 Scintillation of Crystals - Some materials, when struck by radiation, convert part of the absorbed energy to
visible light; they are called phosphors. Many phosphors are found in nature. Certain ores and minerals fluoresce
when exposed to ultraviolet light. Others are man-made. Sodium iodide crystals containing small amounts of
certain impurities have excellent scintillating properties. For every y-ray photon impinging on such a crystal a
spark of light is emitted. The intensity of this pulse of light is proportional to the energy of the radiation over
a wide range. The sodium iodide is also transparent to the light emitted, so it can be seen by a conveniently-
located detector. In a scintillation counter the crystal is mounted on a photomultiplier tube, and the whole
assembly sealed to render it light proof. The photomultiplier tube consists of a photocathode and a set of dynodes.
A pulse of light enters the tube, strikes the photocathode, and ejects electrons towards the first dynode, the
number being proportional to the intensity of the light. The potential of each dynode is higher than the previous
one in the set, and the electrons cascade from one to the next with increasing acceleration and amplification to
produce an avalanche. This gives an appreciable pulse at the output of the photomultiplier. This pulse may be
further amplified and fed into a counter.

Scintillation detectors have a number of advantages over the ionization type instrument; chief amongst these are:

(a) Ability to detect different types of radiation by changing the phosphor.

(b) High sensitivity, especially for gamma radiation.

(c) Ability to measure high disintegration rates without losses due to dead time.

(d) The possibility of using them as spectrometers to determine the energy of the incident radiation.

5.6 SURVEY INSTRUMENTS

5.6.1 Introduction

Survey meters are similar to other radiation detection instruments in operation. An ideal survey meter would be
portable, rugged, sensitive, simple in construction and reliable. All these features may not be available in any one
instrument, but there are many that have most of them. The most common survey instruments used in radio-
graphy are ion chamber and the Geiger-Mueller (GM) types.
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5.6.2 lonization Chamber Instrument

Modern ionization chambers are usually cylindrical in shape. The chamber wall and a wire in the meter which is
electrically insulated from the wall are the electrodes. The current through an ionization chamber is too small to
be measured directly by a milliammeter and it is therefore amplified by a battery-powered electronic circuit.
Before using a radiation meter of this type certain precautions must be taken to make sure that the value indicated
is the correct one. Firstly, it should be allowed to 'warm up'; secondly, the meter should be adjusted to zero and
then, before attempting to read radiation dose rates the scale selector position should be checked.

5.6.3 GM Instrument

A Geiger-Mueller counter is capable of detecting very small amounts of radiation.

This instrument does not give uniform response for different energies and is accurate only for the type of
radiation for which it is calibrated. For example, if it is calibrated for lridium-192, it will not be reliable for
Cobalt-60. Also, an undesirable feature of the instrument is that it can become 'saturated' in a field of high
intensity radiation. The result may be that it will read zero when placed very close to a source of radiation,
which gives a false sense of security to the observer at the point where the danger is greatest.

5.6.4 Calibration

Instruments are designed to read directly in radiation units, generally in mR/h or R/h. However, for reasons
given above and since the characteristics of individual components cause variations in instrument response, it
becomes necessary to calibrate each instrument for the use intended. The Inverse-square Law provides a
convenient approach for calibration. The dose rates from a source of known strength at various distances can
be calculated and compared with the readings of the survey meter. (The calculated intensities and the meter
readings should be approximately the same). When calibrating an instrument, the reference point of the
instrument is generally considered as the center of the sensitive volume.

For X-ray work the instrument must be calibrated for the energies in the region of interest. The amount of
filtration and the type of X-ray generator must also be taken into consideration to obtain an accurate calibration
curve. High degree of accuracy is required for measuring the output of an X-ray tube, although for survey work,
where scatter intensities are of main interest, inaccuracies of the order of 10% may be tolerated.

5.6.4.1 Adjustment - Some survey meters have a calibration adjustment screw whereby the dial needle can be moved
to read the dose rate calculated for that particular distance. If no calibration adjustment is available, the meter
readings should be plotted against the calculated intensities, on a graph paper, and this used for correcting the
readings obtained (Figure 5-4).

5.6.4.2 Calibration Curve - From 5 to 10 equally spaced scale readings should be taken and a graph of these values
versus the calculated or 'true' intensities at the corresponding points should be plotted on linear or log-log
graph paper.

The calibration curve thus obtained may be used to determine the 'true' radiation intensity. For example, in
Figure 5-4, a meter reading of 10 mR/h indicated on the abscissa (horizontal axis) gives a 'true' intensity of
7 mR/h as read on the ordinate (vertical axis). Not only will a calibration curve indicate instrumental error but
it will also provide a means of determining the 'true' values.

6.6.5 Maintenance and Care

The survey meter is a delicate instrument and should be treated with care at all times. It can prevent unnecessary
exposure of the radiographer only when in proper working condition and if used correctly. Before use, all survey
meters should be checked by the radiographer to ensure that: —

(a) There are no physical defects.

(b) Batteries are not weak

(c) The instrument is in proper working condition.
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FIGURE 5-2

ION CHAMBER SURVEY INSTRUMENT

£>

FIGURE 5-3

GEIGER-MUELLER SURVEY INSTRUMENT
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Readings

CALIBRATION CURVE

FIGURE 5-4

5.7 PERSONAL MONITORING INSTRUMENTS ;

5.7.1 Introduction

Personal monitoring instruments measure the accumulated radiation dose received by a person. These are differ-
rent from survey instruments, which normally measure the radiation exposure rate only. Various devices are used
for personnel monitoring. The most common has been the film badge, although where daily and/or immediate
exposure dose reading is required, an ionization-type dosimeter should be used in conjunction with the film
monitor. TLD monitors (par. 5.7.3) are being used with increased frequency.

It is obvious that the personal monitor will indicate only the exposure at the location where it is worn. The usual
wearing positions are the chest or waist levels. Since it is essential that all occupational exposures are properly
recorded, it is the responsibility of the wearer to ensure that the monitors are correctly used. He must wear the
monitors on his person while in a radiation area. For example, if this monitor is left in his coat in the truck, his
actual personal exposure will be greater than that recorded on his monitor and, conversely, if it is accidentally
left in an exposure area, his monitor will read abnormally high and may result in an investigation.
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5.7.2 Film Monitor

The fiim monitor or film 'badge' is a piece of photographic film very much like a dental film. The photographic
emulsion is especially suited for ionizing radiation. The film, when exposed to radiation and subsequently
processed, shows blackening just like ordinary film exposed to light. The degree of blackening is related to the
exposure. The situation is somewhat complicated because the degree of blackening also depends on the quality
of the radiation. In a personal monitor it is therefore necessary to have some method by which the quality of
radiation can be found.

The Radiation Oosimetry Division of the Canadian Department of National Health and Welfare, provides a
national X- and 7-ray film monitoring service in which many thousands of films are processed on a regular basis.
The dosimeter used consists of two components:

(1) the film packet

(2) the film packet holder

The film holder is made of polystyrene with one, 0.12 mm thick copper foil and one, 0.50 mm thick lead foil
glued into a recessed portion on the body of the holder. Two identical foils are glued into the recessed portion
on the other part of the holder, which make* a snap-fit closure with the main body. When assembled, the copper
and lead foils in one part are superimposed over the copper and the lead foils, respectively, in the other part.
The holder can be assembled only with identical foils facing each other; then the film surface is divided into
four areas, as follows:

(1) a window area, open on both sides.

(2) an area between lead foils.

(3) an area between copper foils and

(4) a narrow window open on one side only, on which the wearer's name is printed.

-Film Holder

Open from
this side only

FIGURE 5-5

FILM MONITOR

The degree of penetration of radiation through the foils depends on the quality of the radiation. It is therefore
possible by measuring the- ratios of blackening on the various portions of the film to get a fair idea of the quality
of radiation to which the film has been exposed. Knowing this, it is simple to measure the radiation dose.
Calibration is carried out by exposing films to known amounts and quality of radiation and then measuring the
blackening in each area. The film badge provides a permanent record of all exposures received provided it is
worn during the exposure.
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The films are very carefully processed, the blackening or the optical density is measured on very accurate in-
struments and data processed on computing machines. In the report the user is informed of the radiation dose
received in the two-week wearing period and of his accumulated exposure. He is also given information about
any anomalies noted.

The film badge can measure radiation doses up to 1000 R if the source of radiation is Co6 0 . The upper limit is
somewhat lower for less energetic radiation. The advantages and disadvantages of the film badge are as follows:

5.7.2.1 Advantages

(a) It provides a permanent record of the exposure received.

(b) It gives information about the quality of radiation it was exposed to.

(c) It is inexpensive.

(d) It detects loose contamination.

(e) It has a wide range from a few mR to more than the lethal dose for energetic radiations.

5.7.2.2 Disadvantages

(a) It has to be treated with reasonable care and should not be roughly handled or subjected to high
temperatures.

(b) It is not suitable for giving an immediate indication of the exposure received during an accident.

5.7.3 TLD Monitor

The Radiation Dosimetry Division also supplies thermoluminescent dosimeter (TLD) monitors. These are in
many ways superior to photographic film although there are also some disadvantages. When exposed to radiation,
thermoluminescent (TL) materials, such as lithium fluoride chips, are affected in the following way. Electrons
in the lattice are raised from the "ground" energy state to "excited" metastable states. The number of electrons
so affected is proportional to the radiation exposure. This metastable state is maintained until the material is
heated, at which time the electrons decay to the ground state, releasing energy in the form of light. The light
can be picked up by a photomultiplier tube and converted into a digital electronic signal which is also propor-
tional to the radiation exposure. With proper calibration this signal can be made equal to the radiation dose,
hence giving a direct readout of radiation exposure.

The holder is similar to the film holder described above, but is also relatively light, dust, and tamper proof.
The lithium fluoride chips (3 mm x 3 mm x 0.9 mm, and 3 mm x 3 mm x 0.4 mm) to measure body and skin
dose respectively are mounted on an aluminum plaque, which contains permanent, machine readable identifi-
cation. When inserted into the holder, the thick chip is located between two, 2 mm aluminum foils, which
screen out any "nonpenetrating" radiation.

Some advantages of TLD, specifically in the case of lithium fluoride are: -

(a) relative energy independence

(b) reusability

(c) automated readout

(d) stability to variations in ambient conditions, such as temperature and humidity

(e) wider range of dose measurement than film.

Its main disadvantage is that in the process of reading the dosimeter, the dose information is destroyed.
Qualitative information provided is also less than film, unless expensive modifications are made.
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5.7.4 Pocket Dosimeter

Of the other types of personal dosimeter, the self-reading pocket chamber is the most useful. It resembles a
fountain pen and can be similarly carried. This type of dosimeter is basically an ionization chamber {Fig. 5.6).
Inside the barrel is a quartz fiber and a wire, each bent into a U and joined at the ends to form a conducting
system. A built-in microscope with a transparent scale is focussed on the center of the bend in the quartz fiber.

To be made ready for use, the dosimeter is inserted into a special charging unit.

Since similarly charged bodies repel each other, when the electric charge is thus applied to the system the quartz
fiber is pushed away from the bent wire. The dosimeter is now charged and reads "Zero" on the scale. It is
important to ensure that the dosimeter is properly charged before use, since electi ical leakage that discharges the
dosimeter can take place with time.

Eyepiece

Quartz Fiber
Electroscope

Collecting
Electrode

A

\
Outer Electrode Insulator

Charging -
Diaphragm Cap

PERSONAL DOSIMETER

FIGURE 5-6

One way of discharging the dosimeter is by making the air inside conducting. This can be done by ionizing this
air with radiation. The degree of discharge shows up as a movement of the quartz fiber, since this would tend to
fall back to its original position. This movement which can be read on the scale indicates the amount of radiation
that caused the ionization.

The advantages and disadvantages of the pocket dosimeter are as follows:

5.7.4.1 Advantages

(a) It is fairly robust and does not need too much care.

(b) It is small and can be clipped easily onto clothing on any part of the body.

(c) It is weather proof and does not have to be protected from rain or sun.

(d) It can be read any time and anywhere, and thus indicates the dose received, immediately after an exposure.
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5.7.4.2 Disadvantages

(a) Like the film badge, it is dependent on the energy of the radiation but unlike film badges it cannot be
adapted to show the quality of the radiation.

(b) It has a very limited range — usually less than one roentgen.

(c) It does not provide a permanent record since it can be charged and discharged at will.

(d) It can give false readings under many circumstances: namely, being dropped on a hard floor, or due to
electrical leakage that discharges the dosimeter.

5.8 GENERAL SAFETY REQUIREMENTS FOR INDUSTRIAL RADIOGRAPHY

5.8.1 Introduction

In radiographic operations that use X-ray machines or radioisotopic sources the magnitude of the radiation
hazards to personnel and other persons in the vicinity depends on a number of factors. Such operations can be
quite safe if carried out by trained personnel using the proper equipment in installations designed for the
purpose.

5.8.2 Training of Personnel

Persons using radioisotopes or X-rays in industrial radiography should receive training that will give a full
understanding of:

(a) the fundamentals of radiation protection.

(b) the proper operation of the radiographic devices and equipment.

(c) the use of protective equipment.

(d) the Federal and Provincial Regulations pertaining to the use of radioisotopes and X-rays in Industrial
Radiography.

(e) the procedures to be followed in the event of an accident or fire involving a radioactive source.

5.8.3 Duties of Responsible User

The person who will supervise and be responsible for the use of radioactive sources or X-ray machines should:

(a) be aware of the hazards associated with the presence of radiation in the installation and, if necessary,
obtain the adivce of a qualified expert.

(b) provide instruction concerning radiation hazards, safe working practices and emergency procedures to
employees who operate the radiographic equipment and also to those who may occasionally be exposed
to radiation.

(c) ensure that all employees working with radiographic devices and all authorized visitors to areas where
radiation may be •present are supplied with necessary personnel monitoring devices.

(d) ensure that radiographic devices are not handled by unauthorized personnel.

(c) follow and enforce all the requirements of the Atomic Energy Control Regulations and the conditions
under which the radioisotope licence is issued.

5.8.4 Medical Requir?'"*nts

Each radiographer is to be given medical examinations of such nature and at such intervals as the Atomic
Energy Control Board may require on the advice of the health authorities.
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5.8.5 Monitoring Devices

5.8.5.1 Every person using sources of ionizing radiation must wear a TLD or a film monitor, and, in addition, a pocket
dosimeter whenever high radiation fields are likely to be encountered.

5.8.5.2 A radiation survey meter should:

(a) be used frequently during each operation.

(b) have a range such that radiation fields from 2 mR/h to 1 R/h can be measured within ± 20% of the true
intensity.

(c) preferably be of ion-chamber type.

5.8.5.3 All monitoring equipment should be properly maintained and calibrated for the energy of gamma radiation
emitted by the radioactive source.

5.8.6 Safety Standards

The radiation dose received should not exceed:

5.8.6.1 5 rems in one calendar year or in any period of 52 consecutive weeks for those engaged in radiographic or
associated work.

5.8.6.2 3 rems in one calendar quarter of a year or any period of 13 consecutive weeks for those engaged in radiographic
or associated work.

5.8.6.3 500 mrem in one calendar year or 10 mrem per week for those whose regular duties do no£require them to work
with radioisotopes or X-rays. It is desirable to exclude such persons from areas where the radiation intensity is
likely to exceed 10 mR/h.

5.8.7 Safety Evaluation of Radiographic Equipment

Every radiographer should 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 field and before using it, to ensure
that it is functioning satisfactorily. This will enable the radiographer to deal with emergencies with minimum
delay and so limit personal radiation exposure.

5.8.8 Operating Procedures Manual

Each company should have an operating procedure manual for routine operations and emergency procedures
to keep its operations within the framework of the Atomic Energy Control Regulations and the Radiation
Protection Bureau Safety Code entitled, "Radioisotopes in Industrial Radiography", RPD-SC-1 or subsequent
revisions. The following items of information on health and safety should be included in the manual.

(a) the name of the responsible user and his alternate, including the telephone numbers where they can be
contacted.

(b) routine operating procedures, with particular reference to health and safety, to be observed during all
radiographic operations in the radiography rooms, and in the field or other temporary locations.

(c) procedures for the proper use, care and maintenance of radiography equipment through regular mainte-
nance schedule and leak tests, and of monitoring devices such as survey meters, dosimeters and film
monitors.

(d) source changing procedures.

(e) procedures for storage of sources and radiographic equipment.

(f) transportation requirements for sources and radiographic equipment.
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(g) list of emergency equipment that should be available at every radiographic operation.

(h) emergency procedures.

(i) methods of maintaining records.

5.9 FACILITIES AND PROCEDURES FOR GAMMA RADIOGRAPHY

5.9.1 Equipment and facilities

5.9.1.1 Cameras (General)

(a) All radiographic devices must be conspicuously and permanently marked with the approved radiation
warning signs.

Note: For approved colours,
see CSA Z69-1960,
"A Radiation Symbol"

A = Radius of Central Disc.

Note: Construction lines do not appear in actual symbol.
FIGURE 5-7

RADIATION WARNING SYMBOL

(b) The model number, serial number, and source rating for the radioisotope contained in each 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.

(c) A camera should be so designed that:

(i) numerous and elaborate precautions do not have to be observed to avoid excessive exposures to
ionizing radiation.

(ii) at no time during normal operation should it be necessary for a radiographer to expose any part of this
body (excluding extremities) to a radiation field of more than 100 mR/h.

(iii) the source capsule is fixed to ensure that under no circumstances can it drop out of the camera.
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(iv) the shielding is such that at any point on the surface of the camera containing a radioactive source,
the radiation level does not exceed 200 mR/h with the camera in the dosed position.

(vl the outer casing will prevent the shielding material (such as lead) from shifting or escaping in case
of fire or accident.

(vi) it is capable of being locked preferably with the lock fixed on the body of the camera.

(vii) if it wehhs 45 kg or less, it is provided with carrying handle(s) that enable the person(s) carrying
it to rei •! >',i farther than 150 mm from its surface.

(viii) if it weighs more than 45 kg, it is mounted on a carriage of adequate strength and stability.

(d) A camera should be provided with collimators to limit the beam of radiation to the size of the area being
radiographed.

(e) A radiographic camera in which the source is manually positioned by means of a sliding rod should not be
used.

5.9.1.2 Remotely Controlled Can, »ras

(a) Remotely c o n " " " J cameras should satisfy all specifications listed above.

(b) When the source is extended by means of a teleflex cable:

(i) 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.

(ii) cables and couplings should be tested to withstand a tension of at least 450 N.

(c) Provision for electrical or mechanical signals, to indicate the position of the source, is a desirable feature.

(d) The maximum velocity of travel of the source capsule in a pneumatically-operated camera should be
consistent with the damping mechanisms provided at both extremities to ensure that the source capsule
is not damaged during use.

(e) A hose or tube, through which the sources move pneumatically or mechanically, should be capable of
withstanding repeated flexures without suffering permanent distortion.

5.9.1.3 Radiographic Source Capsules

(a) Source capsules or pencils designed and approved for use in one type of camera must not be used in any
other type without prior authorization by the Atomic Energy Control Board.

(b) The type and activity of the radioactive substance used should be selected in relation to the job to be
performed.

(c) The source capsules and pencils should be permanently identified with the type and original strength of
the radioisotope contained in them.

(d) Source capsules and pencils should be constructed of a material that will not rust or corrode under normal
conditions of use. Precautions should be taken to protect the source from damage. Corroded or damaged
sources should not be used.
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5.9.1.4 Source Changers

(a) Each source changer should be permanently and conspicuously marked with:

(i) the radiation warning sign

(it) the maximum strength of source that can be used.

(b) A source changer designed for housing one source only should not be loaded with more than one source.

(c) A source changer should be so designed that:

(i) during loading and unloading no part of the body of the operator (excluding extremities) will be
exposed at any time to a radiation field in excess of 100 mR/h.

(ii) the shielding prevents the radiation intensity at any point on the surface from
exceeding 200 mR/h.

(Hi) the outer casing prevents the shielding material, such as lead, from shifting or escaping in case of
fire or accident.

(iv) it is capable of being locked preferably with a lock fixed on the body of the unit.

(v) in the case that it weighs more than 45 kg, it is mounted on a carriage of adequate strength and
stability.

5.9.1.5 Radiography Room — The design of the room protection is similar to that of an X-ray installation described in
par. 5.11.3. Radiography room design recommendations are also described in the Radiation Protection Bureau
Publication RPD-SC-1, or subsequent revisions.

5.9.1.6 Storage — When not in use, radioactive sources contained in source changers or radiographic cameras should be
stored in an enclosure that is:

(a) in a location under the jurisdiction of the responsible user and not in residential areas or places normally
frequented by people.

(b) made of fire-proof materials.

(c) used exclusively to store radioactive materials.

(d) provided with a lock so that there is no possibility of unauthorized removal of radioactive sources.

(e) conspicuously marked with radiation warning signs, the name, address and phone number of the
responsible user and an alternate.

The radiation intensities in accessible areas around the storage enclosure should not exceed 2.5 mR/h.

5.9.2 Safety Procedures

5.9.2.1 General - The choice of the safest working procedure will depend on the nature of the job and the equipment
used. However, observance of the rules set out in this section will reduce the possibility of excessive exposure.
The aim of the radiographer should be to reduce to a minimum the exposure of himself and others to radiation,
by a suitable choice of the three factors, namely shielding, distance and working time.

5.9.2.2 Preliminary Steps

(a) Select the type and strength of the radioactive source in accordance with the job to be performed.

(b) In field operations, always use appropriate directional shields whenever practicable.

(<:) Make sure the source capsule or pencil is approved for use in the camera to be employed.
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(d) Ensure that the survey meter is in working order and that all persons involved are wearing film monitors.

(e) With source in camera and shutter closed take measurements in three mutually perpendicular planes at a
distance of 150 mm from the surface of the camera; if the radiation intensity exceeds SO mR/h, do not
use the camera.

(f) Perform radiographic operations whenever possible during that time of day when a minimum number of
people are in the vicinity.

(g) Conspicuously display radiation warning signs and erect barriers, if necessary, to demarcate a controlled
area at the boundary of which the radiation field must not exceed 10 mR/h.

(h) Test the camera, before it is used, for proper mechanical function. Where applicable, give special attention
to:

(i) shutter mechanism.

(ii) source coupling.

(iii) source positioning plungers

(iv) cranking devices

(v) locking mechanisms

(vi) cleanliness of hose or tube through which source moves.

(i) Clear the radiography area and designate a person to prevent unauthorized entry into the controlled area.

5.9.2.3 Radiography Operations

(a) Plan to direct the beam towards the ground, unoccupied areas, or areas that are adequately shielded.

(b) Use appropriate shields for every exposure to limit the size of the radiation beam to the area being
radiographed.

(c) Complete the radiographic set-up before the shutter is opened or the source projected.

(d) When source is in position for radiographic exposure check with survey meters to ensure that the radiation
fields in all directions are at safe levels.

(e) Check with a radiation survey meter after every operation that involves a movement of the source or
shielding.

(f) Check after each exposure, to ensure that the source has returned to its proper shielded position in the
camera.

(g) Lock the camera and place it in an appropriate storage enclosure.

(h) Remove warning signs and barriers immediately after completion of radiographic operations.

5.9.2.4 Changing Sources

(a) Change sources only when authorized by the responsible user.

(b) Change sources only if adequate facilities such as approved source changers, shields, etc., are available.

(c) Ensure that the source cipsule or assembly is designed and approved for the camera in which it will be
used.

(d) Plot isodose curves with the camera in the locked position taking measurements as described in par. 5.9.2.2
(e).

(e) Indicate the date of measurement and the strength of the source on the isodose chart, together with other
pertinent data such as identification numbers of camera and source.
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5.9.2.5 Maintenance and Inspection of Equipment

(a) carry out a careful regular inspection of equipment as per instructions supplied by manufacturers. Pay
particular attention to cleanliness and lubrication of source guides.

(b) check source coupling at least once a week in projection type cameras to ensure that it is not damaged or
distorted.

(c) carry out tests at least once every six months for possible leakage of radioactivity from the source. Wipe
the shutter mechanism or areas traversed by the source using a cotton swab. Test the swab for evidence
of radioactivity.

(d) check the survey meter before each day's operations and replace batteries regularly (spare batteries should
be available in field operations).

'Note: If anything is defective, have it repaired — do not take chances.

'DON'T LEAVE IT FOR THE NEXT OPERATOR'

5.9.3 Transportation of Radioactive Sources

The transportion of radioactive sources whether by public or private carrier must be in accordance with
Section 23 of the Atomic Energy Control Regulations and is governed by the requirements of the agency having
jurisdiction by statute over that particular mode of transport. For rail and road the "Regulations for the Trans-
portation of Dangerous Commodities By Rail" published by the Canadian Transport Commission apply. For air
the International Air Transport Association, "IATA Restricted Articles Regulations" enforced by the Air Trans-
portation Administration of Transport Canada apply.

Most radiography sources require Type B packaging and for all modes of transport (including a radiography
vehicle) must be approved by the Atomic Energy Control Board. For further guidance refer to the Atomic
Energy Control Board, Box 1046, Ottawa, K1P 5S9.

In addition to the above requirements the following conditions should be observed for in-use (radiography
vehicle) transportation:

(a) The vehicle must be conspicuously marked with radiation warning signs.

(b) The source container must be conspicuously marked with radiation warning signs. The nature and amount
of radioactive material present and company's name and address must also be shown.

(c) The source container must be placed securely in the interior of the vehicle or securely locked in a steel box.

(d) Radiation levels at readily accessible places around the vehicle should not exceed 2.5 mR/h.

(e) Radiation level in any normally occupied position in the vehicle must not exceed 2mR/h.

(f) Only atomic radiation workers should travel in a vehicle carrying a radiography source.

(g) Emergency equipment and written procedures must be available to all personnel travelling with the source.

5.10 EMERGENCY PROCEDURES

5.10.1 Introduction

Accidents are likely to induce panic. It is imperative, therefore, that simple, comprehensive procedures antici-
pating various possible modes of accident be prepared in advance to cope with possible accident situations.
Radiation hazards from a radiographic camera are greatly increased if the source is exposed accidentally from
its housing.

Serious situations can arise if the source is damaged and radioactivity spreads.
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5.10.2 Guiding Principles

Emergency procedures should be laid down to:

(a) ensure that external exposure to members of the public and emergency crew are kept to the lowest
practical amount.

(b) ensure that during emergency operations, there is no possibility of ingestion of radioactive material by
any person.

(c) be specific in relation to the equipment, radioactive substance in use, and possible modes of accident.

5.10.3 Administrative Responsibility

The responsible user named on the licence must ensure that:

(a) copies of the emergency procedures are distributed and explained to the operating personnel.

(b) all groups who use and/or store potentially hazardous amounts of radioactive substance should periodically
meet to review the emergency procedures and modify them in the light of experience gained.

(c) emergency equipment is readily accessible to all concerned. • '

(d) names and telephone numbers of health authorities are available to operating personnel.

(e) emergency measures taken in each accident are documented.

5.10.4 Radiation Emergent.' "-nning

The time to think about a > idiation accident with radiographic equipment is 'BEFORE IT HAPPENS'. This is
why detailed emergency procedures should be prepared in advance and a copy should be available at the site of
every radiographic operation.

In handling any emergency situation, the FIRST RULE is never to attempt to correct it unless a radiation
detector in proper operating condition is available. If a suitable radiation detector is not available, a restricted
area should be set up and warning signs posted. The extent of this will depend upon the strength of the source
and other factors such as shielding available. No further action should be taken until proper instruments become
available.

The SECOND RULE is 'THINK' of steps that must be taken to remedy the trouble and should result in the
minimum personal radiation exposure; for this the factors of time, distance and shielding must be used to the
best advantage.

5.10.5 Specific Emergency Procedures

Accidents involving & radioactive source can vary according to the type of device, its location, the mode of use
and the radioactive material involved. Therefore, emergency procedures applicable to one incident may be quite
inadequate in another situation. Detailed procedures to be followed in a particular situation are to be decided by
the responsible user. Outlines of procedures applicable to commonly-occurring accidents are given below.

5.10.5.1 Source Will Not Return to Camera

(a) ensure that film monitors are worn by the emergency crew.

(b) procure a suitable survey meter capable of measuring high radiation dose rates.

(c) survey the surroundings ind install signs to demarcate a controlled area outside which the radiation
intensity does not exceed 10 mR/h.

(d) evacuate the controlled area.
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(e) estimate closest distance of approach and the corresponding time which will restrict the exposure to one
person to less than 300 mR. Distribute the time to more than one person whenever necessary.

(f) locate the approximate position of the source with the help of a survey meter and cover with shielding
material such as sand bags, lead, etc.

(g) if jamming is due to malfunction of cranking device, or teleflex cable, unlock or cut cable and draw back
source inside camera.

(h) if source is jammed due to fault in coupling, deformation of source tube or malfunction of the pneumatic
system, cut tube near the location of the source, pull the source with long handled tongs and place it in the
emergency container.

(i) record the names of all persons who might have been exposed.

5.10.5.2 Source Capsule Found Damaged or Leaking — Source capsules can develop leaks due to corrosion, defective
construction, or damage suffered in accidents. Leakage of radioactive material is tikely to cause spread of con-
tamination. If a sealed source is found tc be leaking in the course of routine checking or maintenance of the
equipment, the following steps should be taken:

(a) wear your film monitor.

(b) close the device.

(c) tape all crevices and openings through which radioactive contamination may spread.

(d) check the environment for contamination.

(e) place objects with high contamination in sealed plastic bags.

(f) inform health authorities.

5.10.5.3 A Vehicle is Involved in the Accident

(a) remove the injured to a transfer point away from the area where radioactive contamination may be present.

(b) inform police and health authorities.

(c) inform the attending physician that clothing and body of the injured person might have been contaminated
with radioactive material.

(d) post warning signs to keep people away, and detour traffic around area that could be contaminated.

5.10.5.4 Source Invoiced in Fire

In case of fire, the procedures should be as follows:

(a) check whether shielding material has escaped.

(b) check whether source has moved from maximum shielded position.

(c) check outer surfaces and accessible locations for loose contamination.

(d) if any loose contamination is found, proceed as recommended for leaking source.

(e) if no damage is suspected, arrange with supplier or agency approved by Atomic Energy Control Board to
check source and mechanical function of the device.
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5.10.5.5 Source Lost - If the source is lost, an intensive search should be instituted immediately, using suitable moni-
toring equipment.

Health authorities should be notified as soon as possible.

5.10.6 Testing your Plan

All emergency plans should be checked and tested. Oral examinations should be held to determine if each radio-
grapher understands the sequence of events to follow in an emergency. Different malfunctions of equipment
should be discussed with each radiographer to determine what procedures he would use to correct the situation.
Written problems can be presented to determine if each radiographer can:

(a) explain how to locate source by use of survey meters.

(b) determine thickness, type of material etc., which can be used as temporary shields on specific sources.

(c) determine size of restricted areas to maintain safe limits for various types and strengths of sources.

5.11 SAFETY REQUIREMENTS FOR X-RAYS

5.11.1 Equipment Specifications

(a) the control panel cf an X-ray unit should be marked with a suitable warning sign, e.g., 'Caution — X-rays.
This equipment will produce X-rays when energized'.

(b) effective means should be provided to prevent any unauthorized use of the equipment.

(c) there should be some easily discernible device on the control panel to give positive information as to
whether or not the X-ray tube is energized.

(d) the tube-housing should provide adequate protection to personnel. At the maximum specified rating, the
leakage radiation at a focal distance of 1 m should not exceed 1 R/h.

(e) the unit should be provided with a cone or diaphragm to restrict the useful beam to the area of interest.

(f) an X-ray tube which can be continuously energized should be provided with lead shutters. The protection
afforded by these devices should be at least equal to the tube-housing and arranged so that it can be
opened and closed only from the control panel.

5.11.2 Auxiliary Protective Devices

(a) all protective devices, appliances and apparatus should be adequate for the purpose for which they are
intended.

(b) protective lead-sheeting or mobile screens should be mounted in a manner so as to avoid 'creep' and to
protect it from mechanical damage.

5.11.3 Building and Installation Specifications

(a) in determining barrier thicknesses the protection provided should be such that: -

(i) in areas occupied by radiation workers, the radiation level does not exceed 100 mR/week.

(ii) in areas occupied by nonradiation workers or the general public the radiation level does not exceed

10 mR/week.

(b) in planning an X-ray room, cireful consideration should be given to reducing to a minimum the number
and size of i l l perforations in the protective barritrs and openings into the room.

(cl doors into X-r«y rooms should be so arranged that no one can enter such rooms during exposure without
the operator's k nowledge.
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(d) warning lights and/or audible signals should be provided outside the X-ray room access-doors to indicate
when the X-ray tube is about to be energized.

(e) all doors or panels into an X-ray room should be provided with interlocking switches preventing operation
of the X-ray tube unless the door or panel is closed.

(f) all 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 to reset manually a suitable device provided for this purpose and located at the
operator's station.

(h) effective means, which can be reset from outside, should be provided within the X-ray room for preventing
or interrupting the operation of the X-ray machine.

5.11.4 Special Precautions for Open Installations

(a) the control panel should be placed and operated from behind a fixed or temporary bsrrier of adequate
protective thickness.

(b) during X-ray exposures, all persons other than the control operator should be: —

(i) shielded from direct and/or scattered radiation by a barrier of adequate protective thickness:

or

(ii) excluded from the area around the radiographic site. (This area to be determined by a qualified
person).

(c) the area as determined by the above procedure should be demarcated by roping-off or by other suitable
means.

(d) audible signals should be provided and operated immediately prior to radiographic exposure.

(e) visible warning signs should be provided and operated during radiographic exposure.

(f) wherever practicable, the useful beam should be directed away from occupied spaces and the beam cross-
section should be limited to the smallest area necessary for the work.

5.12 CANADIAN REGULATIONS

5.12.1 Introduction

All dealings in radioactive materials in Canada must be carried out according to the Atomic Energy Control
Regulations. These regulations art published as SOR/77-334 or subsequent editions and are available from the
Atomic Energy Control Board, and from Federal and Provincial health authorities. All users of radioactive
materials should be fully aware of the various provisions of these regulations. A person or organization proposing
to use radioisotopes in Canada must obtain a radioisotop* licence from the Atomic Energy Control Board.

5.12.2 Health Supervision

The radioisotopt licence based on the request outlined in the application will be issued subject to conditions
recommended to the Board by its health advisers.
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It is the responsibility of the Radiation Protection Bureau of the Department of National Health and Welfare
to ensure that the laboratory facilities, equipment design and installation, and experience of the user are
adequate to perform safely the functions for which the radioisotopes are being procured. All applications are
therefore, referred to the Bureau for health approval. The Radiation Protection Bureau will advise prospective
users regarding health requirements and will review plans and blueprints of proposed installations at any time.
It is usually to the advantage of the applicant to request such guidance at an early stage of planning, before
applying for a licence. Publications dealing with the health and safety requirements of radiation work may be
obtained without charge by writing to:

Radiation Protection Bureau,
Department of National Health and Welfare, Canada,
Brookfield Road,
Ottawa, Ontario.
K1A 1C1
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Chapter 6

FILMS AND FILM PROCESSING

6.1 INTRODUCTION

Care and precision are the keynotes of good darkroom work. It is imperative, therefore, that considerable
attention be given to the process involved in development and fixation, to the establishment of a standardized
working routine, the care and maintenance of equipment and also to the ability to trace the origin of faults
other than those directly related to errors in exposure. Approved darkroom practices begin with the planning
and construction of the darkroom itself. The location, design and construction of the processing facilities are
major factors in the establishment of radiographic services.

6.2 DARKROOM CONSTRUCTION AND EQUIPMENT

6.2.1 The processing area should be large enough to hold all the necessary equipment without undue crowding.
Additionally, for efficiency's sake, the equipment should be arranged so as to speed up the flow of work.
An example of a practical layout is shown in Figure 6 .1 . Not* that the processing area (wet side) is generally
located on the opposite side of the room from the loading area (dry side). This separation prevents the
possibility of solutions being splashed on dry films or intensifying screens which would result in spurious
markings on the finished radiograph.

The "wet" side of the room will consist of the developing, "stopping", fixing and washing facilities. The "dry"
side consists of the loading bench, storage space for cassettes, processing hangers, a light-tight film bin, dryer,
water bin, etc. Accessories will include such items as thermometers, timers, shelves and racks.

All darkrooms should be adequately ventilated to provide fresh sir to personnel working and to dispel the fumes
that come from the various processing solutions.

6.2.2 Darkroom Access

Everything possible must be done to ensure that no light from outside can penetrate the darkroom interior.
This is especially important when persons enter or leave the room. First and foremost, it is the entrance that
calls for attention. There are various ways one can ensure safe access to a darkroom. Three simple methods are
the revolving door (Figure 6-2), the lock entrance (Figure 6-3), and the labyrinth type (Figure 6-4).

6.2.2.1 The Revolving Door (Figure 6-2) - The revolving door system is by far the simplest. Additionally, all possibilities
of error ate eliminated without the need to resort to complex safety systems. Further, little space is used by this
method.

JXL
FIGURE 6-2
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1. Labyrinth Entrance (Maze)
2. Pigeon-Hois for Unopened Boxes
3. Light-Tight, Self-Closing Film

Loading Bin
4. Loading the Cassette
5. Pasting Cassette With Unexposed

Film Into the X-Ray Room
6. Return of Cassette With Exposed

Film to Darkaroom
7. Unloading the Cassette and Attach-

ing Film in Developing Frame
8. Developer Tank
9. Intermediate Rinsing Tank

10. Fixing Bath
11. Final Rinsing - Underwater Lock
12. Small X-Ray Illuminator

VIEW OF DARKROOM INSTALLATION

FIGURE 6-1
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6.2.2.2 Lock Entrance (Figure 6-3) — The lock entrance system takes more space than the revolving door and requires
some safety precautions. In this method two doors are located one behind the other with sufficient space
between them to permit a person to enter and close the outer door before opening the inner door. To prevent
one of the two doors frcm being left ajar by someone in a hurry an alarm system may be installed. A bell or
buzzer is installed that will continue ringing as long as one of the doors remains open. Of course, mechanical
systems can be installed whereby it becomes impossible to enter one door if the other is not completely
closed.

FIGURE 6-3

6.2.2.3 The Labyrinth (or Maze) (Figure 6-4) - The labyrinth-type entrance is by far ihe best solution but is more
space-consuming. The inside walls of a labyrinth of this sort are black to exclude any reflected light. A white
strip, approximately 100 mm wide, at about 1500 mm from the ground along all the walls of the labyrinth,
serves as a completely clear sign-post when entering or leaving the darkroom.

TWO EXAMPLES OF LABYRINTH ENTRANCE (MAZE)

FIGURE 6 4
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6.2.3 Mobile Darkroom

Facilities for processing X-ray films in the field must satisfy special requirements:

6.2.3.1 Mobility - The equipment that carries processing facilities must be designed to negotiate the rugged terrain
encountered on pipeline rights-of-way, with careful thought being giver; to immobilizing all accessories and
materials during the movement of the darkroom. This includes splash-proof covers for the processing tanks
and water containers.

6.2.3.2 Electric Power Supply — A self-contained power source is required to supply electricity for the darkroom lamps,
solution heaters, film viewers, and (when necessary) air conditioners. Solution temperatures are just as important
in the field as they are in the laboratory.

6.2.3.3 Water Supply — Adequate storage capacity must be provided for water. Since radiographs would be washed in
still, rather than in running, water, the wash time requirements are much greater than where running water is
available.

6.2.4 Safelights

6.2.4.1 Exposing films to white light affects the crystals; consequently X-ray films should only be handled under safe-
light conditions. It should be remembered however, that even under safelight illumination it is not wise to allow
undeveloped films to receive excessive exposure to safelight illumination as the film may become fogged. It
should be noted that exposed film is more sensitive to light than unexposed film. The intensity and location
of safelights must be carefully considered. Furthermore, the safelight intensity should be uniform throughout
the darkroom. The "safeness" of such safelights is directly related to the correct wattage, type of filter and
position (distance) of lamps in relation to the film. Hence it is quite important to guard films against direct
safelight illumination when loading them on hangers preparatory to group development.

6.2.4.2 Test for Safelight Illumination - Tests should be carried out when a darkroom is first used, safelight filters
appear discolored or when a film of a faster speed is going to be processed. Two simple and popular methods
are as follows:

(a) place an uncovered, unexposed film flat down on the loading bench. Lay flat objects, such as a ruler,
pencil, strip of metal, etc., on top of the film. Leave the film and objects under normal safelight illumi-
nation for one and a half to twice the time a film is normally left there. If no outline of the objects can
be seen on the properly processed film then the safelight illumination can be considered of a low enough
level.

(b) place an uncovered unexposed film flat down on the loading bench. Cover it completely except for a
lengthwise strip about 25 mm wide along one side. At a number of predetermined time intervals (e.g.,
5 min) move the covering piece so that a new 25 mm strip is exposed each time. After the desired number
of time intervals have elapsed the film should be processed under normal conditions and examined when
dry. The film can then be scanned across the strips with a densitomeier for density variation (if any) for
the different exposure times and an assessment made of the safelight illumination level.

6.2.5 Densitometer

Densitometers are instruments used for measuring the density or blackness of an exposed photographic plate or
or film. They measure the amount of light that is transmitted through the developed emulsion. Density is defined
as log)0 Lo/L where L is the intensity of light transmitted through the film to a point and Lo is the intensity at
the same point when the film is removed.

6.2.6 Cleanliness

Film processing equipment must be designed so that it can easily be kept clean. The dirt and dust problems in
the field are often severe, and cleanliness is always an important consideration in film processing. The darkroom
as well as the accessories must be kept clean and used only for the purposes for which they are intended. Spilled
solutions should be wiped up so that residues left by evaporation do not later settle on film surfaces causing
spots. Thermometers and film hangers should be thoroughly washed in clean water after use to prevent solutions
from drying on ti em and later causing contaminated or streaked radiographs when they are re-used. Processing
tanks must be thoroughly scrubbed before being refilled with fresh solutions. As well, proper ventilation is very
important for the success of efficient drakroom processing.
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t>3 FILMS

6.3.1 Fundamentals

Radiographic films consist of a transparent, flexible base of clear cellulose derivative or like material. One or
both sides of this base is coated with a light-sensitive emulsion of silver halide suspended in gelatin. The silver
halide is distributed throughout the emulsion as minute crystals and, when exposed 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 (called a developer) a reaction takes place causing the formation of tiny granules of
black metallic silver. It is this silver, suspended in the gelatin on both sides of the base, that constitutes the image.

Figure 6-5 is an expanded pictorial view of the general makeup of a film. The protective layers are a special
hardened gelatin; the emulsion or image layers have the silver halide suspended in them.

a — protective layer b - emulsion

FIGURE 6-5

c - base

6.3.2 Film Types

Radiographic film is manufactured by the various film companies to meet a very wide diversified demand. Each
type of film is designed to meet certain requirements and these are 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
(e) the level of inspection required. No one film is capable of meeting all the demands. Therefore a number of
different types of films are manufactured, all with different characteristics, the choice of which is dictated by
what would be the most effective combination of radiographic technique and 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 ralated; that is, any one of them is roughly a function of the other three. Thus films with large
grain size have higher speed than those with a relatively small grain size. Likewise, high contrast films are usually-
finer grained and slower than low contrast films. Graininess, it should be noted, influences definition of image
detail. For the same contrast, a small grained film will be capable of resolving more detail than one having
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 proper-
ties of the latter two are of a distinct character and consequently the emulsions of films used with them are
different from those used in other types of radiography. All radiographic films can be grouped according to the
four factors already mentioned (speed, contrast, latitude and graininess). The following table lists these factors.
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Film Characteristics >•

TYPEI

For critical inspection, higher
voltages and radiography of light
metals and their alloys

TYPE II

For radiography of light metals at
lower kilovoltages, and heavier
steel parts at 1 000 to 2 000 kV

TYPE III

Highest available speed when gamma
rays or high-voltage X-rays are used
direct or with lead-foil screens.

TYPE IV

Highest available speed and high
contrast when used with fluorescent
screens. Lower contrast when used
direct or with lead-foil screens.

Speed*

very slow

slow

medium

fast

Grain

extra *ine

fine

medium

medium

Contrast*

high

high

medium

medium

*Note: These relative speeds and contrasts apply only to use of the film in direct exposures or with lead-foil
screens.

6.3.3 Characteristic Curves

The film characteristic curve expresses the relation between the exposure applied to a film and the resulting
film density. Such curves are obtained by giving a film a series of known exposures, determining the densities
produced by these exposures, and then plotting density against the logarithm of relative exposure.

Relative exposure is used because there are no convenient units, suitable to all kilovoltages and scattering
conditions, in which to express radiographic exposures. Therefore, the exposures given a film are expressed
in terms of a particular exposure, so giving a relative scale. The use of the logarithm of the relative exposure,
rather than the relative exposure itself has a number of advantages. It compresses an otherwise long scale.
Furthermore, the ratios of exposures are usually more significant than the exposures themselves. Pairs of
exposures that have the same ratio will be separated by the same interval on the log relative exposure scale.
Consider the following pairs of relative exposures:

Relative
Exposure

Log Relative
Exposure Interval

1
5

2
10

0.0
0.70

0.30
1.00

0.70

0.70

The characteristic curve, which is usually supplied by the film manufacturer, provides specific items of infor-
mation on film behavior. Two of these items relate to film speed and film contrast. As is illustrated by Figure
6-6, the exposure required to produce a certain film density, say 1.5, is less for Type IV film than for Type I.
This means that, at density of 1.5, Type IV film has a faster response than Type I. The slope or steepness of
the curve at any point gives a measure of the film contrast - the greater the slope, the greater the contrast.
For example, in Figure 6-6, at the same film density of 1.5, Type I film has a greater slope than Type IV.
Therefore, it can be said that, at density of 1.5, Type I film has a greater contrast than Type IV.
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6.3.4 Handling of X-ray Films

Films should always be handled carefully to avoid physical strains such as pressure, creasing, buckling and
friction. Marks resulting from contact with fingers that are moist or contaminated with processing chemicals,
as well as crimp marks, will be avoided if the films are always grasped by the edges and allowed to hang free.
Avoid drawing film rapidly from cartons and exposure holders (any movement that causes friction) so that
electric discharges do not occur and mark the film with circular or tree-like markings.

6.3.5 Film Storage

The storage of unexposed X-ray film is most important. The storage area should be dry, free from contaminating
chemicals, free from radiation, cool, and the film boxes should be stored on end to avoid film sheets adhering to
one another. In some cases necessity dictates that the storage area be close to a field of radiation. In this case the
added precaution should be taken to have the storage area lined with lead, the thickness of which will depend
upon the strength of the radiation field and the length of time the film is to be kept there. Films should be stored
so that the oldest film is used first since all film will gradually deteriorate with age. It should be noted that the
faster the film the shorter the storage life.

6.4 FILM PROCESSING

6.4.1 Preparation Prior to Processing

The radiographer should always follow these important steps before beginning film processing:

6.4.1.1 Stir all solutions before use. (Solutions tend to separate out when undisturbed).

6.4.1.2 Check the temperature of the tank solutions. It is important that these be equalized as nearly as the method of
control permits and that the developer be brought as nearly as possible to 20°C.

6.4.1.3 Check the levels of solutions in the tanks. The radiographer should maintain a careful watch over the level of the
solutions in the tank and wash water. The level should cover the cross bar of the hangers. Should the solution
level be too low, the addition of replinishment solution will bring it to the proper level.

6.4.1.4 Ensure there is ample and steady flow of water in the rinsing and washing tanks.

6.4.1.5 Consult the table of development times and, when necessary, the time-temperature developmer. si all
manufacturers supply, and set the timer accordingly.

6.4.1.6 Clean all working surfaces and wash hands.

6.4.1.7 Turn off all lights and proceed to work under safelight conditions only.

6.4.2 Developing

6.4.2.1 Purpose - When the film is placed in a developer solution, the unexposed crystals are not affected nor removed
at this step, but the developer reacts on the exposed crystals' latent image, freeing the silver from the compound
and depositing it as tiny metallic grains of silver that form the black silver image.

6.4.2.2 Chemicals

(a) developing agents (elon and hydroquinone) that convert the silver halide grains affected by the exposure
to black metallic silver.

(b) an accelerator - (sodium carbonate) an alkali, without which the developing agent will not function.

(c) a preservative — usually sodium sulphite or sodium sulphate, which prevents the developing agent from
being oxidized by air and so discoloring and losing its developing properties.

(d) a restrainer — usually potassium iodide or potassium bromide, which controls the activity of the developer
and ensures that it reduces only the exposed silver halide grains.
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(i!) in addition to these main constituents, developing solutions contain varied quantities of other substances
that are added for special purposes to improve the physical properties, increase activity and life, and
reduce sludging.

6.4.2.3 Developing Procedure

(a) turn off lights

(b) unload cassette

(c) attach film to film hanger

(d) immerse film steadily into developing solution.

(e) set timer.

(f) tap film hanger sharply to dislodge any air bells that had formed on surface of film.

(g) agitate film for approximately 10 s at each minute of development.

(h) at the end of the developing time remove film from developer tank, drain excess developer back into tank
for approximately 2 s.

(i) immerse film in stop bath or rinsing bath.

6.4.2.4 The higher the temperature, the quicker development is carried out. The best results, however, are obtained at
a temperature of 20°C. A higher temperature results in a more intense chemical fog and in a more marked grain.
Also, the developer will deteriorate sooner and the fault due to a lack of freshness in the film and/or the baths,
or to insufficient washing after developing, etc., will be more likely to occur. At high temperature the emulsion
coating may be found to undergo reticulation, become detached or melt. On the other hand the further the
temperature falls below 18°C the more the contrast-producing element of the developer will be restrained.

6.4.2.5 Time-Temperature Relationship — When all other factors remain constant, the amount cr degree of develop-
ment is a function of both time and temperature. By linking these two together in a time-temperature relation-
ship it is possible to compensate for a change in one by changing the other. Thus, within certain limits, a change
in the rate of development caused by an increase or decrease of temperature can be compensated for by adjust-
ing the development time in accordance with the time-temperature relationship set up for that particular
developing solution. All manufacturers of solutions provide time-temperature relationship data with their
chemicals. Figure 6-7 illustrates a typical relationship in a chart form.

By using the aforementioned relationship, positive control can be had over the developing procedure; errors in
X-ray technique can then be recognized easily and not confused with development problems. Sight development,
even at best, is an inexact method because it depends on the technician's judgment, which in turn depends upon
numerous human factors, such as fatigue, and length of time in the darkroom.

6.4.2.6 Activity of Developer Solution? — As a developer is used, its developing power decreases, partly because the
developing agent deteriorates through use, partly because of the restraining effect of accumulated reaction
products of development, and to a small extent, aerial (or atmospheric) oxidation of the developing agent,
even when not in use. An accurate way to check developer activity is to test it at regular intervals with film
strips that have been exposed under standard conditions. One procedure is to expose a film through a step
block without screens of any kind; then cut standard size strips from the film as needed, and develop these.
Develop one or more strips to serve as standards when a new tank of developer is put into use. After that,
develop individual strips at pre-determined intervals and compare the densities with those of the standard strip.

6.4.2.7 Replenishment of Solutions — When the developer-replenisher system if used in processing radiographic film,
replenishment is carried out for two reasons:

(a) to maintain the level of the solutions in the tanks so that they cover both film and film hangers.

(b) to maintain the activity of the solutions so that the results obtained are consistent.
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Replenishment solutions are made up according to manufacturer's instructions and can be the same as the
solution replenished or of a less dilute nature, A practice often carried out in a laboratory darkroom is just to
maintain the level of solution in the tanks by the addition of replenisher ?nd this system can be adequate.
More precise replenishment is attained however, by following the manufacturer's recommended practice of
solution replacement to the required tank level as dictated by the volume of films processed.

6.4.2.8 Agitation — Film agitation is the movement of films in the various processing solutions in a manner such that
fresh solution is brought to the surface of the film so that the proper reaction occurs between the film emulsion
and solutions. Agitation is most important during the development cycle. If a film is placed in a developing
solution and allowed to develop without any movement, the reaction products of development will flow down
the surface of the film, thus keeping fresh solution away from the film's surface. The greater the film density
the greater the flow downward, causing uneven development in the areas below. This may show up in the form
of streaks.

In manual processing, agitation is done by hand. Stirrers or circulating pumps are generally discouraged because
preferential flows are usually set up in the solution when these mechanical devices are used and worse conditions
of uneven development could occur than with no agitation at all. Acceptable agitation is provided wh?n films
are shaken vertically and horizontally, and moved from side to side in the tank for a vew seconds every minute
during developing. More satisfactory renewal is obtained by lifting the film clear of the developer, allowing it to
drain from one corner for 1-2 s, then re-inserting it into the developer, and then repeating the procedure with
drainage from the other corner. This is repeated at one-minute intervals during the development cycle.

6.4.3 Stop Bath or Rinsing

6.4.3.1 Purpose — Films removed from the developer are immersed in a stop bath or a rinsing bath. This bath serves two
functions:

(a) it immediately stops the action of the developer solution that has been carried over from the
developer bath

(b) it prevents contamination of the fixing bath by the developer solutions, thereby prolonging the life of
the fixer.

6.4.3.2 Chemicals - Concentrated stop baths can be obtained from solution manufacturers. However, a quite effective
bath can be made by mixing 25 mL of glacial acetic acid per litre of water. (Glacial acetic acid can cause harm to
skin and clothing). Where 28% acetic is available, 100 mL of it should be used in a litre of water.

6.4.3.3 Procedure - The length of time the film should remain in the stop bath is about 30 - 60 s with moderate agitation.
If a stop bath is not used the film can be immersed in clean running water for at least 1—2 min.

6.4.4 Fixing

6.4.4.1 Purpose - The functions of the fixing or "hypo" bath are:

(a) to stop further development.

(b) to remove from the emulsion all undeveloped silver salts thereby leaving the developed silver as a permanent
image.

(c) to harden the gelatin of the emulsion so that it will be more stable during subsequent washing, drying and
handling operations.

6.4.4.2 Chemicals - Fixing solutions are generally made up of:

(a) hardening agent, potassium alum.

(b) a neutral izer of organic acid.

(c) sodium sulphite, a preservative.

(d) a buffer salt.
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(t>) hypo, usually sodium or ammonium thiosulphate, the solvent for undeveloped silver halide salts.

Fixer solutions can be obtained in eithor powder or liquid form.

The interval between the placing of the film in the fixer 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 dissolved silver halides to diffuse out of the emulsion and for the
gelatin to harden adequately. Thus total fixing time should be at least twice the clearing time.

6.4.4.3 Procedure — Films should be agitated vigorously when first placed in the fixer, in the same way as carried out in
the developing procedure. Fixer should be maintained at the same temperature as the developer and stop bath
(between 18 -24°C.

The life of a fixing solution depends on its ability to neutralize the alkali on the films. The time required to clear
a film is a good gauge of fixer exhaustion. When it exceeds approximately 15 min, the bath should be replenished.
This prolongs the life of the fixer and maintains a rapid fixing time. When exhausted solutions are used, the
emulsion is not sufficiently hardened. In addition, the radiographs may have a brown stain that is seen by re-
flected light but is not noticeable by transmitted light.

6.4.5 Washing

6.4.5.1 Purpose — The emulsion of the film carries over some of the fixing bath chemicals from the fixing bath to the
wash water. If these chemicals were allowed to remain on the film, they would cause the radiograph to become
discolored and fade after a storage period. To prevent this the film should be washed under conditions that are
most suitable for the removal of these chemicals.

6.4.5.2 Procedure - The following are the most important practices to follow:

(a) use clean running water that is so circulated that the entire emulsion area will receive frequent changes.

(b) ensure that the bar and clips of the film hangers are immersed.

(c) wash for at least 20 min.

(d) water temperature should not exceed about 25°C so that emulsion does not soften and wash away.

(e) water temperature should not go below 15"C because below this temperature hypo solution will not
dissolve well.

(f) water flow should be such that the volume of the tank is replaced four to eight times per hour.

6.4.5.3 Methods of Washing

(a) Single Tank with Running Water (Figure 6-8) — The first films should be placed at the inlet side of the
tank and moved progressively towards the outlet end of the tank as more films are added to the tank.

Inlet

FIGURE 6-8
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(b) Cascade Washing (Figure 6-9) - The cascade method of washing is the most economical of water and gives
better washing for the same period of time. In this method the washing compartment is divided into two
sections. The films are taken from the fixer solution and placed in compartment A. After they have been
partially washed they are moved to compartment B, leaving compartment A ready to receive more films
from the fixer.

Inlet

FIGURE 6-9

(c) Multiple Tank ( where no running water is available or a small supply of fresh water is available.) This
method consists of placing the films successively in four different tanks each of which is filled with
standing water. The advantage of this method compared with that of placing films in one tank of standing
water is that, as the films are placed successively in each of the four tanks, a decrease in the fixer content
is obtained.

6.4.C Drying

Drying has an important bearing on the quality of the finished radiograph. It should be done without causing
any damage to the emulsion or marks from uneven drying, and without exposing the damp emulsion to dust or
lint. To avoid drying marks and to speed the rate of drying the film is immersed in a "drying" solution that is
commercially available, for about 15-30 s. This bath overcomes the surface tension of the water, 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 films are usually dried in cabinets by circulating temperature-controlled air. The temperature should be such
that it does not cause the film to buckle or dry unevenly. Care should be taken that films do not touch one
another in the cabinet.

6.5 AUTOMATIC PROCESSORS

Automatic film processors are available that greatly speed uf> the processing of films and minimize manual
processing of film artifacts. With an automatic film processing unit, the radiographer needs only to remove the
exposed film from the cassette, and feed it into the processing unit. The unit then takes over and, in about
15 min, the film is ready for viewing. The advantages of course, are that the output is increased and the film
quality is improved. The automatic method is achieved by the roller transport principle (Figure 6-10).

A series of small driven rollers arranged in offset positions transport each film independently through the solu-
tions. The rolling action creates a vigorous and uniform surface agitation and, together with proper operating
temperatures and solution recirculation, achieves a reduction in processing time. Consequently, efficiency and
uniformity of processing are achieved. Because of the intimate relationship between the chemical and mechanical
requirements of the system, special chemicals have been developed for use with the automatic processing system.
These chemicals both control and maintain the physical and chemical characteristics of the film within the
required tolerances of the roller transport system. Furthermore, the solutions function under rigid 'time-
temperature' conditions. The reason for this is that, since surface liquids are removed by roller-squeegee action
as each film passes from one solution to the next, the solutions are not degraded. These three factors working
together permit each film to be processed and dried in less than 2 min:
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(a) the nature of the chemical system prepares the film properly.

(b) wash water is roller-squeegeed from the film as it leaves the wash tank, eliminating carryover of surface

water.

(c| as the film is moved along in the dryer section, warmed air is directed at high speed through precision slits

to both film surfaces.

Film
Feeding
Station

Developer

Fixer

Wash

Dryer and
Receiving Bin

6.6

FIGURE 6-11

AUTOMATIC PROCESSOR - PLAN

CHFCK LIST OF PROCESSING DIFFICULTIES AND FILM BLEMISHES

Blemish or Difficulty

Black crescents

White crescents

Over-all fog

Black streaks or blotches

Causes

Kinking of film before processing

Sharp bending or folding of the processed film

Over-development
Over-age film
Prolonged exposure to safelight
Safelight too filter
Improper safelight filter
Insufficient protection in storage from radiation sources
Film stored where temperature and/or humidity are too high
Viewing developed film before it is properly fixed

Light leaks due to faulty film holders or cassette
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Blemish or Difficulty

Streaks

Drying spots and streaks

Black spots

Brown stains

Dark deposits

White crystalline deposits

Milky appearance

Sharply outlined light and
dark areas

Blisters

Air bubbles (light spots or patches)

Reticulation (leather-like appearance)

Frilling (loosening of emulsion)

Static marks (black birdtrack effects)

Scratches (black, crack-like lines)

Dark fingerprints

Light lingerprims

White spots and areas

Brittle radiographs

Causes

White and black streaks at points where film was attached to hanger
caused by processing solution remaining on clips from prior use.
Inadequate agitation during development. Removing film to view
during development period causing developer to run across film
unevenly

Contaimnation by chemically-active deposits

Interaction of developer and fixer

Drops of water on semi-dried film or drops of water running down
semi-dried surface

Developer splashes before placing entire film in developer

Inadequate fixing or exhausted fixing solution
Prolonged development in old developer
Inadequate rinsing

Oxidized products from developer or reacting silver salts

Inadequate washing after processing

Incomplete fixing
Exhausted fixing bath

Uneven development
Films not agitated during development
Films hung too close together in developer

Formation of gas bubbles in film emulsion

Air trapped on film surface during development

Solution too warm
Extreme temperature differences in successive processing baths

Fixing in warm or exhausted bath
Prolonged washing at high temperature

From static electric discharges caused by friction between film and
some other object

Improper handling

Film touched with dirty fingers before development

Film touched with greasy fingers before development

Pitted or worn screens
Dirt on film screens

Excessive hardening in fixer
Excessive drying time
Too high drying temperature.
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Chapter 7

WELDS AND WELDMENTS

7.1 INTRODUCTION

In industry, many applications require specialized knowledge and techniques to produce a radiograph that permits
accurate identification of the images on the film. In addition to having some knowledge of the service or purpose
of a product, a radiographer must know something of the material and procedure used in the fabrication. In weld-
ments, for example, he should be familiar with welding terms and processes. He must definitely, however, have a
good elementary knowledge of defects peculiar to welding and how they are caused, before he can accurately
identify or interpret images on a radiograph.

All welding processes are classified as either "manual", "automatic" or "semi-automatic". These terms refer to
the method of control and guidance.

In Manual Welding, the entire welding operation is performed and controlled by hand.

In Automatic Welding, the weld is made with equipment that controls and performs the entire welding operation
without constant observation and adjustment of the controls by an operator.

In Semi-Automatic Welding, equipment controls the filler metal feed, but the advance of the welding operation is
manually controlled.

The types of joints, preparation of joints and principles of making a welded joint by depositing weld beads and
layers of weld metal is common to many of the welding processes described in this chapter.

7.2 WELDING PROCESSES

7.2.1 Electric Arc Welding Processes

Electric arc welding covers the group of welding processes wherein an electric arc furnishes the heat source for
the purpose of welding. The arc is formed when a current is forced by voltage across the gap between two elec-
trodes or between an electrode and the work (base metal) and thereby completes an electrical circuit. The arc
supplies concentrated heat to melt l i e edges of the base metal and filler metai (when used) which intermix in a
common molten pool and, upon cooling, coalesce to form one continuous piece. In electric arc welding, the
higher intensity of the heat source (the electric arc), as compared with a gas flame, permits more rapid rate of
heat input and higher efficiency of weld deposits. Immediately the arc is struck, a molten pool is formed and
the welding of the joint is performed by advancing the arc and adding filler metal if required.

There are two types of arc used in the application of this process. One is the direct arc, where the arc is main-
tained between the work piece and the electrode. The other is the indirect arc, where the arc is maintained
between two nonconsumable carbon or tungsten electrodes. The weld in both cases may be completed with or
without the addition of metal filler.

7.2.1.1 Shielded Metal-Arc Welding — In shielded metal-arc welding (SMAW), commonly referred to as stick electrode
welding, heating is produced by an electric arc between a covered metal electrode and the work. Shielding of
the arc and weld pool is obtained from decomposition of the electrode covering, and filler metal is supplied by
the electrode itself. In practice the process is limited primarily to covered electrodes in which the welding
operator manipulates the electrode. In the manual application of metal-arc welding the primary concern is the
control of three variables; i.e., arc speed, voltage and current, as contrasted with semi-automatic welding, where
the operator controls the arc travel speed, and with fully automatic welding where all variables are preset, and
are thereafter automatically controlled.

The mechanical, metallurgical, chemical and electrical characteristics of the process are largely controlled by the
design of the welding electrode. However, the properties or characteristics can be altered by handling, storage and
improper practice. The function of the electrode coating is to produce a gas that shields the arc from the atmos-
phere, to promote electrical conduction across the arc, to add slag-forming properties to refine the molten metal
and provide materials to help control the shape of the bead.
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7.2.1.2 Gas Metal Arc Welding (GMAW) - In this process (previously called meul inert gas (MIG) welding) the welding
heat is obtained from an electric arc between a consumable electrode and the work. Th:> electrode, which is also
the filler metal, consists of a small diameter wire fed from a coil, continuously and automatically, at high current
densities to obtain high melt-off rates. The arc and weld pool are shielded from the atmosphere by an inert gas
(or a mixture of inert gases), which is fed automatically through the gun nozzle surrounding the emerging filler
wire. In using carbon dioxide (CO2) as the shielding gas, special filler wire compositions are required to compen-
sate for the oxidizing power of the CO2 which breaks down under arc conditions to carbon monoxide (CO) and
oxygen. The filler wire contains sufficient silicon, manganese, and other elements such as aluminum, titanium
and zirconium to provide an "over-killed" weld composition that prevents the evolution of CO in the weld metal,
one of the primary causes of porosity.

The absence of slag such as that developed with covered electrode or submerged arc welding is an advantage since
cleaning difficulties in nonaccessible joints are minimized. There is a variation of this process in which the filler
metal is tubular wire filled with flux which decomposes in the arc heat to form a shielding vapor. There is there-
fore no need for supplementary gas to be fed through the gun nozzle.

7.2.1.3 Gas Tungsten Arc Welding (GTAW) - In gas tungsten arc welding (previously called tungsten inert gas (TIG)
welding) the heat is produced by an arc between a tungsten, nonconsumable electrode and the work. The elec-
trode is held in a special holder or gun which incorporates a nozzle, through which inert gas is fed automatically
around the arc and weld pool to shield them from the atmosphere. Filler metal in the form of bare wire may be
added to the weld pool by the operator, in a manner similar to oxy-acetylene gas welding described later.

7.2.1.4 Submerged Arc Welding (SAW) — In submerged arc welding, the heat is produced by an arc between a bare
metal electrode and the work. The filler material, which is also the electrode, is in the form of a coil of wire fed
continuously and automatically into the weld pool. The electrode does not contact the work but current is
conducted across the gap through a granular flux being fed into the weld groove ahead of the electrode. The flux
fuses in the heat of the arc and floats on top of the weld pool to provide shielding from the atmosphere. This
widely-used process is available as automatic or semi-automatic and is used for welding sections up to 300 mm or
more in thickness.

7.2.1.5 Electro-Gas Welding — The electro-gas welding process is a fully automatic method for the fusion welding of
butt, corner and tee joints in the vertical position. Metal sections of from 12 to 50 mm can be welded in one
pass by using flux-cored wire and shielding gas and maintaining an electric arc between the filler wire and the
weld pool. Water-cooled copper shoes span the gap between the pieces being welded for containment of the
weld pool.

7.2.1.6 Blectroslag Welding - The electroslag welding process is a fully automatic process, similar to the electro-gas,
except that shielding of the arc, between filler wire and pool, is obtained by the use of fluxing materials, which
float on top of the entire area of molten metal.

7.2.1.7 Electron Beam Welding (EBW) — In electron beam welding the joint to be welded is heated by bombarding
it with a dense stream of high-velocity electrons. Electron beam welding allows much deeper, narrower welds
to be made with low total heat input and good control over dimensions when it is done in an evacuated work
chamber.

Gas Welding Process
722

In gas welding, heat is produced by combustion of a fuel gas mixed with oxygen in the proper proportions, in a
mixing chamber which is generally part of the welding tip assembly. The torch is designed to give the welder
complete control of the welding flame. Acetylene is usually used as the fuel gas in gas welding because the oxy-
acetylene flame provides the hottest flame of all the commonly used fuel gases. With proper adjustment, the
flame can also supply the proper atmosphere to provide a protective covering over the metal in the molten pool
which is maintained during welding. Filler metal in the form of a bare stick of wire of the required metal compo-
sition may be fed by the operator, into the w«ld pool.
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7.2.3 Resistance Welding Processes

Resistance welding is used generally for sheet and light-gauge metals. In this kind of process, heat is obtained
from resistance of the work to the flow oF electric current in a circuit, of which the work is a part. Pressure on
the work is also an essential part of the process. Two of the more common types of resistance welding are spot
welding and seam welding. Other types are described in the Welding Handbook published by the American
Welding Society.

In resistance welding the quality of fusion taking place depends upon the conditions of temperature, time and
pressure. Both alternating and direct current can be used to produce resistance welds.

7.2.3.1 Spot Welding - In spot welding, the work parts are held together under pressure by cylindrical electrodes
(Fig. 7-1). The size and shape of the individually formed welds depend upon the size and contour of the
electrodes.

7.2.3.2 Seam Welding - In seam welding, the flow of electric current is through the work parts held together undur
pressure by circular electrodes (Fig. 7-2). By rotating the electrodes across the work, the resultant weld is a
series of overlapping spot welds made progressively along the joint.

7.2.4 Brazing Process

Brazing is a metal-joining process where the base metal is heated to a temperature above 425°C. Nonferrous filler
metals such as brass or silver alloys are melted by the heat of the base metal and flow by capillary attraction between
the closely fitted surfaces of the joint. Heat for brazing is usually applied by flame torches, furnaces, electric
induction, electric resistance or dipping the work into a hot salt bath. Filler and flux are either applied manually
or are pre-placed in the form of powder, metallic rings or strips.

7.2.5 Miscellaneous Processes

There are a number of other metal-joining processes sometimes encountered and new ones are continually being
developed. This chapter would not be complete without mentioning some of them by name so that the reader
will at least be familiar with their existence. Among the older processes, soldering and atomic hydrogen welding
are most common. Among the newer processes friction welding, electron beam, laser beam and plasma arc weld-
ing are gaining more popular attention. There is every likelihood that some of these will, in the very near future,
develop into important and more commonly used welding processes.

7.3 BASE METAL PREPARATION

Cleanliness and careful edge preparation along the joint and on the sides of the base metal is of the utmost
importance in all welding. Dirt, oil and oxides can cause blowholes, incomplete fusion, slag inclusion, porosity,
and a great deal of trouble to the welding operator.

The spacing between parts to be joined should be considered carefully. The root opening for a given thickness
of material should permit the gap to be bridged without difficulty, yet should be large enough to permit full
penetration. Specifications for root openings should be adhered to rigidly.

The thickness of the base metal at the joint determines the type of edge preparation for welding. Joint edges of
6 mm and greater in thickness should be bevelled. Bevelled edges at the joint provide a groove for better pene-
tration and fusion at the sides. The angle of bevel for oxyacetylene welding varies from 35 to 45°, which is
equivalent to a variation in the included angle of from 70 to 90°, depending on the application (Fig. 7-3). A root
face 1.5 mm wide is provided normally, but feather edges are sometimes used. Plate thicknesses 18 mm and
above are double bevelled when welding can be done from both sides. The root face can vary from 0 to 3 mm.
Bevelling from both sides reduces by approximately one-half the amount of filler metal required. An edge
preparation with straight sides is easiest to obtain. This edge can be machined, chipped, ground or flame-cut.
The thin oxide coating on a flame-cut surface does not normally have to be removed, because it is not detri-
mental to the welding operation or to the quality of the joint. The bevel angle can be flame-cut to any desired
value.
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7.4 JOINT TYPES

There are only five basic types of joints, although many variations of these result from the manner of preparation
and assembly. These five, illustrated in Fig. 7-4, are termed butt joint, edge joint, tee joint, corner joint and lap
joint. The applicable welds for these joints are also listed in Fig. 7-4 and detailed in Fig. 7-5 for groove welds; in
Fig. 7-6 for spot, seam, flash and upset resistance welds; in Figs. 7-7 and 7-8 for plug and slot welds; and in Figs.
7-9 and 7-10 for fillet welds.

The radiographic inspection of welding has greatest application to fully penetrated welds made with the electric
arc and gas welding processes. It does however, apply to many types of weld joints made with other weld
processes.

7.5 MULTILAYER WELDING

Multilayer welding (Fig. 7-11) is used when several layers are required in welding thick material. Multilayer weld-
ing is accomplished by depositing filler metal in successive passes along the joint until it is filled. Since the area
covered with each pass is small, the weld pool is reduced in size and enables the welder to secure complete pene-
tration and to avoid icicles and overheating while the first layers are being deposited. The smaller pool is more
easily controlled and thus the welder can avoid oxides, slag inclusions, cold shuts and joint discontinuity caused
by insufficient localized temperature.

7.6 WELDING DEFECTS AND DISCONTINUITIES

During the welding operation, many unavoidable volume changes occur that may cause distortion, residual
stresses or even cracking in the weldment. These changes are due largely to thermal expansfon or contraction
of the metal. If the rigidity of the structure is high because of the stiffness of the members themselves, or
support of previous welding or the use of fixtures, the amount of warping will be small. The forces set up by
the weld contraction, however, will reach high levels by the time room temperature is reached. Cracking may
result while the metal is still hot or during cooling. Thus, the more highly constrained the joint to be welded,
the more plastic must be the weld metal that is used to complete the joint.

Hardening of the weld and adjacent base metal, when heated to above the transition temperature of the metal,
can occur if the steel contains carbon and the cooling rate is rapid. Hardening can be avoided in most hardenable
steels by preheating or postheating the weld. If air-hardening steels are welded, the best heat treatment is a full
furnace anneal of the welded item. Hardness in the weld zone should usually be avoided because of the corre-
sponding lack of ductility and susceptibility to cracking.

Another factor to be considered in welding is the possible tendency toward hot shortness of the material
(a marked loss in strength at high temperatures). Some of the copper-base alloys have this tendency to a marked
degree. Allowances should be made in the welding technique used with these materials, and jigging and clamping
should be done with caution. Proper welding sequence and multilayer welding with narrow stringer beads help
to reduce hot cracking.

Other cracking occurs in weld metal because of a combination of the above factors, stress risers and other causes
such as shallow beads, unfilled craters at the end of a weld bead, welding at low atmospheric temperatures, weld-
ing in high winds or wet weather. Codes and specifications governing welding allow certain maximum size and
number of defects, such as slag, porosity, blowholes, inclusions and, in certain cases, slight lack of penetration
and/or fusion. Cracking is never acceptable. The end use of the welded product governs the limitations of allow-
able defects. Figure 7-12 illustrates a number of the more common weld defects and radiographic indications of
them.

7,6.1 Crater Cracks

When a welding arc is broken, a crater will form if inadequate molten metal is available to fill the arc cavity.
Arc craters are often the site of weld defects because the last metal to solidify freezes under a high degree of
constraint and contains an accumulation of weld metal segregates. These conditions can produce hot cranking
and subsequent service failures.
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Porosity is shown as rounded shadows of varying size
and density, occurring singly, in clusters, or randomly
scattered.

Nonmetallic Inclusions are usually indicated by elongated
shadows of irregular shape, occurring singly, in a linear
distribution, or scattered randomly.

Cracks appear as fine, dark lines, which may be straight
or wandering.

Incomplete Root Penetration is usually indicated as a
straight, dark, continuous or intermittent line, often at
the outer edge of the weld.

Undercutting shows up as a dark, linear shadow of wavy
contour, occurring adjacent to the edge of the weld. This
defect is usually detected visually, but its correct identi-
fication on the radiograph is needed to prevent misin-
terpretation as another type of defect.

Incomplete Fusion gives dark shadows, usually of elon-
gated shape.

Icicles and Burn-Through give individual light circular in-
dications or darkened areas of elongated or rounded
contour that may be surrounded by light rings.

FIGURE 7-12

RADIOGRAPHS OF WELD DEFECTS
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7.6.2 Hot Cracks

Hot cracking in a weld or heat-affected zone can be caused by a combination of joint design and chemical compo-
sition. The presence of low-melting constituents which have low strength and ductility at high temperature causes
grain boundary cracking under the thermal contraction stresses. The severity of cracking may increase with in-
creased restraint in the weld joint. Cracking can be avoided by control of composition, heat input and cooling
rates. In some cases the irregular cracks are not detectable by radiography.

7.6.3 Root Cracks

Root cracking is caused by high constraint, poor fit-up, poor penetration, shallow and wide beads, low plate
temperature and high carbon, high alloy weld metal. Upon cooling, the weld metal and adjacent heated zone
begin to contract and shrink in length, width and height. Because of the restraining action provided by the
surrounding cold metal, the hot weld metal is put under tension. As the weld metal cools it loses ductility so
that the tendency to crack increases continuously, all the way down to ambient temperature.

7.6.4 Underbead or Hard Cracking

Underbead or hard cracking invariably occurs in the coarse grains of the heat-affected zone of steel. It is attrib-
uted to the effect of dissolved hydrogen released from the electrode or from the austenite as it transforms. This
can often be avoided by preheating or by the use of low-hydrogen electrodes.

7.6.5 Miscellaneous Cracks

Cracks sometimes develop in the base metal adjacent to a completed weld because of shrinkage stresses induced
by further fabrication. It is often difficult to ascertain whether a crack has initiated in the weld metal or in the
base metal after it has propagated through both materials. Defects in the base metal such as inclusions, lamina-
tions, seams and blowholes, sometimes act as notches and thus promote cracking under constraint. Completed
wolds occasionally crack during the welding of joints elsewhere in the structure. This is due, primarily, to the
contraction of the new welds, which set up stresses exceeding the strength of the earlier welds.

7.6.6 Gas Inclusions

Gas may be formed in molten weld metal for various reasons and may be trapped if there is insufficient time for
it to escape before solidification. The trapped gas is usually in the form of round holes, termed porosity or blow-
holes, or of an elongated shape called piping or wormholes.

Gas formation may be caused by chemical reactions during welding, high sulphur content in plate and/or elec-
trode, excessive moisture in the electrode or on base plate edges, too short an arc, incorrect welding current,
wrong polarity.

Piping or gas holes often occur in a straight line near the center of the weld bead and may be called linear poros-
ity. Thi appearance of an elongated gas hole on the radiograph depends upon the relative position of the main
axis of the hole to the direction of the beam of radiation. Round holes of course appear as dark round spots on
the film.

7.6.7 Slag Inclusions

Most weld inclusions contain slag that has been trapped in the deposited metal during solidification. The slag
may come from the electrode coating or flux employed. The purpose of the flux is to remove impurities from
the metal. If the metal fails to remain molten for a period sufficient to allow the slag to rise to the surface some
slag may be trapped within the metal. In multi-pass welding insufficient cleaning and brushing of the bead
between passes may not remove all the slag coating. This may then be trapped in the metal by subsequent passes.
Dirty and irregular surfaces, ripples or undercut will contribute to slag entrapment. Slag inclusions are frequently
associated with lack of penetration, poor fusion, oversize root faces, too narrow a groove and faulty electrode
manipulation. The radiographic image may show dark irregular patches of slag, or aligned inclusions sometimes
referred to as "wagon tracks".
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7.6.8 Inadequate Penetration

Frequently the root of a weld will not be adequately filled with weld metal and a void is left which may show on
the radiograph as a continuous or intermittent dark line. This inadequate penetration may be caused by too small
a root opening, too large an electrode, insufficient weld current, excessive welding speed, improper groove prepa-
ration, etc. In joints requiring complete penetration this type of defect is generally not acceptable and requires
complete removal and rewelding.

7.6.9 Root Concavity

Root concavity or suck-up, is commonly produced by the G.T.A.W. process. The molten weld metal can sink
under the force of gravity, particularly in the overhead position, or in the flat position be pulled up by surface
tension into the weld preparation, to create a groove in the root of a butt weld made from only one side. This
defect occurs on the radiographic image as a dark band in the center of the weld.

7.6.10 Root Pass Oxidation

Oxidation is the result of insufficient protection of the weld and heat affected zone from the atmosphere.
Severe oxidation will occur on stainless steels for example, reducing the corrosion resistance, if the joint is not
purged with an inert gas. Severe oxidation is sometimes called cauliflowering and appears as fuzzy patches of
variable density on a radiography.

7.6.11 Lack of Fusion

Lack of fusion occurs at weld interfaces where adjacent layers of metal, or the base metal and weld metal, fail
to fuse properly due to a very thin layer of oxide that forms on the metal surfaces. It is usually caused by failure
to raise the temperature of the base metal or previously deposited weld metal high enough to allow any oxide
layers, slag, impurities, etc. to rise to the surface. Lack of fusion will appear on the radiographs as a very fine
dark line or a line of varying width when accompanied by slag. It may be difficult to see because the line of
separation often lies at an angle to the normal direction of the radiation.

7.6.12 Undercut

During welding of the final or cover pass, the exposed upper edges of the bevelled weld preparation tend to melt
and to run down into the deposited metal in the weld groove. Undercutting occurs when insufficient filler metal
is deposited to fill the resultant grooves at the edge of the weld bead. The result is a groove that may be inter-
mittent or continuous and parallel to the weld bead. Undercutting may be caused by excessive welding current,
incorrect arc length, high speed, incorrect electrode manipulation, etc. It is a surface defect that appears on the
radiograph as a dark, uneven area adjacent to the weld image.

7.6.13 Burn Through

A burn-through area is that portion of the weld head where excessive penetration has caused the weld pool to
be blown into the pipe or vessel. It is causod by factors that produce excessive heat in one area such as high
current, slow rod speed, incorrect rod manipulation, etc. This type of defect shows as a dark area on the radio-
graph where the weld metal is thin. It is often accompanied by excessive drop-through of the metal on the inside
of the vessel.

7.6.14 Defects in Gas Welding

In the gas welding process there are faults or defects that can occur and remain in the completed weld. These
are blowholes, incomplete fusion, slag inclusions, lack of penetration, porosity and cold shuts. Certain metals
have such a high affinity for oxygen that oxides form on the surface almost as rapidly as they are removed. In
oxyacetylene operations, these oxides are removed by means of fiuxes. The proper control of the torch flame
plays an important part in securing the most desirable deposit of weld metal. A neutral flame is commonly used
for most welding operations, except for high carbon steel, when a reducing flame is used. When a bronze filler
rod is used, a slightly oxidizing flame gives the best results. The common metals and welding rods requiring
fluxes are bronze, cast iron, brass, silicon bronzes, stainless steel and aluminum.
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7.7 REFERENCES

Identified cracks are never permitted in welding. Other defects, such as porosity, inclusions, etc., can be danger-
ous if their size, quantity or distribution are adverse. Considerable research and testing by many authorities has
indicated the acceptable limits of such defects for an intended service. Such information is usually contained in
codes, specifications or standards published by technical societies, governing bodies, etc. The following is a partial
list of such sources:

ASTM — American Society for Testing and Materials
AWS - American Welding Society
ASME — American Society of Mechanical Engineers
API - American Petroleum Institute
AWWA - American Water Works Association
CSA - Canadian Standards Association
CGSB — Canadian General Standards Board
CWB - Canadian Welding Bureau
IIW - International Institute of Welding

In addition, reference radiographs are published by ASTM and IIW.
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Chapter 8

CASTINGS AND FORGINGS

8.1 INTRODUCTION

Casting and forging of metals are processes whereby an object of a specific size and shape is created from liquid
or solid metal.

A casting may be defined as a piece of metal shaped in a mold which is a patterned or shaped cavity prepared to
receive molten metal. A forging is a piece of metal shaped by hammering or pressing the metal when it is in a hot
or softened condition.

The radiography of castings is conducted on a much wider scale than the radiography of forgings. This is due to
the many different casting processes, to the many applications for the use of castings and to the fact that cast mate-
rial does not have the strength characteristics of forged material. Radiography can be used for inspecting castings
of any of the common metals including iron, steel, aluminum, magnesium, copper alloys and zinc. Practically all
sizes and shapes of castings can be radiographed. There are, of course, limitations as to section thickness that can
be inspected with the sources of radiation that are available. Also, it is necessary that the part be accessible to the
radiation source and that a film can be placed against it on the side farthest from the source. Light-alloy castings
usually offer no problems in regard to thickness. Most aluminum and magnesium castings can be satisfactorily
X-rayed with existing equipment. X-ray equipment in the 140 k V (peak) range seems to be most widely appli-
cable. For steel castings, 220 ,400 and 1 000 kV (peak) units are most suitable and will permit inspection of steel
thicknesses from about 50 to 125 mm.

Certain radioactive isotopes or high-energy X-ray equipment, such as linear accelerators and betatrons, permit
inspection of heavier metal sections, in some instances up to 450 mm of steel, or the equivalent thickness of
other materials of different density. Thus Cobalt 60 may be used for the inspection of steel up to approximately
200 mm in thickness and, for radiographs of limited sensitivity, up to 300 mm in thickness.

There are two ways in which radiography serves the casting industry. First, it can be used as an aid in developing
proper casting design and foundry technique. For example, pilot castings can be examined to develop proper
risers, gating and chilling, and to study and control internal shrinkage. The second way in which radiography can
be used is as an inspection method for controlling quality of production castings. By revealing subsurface defects,
it can detect unacceptable castings before costly machining operations are performed. Also, it can detect defects
that would not otherwise be uncovered by machining and that might cause service failure. The amount of radio-
graphic inspection required depends on the design and end use of the casting. Castings that are subjected to
relatively low stresses in service may require inspection only for the development of proper foundry technique.
On the other hand, castings that will be highly stressed and whose design does not allow a large safety factor,
may require 100% inspection. On large castings, only certain critical areas may need to be radiographed. The
amount of inspection to be applied is usually specified in the contract or specifications. The quality standard
required will vary with the application and service conditions and different acceptance standards may apply to
different parts of the same casting.

8.2 LIGHT ALLOY CASTINGS AND FORGINGS

There are some notable differences between the X-ray inspection of light alloy materials and the X-ray examina-
tion of ferrous metals. The differences lie primarily in the fact that the X-ray absorption by light alloys is consid-
erably less than that of steel. Therefore, long-wavelength, low-voltage X-rays, up to around 150 kV (peak) or
occasionally 220 kV (peak), are most commonly used for light alloy inspection. On thin aluminum and magnesium,
however, the lowest possible voltages are required to get satisfactory sensitivity. In genera! it is best to select the
lowest voltage that will do the job with a practical exposure time.

Type I or Type II fine grain, high contrast films are most widely used in the radiography of light alloys. Coaisc
grained faster films are often used for very thick sections or whenever a wide latitude is required to examine,
in a single exposure, specimens with large differences in thickness.
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Scattered radiation is not as serious a problem in X-raying aluminum and magnesium at low voltages as it is when
using ttie higher voltages required for steel. Blocking is rarely required for thicknesses up to 25 mm. Above 25 mm
some blocking with denser materials may be necessary when high voltages are used. Filters or screens are not
necessary when X-raying magnesium castings. When voltages below 75 to 100 kV (peak) are used on flat aluminum
alloys no filters are normally required. Where complex castings arc involved a copper filter at the tubn, or between
the object and film, is often used to reduce the scatter by removing the long wavelength portion of the beam.
Lead screens, 0.12 mm thick, placed on the front side of the film will remove general scatter radiation coming
from the part.

Establishing radiographic techniques requires careful planning to minimize the number of exposures needed. In
X-raying complex castings some sections may unavoidably be separated from the film by several centimetres. In
such cases, a long source-to-film distance should be used to get satisfactory sharpness of detail.

Light-alloy castings often contain different section thicknesses, and this presents problems when it is desired to
X-ray all or most of a casting with one exposure. The use of films with low contrast and wide latitude has already
been mentioned. Use of higher voltages with or without a copper filter at the tube is another means of gaining
greater latitude. It must be remembered however, that these methods are used at the expense of sensitivity and
therefore they are only applicable within the limits imposed by the specified penetrameter sensitivity.

8.3 FERROUS AND HEAVY METAL CASTINGS AND F0R6INGS

The radiography of more dense or higher atomic number materials presents different problems than those
encountered in the less dense or light-alloy materials. There is a greater absorption of the radiation for similar
thicknesses and consequently different and usually more complex equipment is required to produce radiation
of sufficient energy to penetrate the material. This in turn may result in a lower sensitivity in the final radiograph
even when certain necessary precautions have been taken.

Scattered radiation is a bothersome problem in the inspection of heavy metal castings with voltages over 200 kV.
To minimize its effect, the primary beam should be restricted to the particular area being examined, whenever
possible. Care should be taken to have the casting as far removed as possible from other objects, and lead 3 to
6 mm thick should be located behind the cassette or film holder. Lead screens are almost always used in contact
with the film. They range in thickness from 0.08 to 0.50 mm and should be placed on both sides of the film.
Lead screens serve the dual purpose of reducing considerably the effect of scatter and of slightly intensifying the
action of the useful radiation.

In cases where the irregularity of the casting results in the primary beam impinging directly on portions of the
film, blocking is frequently required to prevent fogging of the film. There is a large variety of blocking materials;
some of the common ones include lead, steel or copper shot, barium compounds, and steel blocks.

No hard and fast rules can be set down as to what types of films are best for castings. With voltages up to 400 kV
(peak) the finest grain film types are not usually needed. For heavy castings Type II or Type III films are satisfac-
tory. On relatively thin sections the finer grain films should be used. Because large areas of castings are inspected
and because of their irregular shape, a large variety of film sizes are needed. On large castings the 356 x 432 mm
film is perhaps the most widely used size. In cases where standard sized films cannot be used, they must be cut
to size and placed in improvised holders or cassettes.

As mentioned earlier for light alloy castings and forgings, the establishment of techniques for exposures on large
castings requires careful planning to keep to a minimum the number of exposures required. With the use of high
voltage equipment the problem is not as great as with low voltage equipment since advantage can be taken of
longer source-to-film distances, the wider beam coverage and the increased latitude due to the high energy radia-
tion. At low voltages, to avoid unreasonable exposure times, relatively short source-to-film (SFD) distances
must be used. This restricts the area that can be covered with each exposure.

8.4 CASTING METHODS

The casting of metals involves the pouring or injecting of molten metal into a cavity of a particular shape, where
it is allowed to solidify. The cavity or mold may be of intricate shape so that when the solidified metal is removed
a part is produced which, with or without further preparation, may be used for its designed purpose. The basic
steps involved are:

(a) the preparation of a pattern or die to form the final shape and size of part required.
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8.4.1

(b) the preparation of the mold cavity by use of the pattern and suitable mold materials.

(c) the heating and melting of the metal.

(d) the insertion of the molten metal into the mold cavity.

(el the removal and, when necessary, the further cleaning or shaping of the part.

There are many casting processes and they may be grouped into those using a nonpermanent mold which is used
only once, and those using permanent molds from which a number of castings may be extracted. Examples of
nonpermanent mold castings include:

Sand casting
Shell mold casting
Investment or precision casting

Permanent mold castings include:

Centrifugal castings
Die or pressure castings

Following is a short summary of the principles involved in the above casting processes. It should be kept in mind
that there are many modifications and variations of these processes that are designed for specific applications.

Sand Casting

The molds used for sand casting may be of the "green sand" or "dry sand" types. Silica sand is generally used as
a mold material because of its refractory properties, low cost and availability. In the green sand mold the sand is
given plasticity by means of a clay binder that may be present in the sand or be added to it. Sufficient water is
added to hold the mixture together. In a dry sand mold the sand is given plasticity in a similar fashion but the
mold is dried before the metal is poured into it. In making a mold, a pattern, usually of wood, is placed in a flask
and molding sand is rammed around it. Ordinarily the mold is made in two halves, the upper portion being called
the "cope" and the bottom portion the "drag".

The pattern is designed so that it can be removed without disturbing the sand, leaving a pattern-shaped cavity
in the sand. Cores of baked oil-bonded sand are placed in the mold cavity to form internal cavities of the casting
as illustrated in Figure 8-1.

Pouring Basin

Joint (for parting)

Flask

Core
Bottom Board-'

Pattern Gate -

FIGURE 8-1
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Cores are subject to breakage due to handling and erosion from the molten metal and are dried and baked to
provide the necessary strength.

The cope and drag are prepared separately. Before they are placed together to complete the mold cavity as shown
in Fig. 8-1 a system of runners, gates and sprue are formed to allow the metal to enter the mold cavity. In most
cases cavities for reservoirs of metal (risers) are formed in the mold. The metal rises into these reservoirs and helps
to "feed" the casting as it solidifies. When the mold is closed the molten metal is poured into the pouring basin
or directly into the sprue. It enters the system of runners and gates and finally fills the mold cavity and risers.
After the metal has solidified and sufficiently cooled the sand is removed and the rough casting revealed. The
excess metal of gates, risers, etc., are removed and the casting cleaned and finished as required.

8.4.2 Shell Molding

In this process the mold material is made of a special type of sand in which is mixed a powdered thermosetling
plastic. The metal pattern used to produce the part is heated to about 200°C and the mold material is shaken
evenly upon it to form a thin layer. The plastic quickly hardens to form a shell which is then heated for a short
time at a higher temperature. It is then removed from the pattern. The impressions in the shell mold will form
one half of the mold cavity. A similar procedure is used to produce the other half of the mold. The two parts
placed together complete the mold. The mold is usually backed up by other material to provide added strength
before casting.

Shell molding provides a part with high dimensional accuracy and good surface finish which may eliminate sub-
sequent machining or finishing. The production rate is relatively high and the process is suited to the production
of small parts that require close tolerance.

8.4.3 Investment Casting

This method is also called precision casting, because it can produce castings with close tolerances and smooth
surfaces which require little or no further machining or grinding. There are several investment casting processes
developed from the "lost-wax" process which is still widely used. They involve the use of a wax or plastic pattern
to form the mold cavity. This pattern is then removed by melting or evaporation, leaving the cavity into which
the metal is poured. The wax or plastic patterns are made in quantity from metal or plaster-of-paris dies. The
patterns are then coated with a thick layer of slurry or "investment" which forms the final mold.

The fine dimensional accuracy that can be obtained by the investment method makes this process ideal for
complicated parts that are difficult or impossible to forge or machine. It is used generally to produce parts
weighing less than 1 kg although larger castings have been fabricated by this method.

3.4.4 Die Casting

Low melting point metals and alloys may be cast under pressure in a die casting machine that uses metal molds
or dies to form the metal. Liquid metal under gravity or other pressure is forced into the pair of dies which come
together automatically. The metal solidifies quite rapidly and the resultant casting is dropped or pushed from the
dies when they separate.

The dies may be water cooled and the process made automatic. They are made with great care and produce parts
with close dimensional tolerances and of a strong, fine grain structure. Die casting is a production operation used
when a large number of similar parts are to be produced.

8.4.5 Centrifugal Castings

Cylindrical shapes may be made by pouring liquid metal into a permanent cylindrical mold while it is rotating
rapidly. The liquid metal is forced against the inside of the mold by centrifugal action where it solidifies to
produce a tube or cylindrical-shaped object such as a pipe. The wall thickness of the object will depend upon
the amount of metal poured. When the metal has solidified, rotation is stopped and the specimen or "inner lining"
removed.

The centrifugal force acting on the metal while it is solidifying increases the density and strength of the part.
The process is suited to the manufacture of pipes, tubes, bushings, linings etc., although it can also be used for
more complicated shapes where an entire mold complete with cores, risers, gates, etc., is spun about its axis.
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8.5 CASTiNG DISCONTINUITIES

8.5.1 Introduction

There are certain discontinuities and defects common to cast materials and to the different casting methods.
There are other discontinuities characteristic of a particular metal or alloy or of a particular casting process.

Some of the common casting discontinuities are:

Cracks and hot tears
Gas cavities - gas holes or porosity
Shrinkage cavities - shrinkage porosity or sponge, microshrir.kage
Inclusions — more dense or less dense than the cast metal
Segregation
Cold shut
Misrun
Core Shift
Chaplets.

Microshrinkage is peculiar to magnesium and its alloys and some copper-base alloys. Mottling indicates a large
grain size metal structure and is commonly seen in aluminum alloys.

The correct interpretation of the radiographic image of these defects is simplified if the cause of the defect is
known. It should be remembered that combinations of these defects in the same section may confuse the radio-
graphic image and hinder correct evaluation of the part.

8.5.2 Cold Cracks and Hot Tears

This type of defect is always serious because of its propagating nature. Stresses set up during solidification of the
metal will cause the metal to crack and rupture. Hindrance to contraction of the metal due to mold design or
casting design provides the stresses that cause the rupture. The form of the rupture can depend upon the stage of
solidification of the metal at the moment the rupture occurred usually in the semi-plastic stage giving a charac-
teristic tearing appearance.

Cold cracks begin at the surface and their presence can often be verified by visual inspection. They appear as
well defined dark lines, straight or curved, usually are continuous and occur singly.

Hot tears may originate internally or at the surface. They are caused by the casting being deformed while still
in the plastic state. They may be of a filamentary or ragged nature and appear on a radiograph as dark lines of
variable width. They usually occur as numerous interconnected branches. When a crack or tear is irregular only
the portion in good alignment with the source of radiation may show on the radiograph. It is therefore good
policy to use other nondestructive test methods to supplement radiography.

8.5.3 Shrinkage

Metal contracts or shrinks when changing from the liquid to the solid state and defects will occur in a casting
unless sufficient molten metal is available to "feed" it. Defects may take the form of cavities, branch-like tears,
sponginess, or the form of microshrinkage characteristic of magnesium or some copper-base alloys.

Shrinkage cavities occur usually at hot spots in the casting. Their radiographic appearance may be similar to that
of gas cavities but irregular in outline. They may be associated with feeding heads such as risers and, in such
instances, are often referred to as "pipes". A type of shrinkage characteristic of the more dense metals or alloys
consists of long string-like voids that may run roughly parallel to each other or intertwine in a branch-like net-
work. The network may occur in bands within the metal often near its center and may be referred to as center-
line shrinkage. It is often hard to differentiate between severe branch-like shrinkage and hot tears.

Shrinkage porosity or sponge is caused when there is an insufficient supply of molten metal at a certain area
which results in a lacy or honey-combed dark area on a radiograph. The shrinkage voids are of irregular outline
as distinct from the round or elongated void of gas porosity.
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Microshrinkage is a discontinuity peculiar to magnesium castings but is not a true shrinkage porosity. The voids
are more definite than those due to shrink porosity in aluminum and tend to join up in a continuous network.
On a radiograph it may appear as relatively large fuzzy areas or as dark feathery streaks. The types of micro-
shrinkage are often defined as being of the feathery or sponge type. An inter-dendritic type of shrinkage found
in tin bronze castings is also called microshrinkage. Because of its size and the density of the metal it is often
hard to reveal unless a high sensitivity radiographic technique is used.

8.5.4 Gas Cavities

When gas that is developed during the pouring of a metal casting cannot escape through the mold itself or through
the risers or other outlets, it may be trapped in the molten metal. I t may be formed by release from the molten
metal itself, from the green sand mold, from water vapor, or merely by turbulence caused when pouring the
metal. Gas holes (blow holes) are caused by air, mold or core gases, and water vapor being trapped in the casting,
usually on the cope side, during solidification. They occur singly or in clusters and appear on a radiograph as
smooth, round, elongated or oval shapes of varying size. Sometimes an extremely long gas hole appears like a
shrinkage cavity, although it differs from a shrink in that the ends of the gas hole are rounded and smooth.

Gas porosity is a discontinuity that is caused by dissolved gases in the molten metal, that become trapped in the
solid casting. The size and the amount varies with the gas content of the metal and the rate of solidification of
the casting. On a radiograph, gas porosity appears as round, irregular or elongated dark spots that occur over
large areas, if not over the entire casting.

8.5.5 Inclusions - Foreign Material

Inclusion is a general term applied to sand, slag, oxide, etc., trapped in the casting. In most cases these defects
occur near the surface as a "skin" effect. In some instances, however, the inclusion may occur at the center of
the casting, depending upon the flow of metal. On the radiograph, inclusions are often of relatively lower density
than gas cavities and appear more diffused. In addition, they tend to be irregular in shape, not spherical or oval.
Parts of the sand inclusions are often visible on the surface of the casting. The similar appearance of inclusions
and blowholes sometimes makes diagnosis difficult.

Inclusions of either higher or lower density than the base metal can occur, particularly in light metal castings.
Those of lower density include such impurities as sand, slag and oxides. The radiographic images of these
inclusions are gray or black and vary greatly in size and shape; they usually occur randomly throughout the
casting. When inclusions of higher density than the base metal occur, they appear as lighter images on the radio-
graph and assume a variety of irregular shapes.

8.5.6 Segregations

Segregation is a complex phenomenon that results when one or more alloying elements are not properly diffused,
and concentrate in certain areas. Segregations show up in a radiograph as variations in film density. Often they
occur as light or white streaky areas of irregular shape.

8.5.7 Core Shift

Castings that have internal cavities designed into them use a core, usually of sand, to produce the cavity. If the
core is not held firmly in position it may move when the molten metal is poured around it. Since on a radiograph
the cored-out section is darker than the metal, variations from the normal metal thickness can be recognized.

8.5.8 Mottling

A film with a mottled appearance, composed of adjacent small dark and tight areas, indicates a casting with a
large grain size. The edges of the large grains may create a diffraction effect from the incoming radiation resulting
in more radiation at the edges than in the center of the grains.

8.5.9 Cold Shut

This is a discontinuity caused by the failure of a stream of molten metal to unite with a confluent stream or with
solid metal such as a pouring splash, chaplet, etc. They can frequently be detected by visual inspection and look
like a crack with smooth and curved contour. If it is only a surface condition it is called a "cold lap". On a radio-
graph a cold shut appears as well defined, continuous or intermittent, dark lines.
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8.5.10 Unfused Chaplet

Chaplets are metallic supports or spacers used in molds to maintain cores in their proper position during the
casting process. They are of similar material to the cast metal. Chaplets that have not been fused completely
by the molten metal result in a discontinuity that reveals itself on a radiograph as a dark outline of similar shape
to that of the chaplet itself.

8.5.11 Mismn

A misrun occurs when the molten metal fails to fill the mold cavity completely. It can usually be detected by a
visual inspection, although radiography will detect those that are not externally visible. They are usually well-
defined voids and appear on the radiograph as dark areas of irregular but smooth outline.

8.6 FORGING

Forging is the working of metal into a useful shape by hammering 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 properties. Improve-
ment in the mechanical properties results from:

(a) A general consolidation of the metal and closing of gas and contraction cavities by means of mechanical
pressure.

(b) A refinement of the crystal structure.

(c) A destruction of the continuity of intergranular concentrations of impurities and inclusions.

Forging is done on either a hammer or a press. A horizontal press (forging machine) is used in certain instances
for forging small parts; otherwise forging machines are of vertical type, the lower die of which is fixed while the
upper die is movable, being carried on a vertical ram. In the case of hammers the die is raised mechanically and
the blow is struck by the die falling freely. With presses, force is used to raise and lower the die and the metal is
worked by slow, steady pressure. Forging is not only employed to produce parts 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 set-up. Tool steels are often forged with a view to improving their proper-
ties.

Forging may be considered under two categories:

(1) Where the working surface of the dies is flat or of uniform curved contour, and shaping is done by manipu-
lation using tools of simple shape. This is called "open-die" forging.

(2) Where impression dies are used and the metal is shaped by being forced into the die impressions. This is
called "closed-die" forging.

In the first category are forging* of simple round or rectangular cross-section and forgings of more complicated
shape which arc to large that the "sinking" of closed dies would be impractical or too costly. Small forgings of
complicated final shape may be rough forged on simple dies and then machined to final form if the number
required is too small to justify the cost of an impression die. In this category also are hollow forged parts. For
these, the center metal of the rough piece of proper size is tither machined out cold (trepanned), or is punched
out hot using suitable dies on a press. The part is then forged on a mandrel passing through the center hole and
supported at both ends so that the mandrel acts as the bottom die.

In closed die forging on a hammer or vertical press the lower die has an impression corresponding to one half of
the part to be made while the upper die has an impression corresponding to the other half. For relatively simple
shapes the dies may have only one impression but more commonly they incorporate * series of impressions in
which the part is successively shaped to final form. Closed die forging is commonly known as "drop forging".
Around the impressions the dies are shaped to provide space for the excess stock, as it is not practical to have
exactly the amount of metal required to fill the impressions. The excess metal that is forced into this space is
referred to as "flashing" or "flash". After forging this is trimmed off in suitable dies. The closed die forging
business is so competitive that the losses in trim scrip provide one of the most important areas for economy.
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The hot forging process whereby bolts, for example, are headed is referred to as "hot upset forging" or "hot
heading". In this process, a bar of uniform cross suction is gripped between grooved dies and pressure is applied
on the end in the direction of the axis of the bar by means of a heading tool. The metal flows under the applied
pressure and fills the cavity between the dies. Fig. 8-2 shows some examples of forging operations.

(a, b) Edging; Jc) Fullering; (d) Drawing; (e) Swaging; (f) Back Extruding; (g) Punching

FIGURE 8-2

FORGING OPERATIONS.
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8.7 ROLLING AND FORGING DISCONTINUITIES

8.7.1 Introduction

Discontinuities in forgings may originate in the slab or billet, modified by the rolling and forging of the material,
or may result from the forging process itself. The more common discontinuities are:

Laminations
Stringers
Seams
Forging Laps
Forging Bursts or Cracks.

8.7.2 Laminations

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

8.7.3 Stringers

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

8.7.4 Seams

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

8.7.5 Forging Laps

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

8.7.6 Forging Bursts or Cracks

Forging bursts or cracks are ruptures caused by forging at too low a temperature. These may be internal or they
may occur at the surface.

48-GP5M 123



Chapter 9

AIRCRAFT STRUCTURES AND COMPONENTS

9.1 INTRODUCTION

In the case of radiogiaphy of castings, forgings and welds, it is generally possible to place the film and X-ray tube
in the most advantageous relative positions. This however, is seldom the case on airframes. On aircraft examina-
tion there is, almost invariably, some extraneous obstruction to the passage of the radiation beam. Considering
these points, it can be seen that what is really involved is an evaluation of the sensitivity of the method to be
employed to locate the defect position. While a sensitivity of 2% is reasonable in radiography of castings, on
certain airframe structures it may not be possible to attain sensitivities better than about 15%.

Since airframe defects are hidden, it is virtually impossible to place any form of penetrameter adjacent to them
to get even an approximate measure of sensitivity. Often the best available guide to sensitivity is the structure
itself. If, for example, it is possible to differentiate between components of different thicknesses, this may be
used effectively as a measure of sensitivity. It is always wise to remember that radiographs of airframes that
normally possess much contrast are, for this reason, very deceptive when considering the sensitivity obtained.
It is easy to be too optimistic in considering what can be successfully accomplished with X-rays. Fatigue cracks
in large fittings, for example, should never be investigated by means of radiography as they are normally too
small to be located by this method.

When compiling an X-ray technique to inspect a known aircraft structure failure area, the crack (or other defect)
when confirmed visually, becomes the most efficient punetrameter and guide in setting up a permanent technique
for future reference.

9.2 PROBLEMS PECULIAR TO THE RADIOGRAPHY OF AIRCRAFT STRUCTURES

The following subparagraphs deal with specific problems that may be encountered in the radiography of
aircraft structures. It must bo stressed that, in all cases, before starting an X-ray inspection, the operator shouid
become familiar with the construction details of components by making reference to engineering drawings and
technical publications.

9.2.1 Fuel and Bag Tanks

Leaded petroleum fuel presents a problem because it is radiographically opaque, and must always be drained
from the tank before examination. Bag tanks may cause considerable radiation scatter and their removal may
be necessary in some cases.

9.2.2 Sealing or Interlaying Compounds and Paints

Sealing compounds contain metallic salts that make them opaque to radiation. In addition, they may contain
gas cavities and cracks that present characteristic images. It is very difficult lo distinguish between sealant cracks
and failures in the underlying rneial. Interfaying compounds and some paints also contain metallic particles or
salts; their presence on the radiograph may be identified with experience. Cracking and peeling of paint films
are easier to identify than sealant cracks due to their distinctive pattern.

9.2.3 Electrical and Wiring Bundles

These form one of the worst barriers to X-ray inspection. There is no way of solving this problem except by
re-routing the wires to clear the areas that require radiographic inspection.

9.2.4 Hydraulic Systems and Pressure Lines

High pressure hydraulic lines form barriers similar to wiring bundles, but as they are normally of small diameter
it is very often possible, by adjustment of the X-iay source position, to inspect satisfactorily areas in which they
are positioned.
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9.2.5 Upholstery. Glass, Cloth or Wool and Wood

Radiographic images of cloth weaves in upholstery give a normal, regular pattern. Images of glass wool resemble
a photographic image of smoke rising from a cigarette. Wood battens will give difficulty if they are thick or
contain knots, but otherwise will cause little trouble.

9.2.6 Corrosion

9.2.6.1 Types of Corrosion

Corrosion has been classified in many ways. For descriptive purposes, the types are discussed under their most
commonly accepted titles used on aerospace equipment. Because of environmental and service conditions, cor-
rosion usually starts on the underside of components. When inspecting for corrosion, then, the best practice
is to place the film on the underside of the structure being examined. This results in closer film contact to the
suspected area and thus yields better definition and overall sensitivity.

(a) Uniform Etch Corrosion

The surface effect produced by direct chemical attacks (e.g. as by an acid) results in a uniform etching of
metal. On a polished surface, this type of corrosion is first seen as a general dulling of the surface and if
allowed to continue, the surface becomes rough and possibly frosted in appearance.

(b) Pitting Corrosion

This type of corrosion is the most common type found on aluminum and magnesium alloys. It is first
noticeable as a white or grey powdery deposit, similar to dust which blotches the surface. When the
deposit is cleaned away, tiny pits or holes can be seen. Pitting corrosion may also occur in other types
of metal alloys.

(c) Intergranular Corrosion

Intergranular corrosion is an attack on the grain boundaries of a material. Frequently the grain boundaries
are anodic to the main bodv of the grain and when in contact with an electrolyte, rapid selective corrosion
of the grain boundaries occurs. This is the most dangerous type of corrosion because it cannot be detected
by normal visual inspection methods. For this reason, it is usually not detected until the part has failed.

(d) Ex foliation Corrosion

Exfoliation corrosion is a form of intergranualar corrosion and shows itself by "lifting up" the surface
grains of metal by the force of the expanding corrosion products occurring at the grain boundaries just
below the surface. It is visible evidence of intergranular corrosion and is most seen on extruded sections
where grain thickness are usually less than in rolled forms.

(e) Galvanic Corrosion

Galvanic corrosion occurs when dissimilar metals are in contact and an external circuit is provided by the
presence of moisture. It is usually recognizable by the presence of a build-up of corrosion at the joint
between the metals. For example, aluminum and magnesium skins riveted together in an aircraft wing
form a galvanic couple of moisture or contamination is present.

(f) Fatigue Corrosion

Fatigue corrosion is caused by the combined effects of cyclic stress and corrosion. No metal is immune
from some reduction of its resistance to cycle stressing if the metal is in a corrosive environment. Fatigue
corrosion failure occurs in two stages. During the first stage the combined action of corrosion and cyclic
stresses damages the metal by pitting and crack formation to such a aigrpe that fracture by cyclic
stressing will ultimately occur, even if the corrosive environment is completely removed. The second stage
is essentially a fatigue stage in which failure proceeds by propagation of the crack and is controlled pri-
marily by stress concentration effects and the physical properties of the metal. Fracture of a metal part
due to fatigue corrosion generally occurs at a stress far below the fatigue limit, even though the amount
of corrosion it small For this reason protection of all parts subject to alternating stress is particularly
important, even in environments that are only mildly corrosive.
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(g) Stress Corrosion

On the surface of a metal different areas may be anodic or cathodic to each other because of applied or
internal stresses. Stress corrosion occurs when a part is in tensile stress in the presence of s corrosive
medium. Even though the evidence of corrosion may be insignificant, any corrosion will cause the stress
to concentrate in that area and produce a stress corrosion attack. This crack generally develops in a plane
perpendicular to the line of stress. Some of the internal stresses that may cause stress corrosion cracking
are:

(i) Nonuniform deformation during cold working,

(ii) Unequal heating from high temperature,

(iii) Stresses associated with application of rivets, bolts and pins,

(iv) Press or shrink fits,

(h) Concentration Cell Corrosion

Concentration cell corrosion occurs when two or more areas of a metal surface are in contact with different
concentrations of the same solution. There are three general types of concentration cell corrosion (i) Metal
Ion, (ii) Oxygen, (iii) Active Passive.

(i> Metal Ion Concentration Cells

The solution may consist of water and ions of the metal which is in contact with the water. A high
concentration of metal ions will normally exist under faying surfaces where the solution is stagnant
and a low concentration of metal ions will exist adjacent to the crevice which is created by the
faying surface. An electrical potential will exist between the two points; the area of the metal in
contact with the low concentration of metal ions will be cathodic and be protected and the area in
contact with the high metal ion concentration will be anodic and will be corroded.

(ii) Oxygen Concentration Cells

The solution in contact with the metal surface will normally contain dissolved oxygen. An oxygen
cell can develop at any point where the oxygen in the air is not allowed to diffuse in the solution
thereby creating a difference in oxygen concentration between two points. Typical locations of
oxygen concentration cells are under either metallic on nonmetallic deposits (dirt) on the metal
surface and under faying, surfaces such as riveted lug joints. Oxygen cells can also develop under
gaskets, wood, rubber, plastic tape, and other materials in contact with the metal surface. Corrosion
will occur in the area of low oxygen concentration (anode).

(iii) Active Passive Cells

Metals which depend on a tightly adhering passive film, usually an oxide, for corrosion protection
(e.g. austenitic corrosion resistant steel), are prone to rapid corrosive attack by active passive cells.
The corrosive action usually starts as an oxygen concentration cell, e.g. salt deposits on the metal
surface in the presence of water containing oxygen can create the oxygen cell. The passive film will
be broken beneath the dirt particle for the corrosive action on the oxygen cell. Once the passive film
is broken the active metal beneath the film will be exposed to corrosive attack. An electrical poten-
tial will develop between the large area of the cathode (passive film) and the small area of the anode
(active metal). Rapid pitting of the active metal will result.

9.2.7 Components

There are occasions when electrical, mechanical or hydraulic components develop faults that cannot readily be
explained. These components are very often sealed units, which are complex in construction and cannot be
disassembled. Often, after attempting logical strlppfng-down, it is found that removal of cover plates, external
lever controls, etc., results in complete disruption of the setting of the component and consequent loss of vital
evidence. In such cases, radiography can often prove a means of examining the internal condition of an item or
component without stripping.
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9.2.8 Bolted Assembly

Ciucks eminating from bolt holes ate not detectable with radiography unless they are long enough to extend
beyond the area blanked out by the more dense bolt head, nut and washer combination.

9.3 RADIOGRAPHIC EXAMINATION OF STRUCTURES

9.3.1 Introduction

Before any X-ray procedure can be developed on aircraft structures such as wing ribs, spars, and stringers, all
relevant information must be obtained from actual visual inspection, aircraft manuals, engineering drawings
or any other available data. The following are questions that must be answered when first approaching an
inspection problem:

(a) Can the part be suitably X-rayed to produce positive results? Is the part in question buried in the middle
of a structure or hidden behind denser alloy tubing? Can a film be located on or near the part in question?

(b) Is the part to be examined made of steel, aluminum, glass fiber, etc? This will determine the film type and
X-ray kV settings to be used.

(c) What is the shape of the part to be inspected? This must be ascertained from construction details and
drawings to enable the operator to establish the type of defect sought (e.g. manufacturing process defects,
fatigue failures, or corrosion) and to make interpretation easier. The shape of the part will determine the
exposure angle to be used.

(d) Where were defects previously located on other similar or identical parts and how were they oriented?

9.3.2 Large Areas of Structure

To examine a large area of a structure, such as wings, control surfaces and tail section, for foreign bodies and
general service deterioration of a gross nature, a panoramic method known as "panning" is used. In thir technique
a large number of films are placed on one side of the area under examination so that the whole surface is covered.
The X-ray source is so arranged that the axis of radiation is normal to the films and the source-to-film distance is
large enough that all films are exposed at once. This process is then repeated with the axis of radiation at a com-
pound angle of 45° to the films. Analysis of the films is best carried out by laying them (in the same order as on
the structure) on a large panoramic viewer. A true pictorial representation is then obtained on what is effectively
a very large viewing screen. Any gross defects located in this manner may be re-radiographed by more accurate
tube positioning. Radiographs taken at chronological intervals and compared with an original set, taken on the
assembly when new, are most useful in determining the continued airworthiness of the structure, without the
need for stripping.

9.3.3 L-shaped Stringers

"L"-shaped stringers (Fig. 9-1) are frequently riveted to the surface skin, although occasionally metal-to-metal
bonding is used. The most common defects in this area are cracks radiating from the rivet holes. These are
usually very fine hair line cracks and frequently run from rivet to rivet or to the outer flange of the stringer.

Another frequent indication is a dark line partially or completely encircling the shank of a rivet. This indicates
either that the rivet originally did not fill the hole or that it has been tensioned beyond the yield point causing
thinning and looseness in the hole. Another defect typical of this structure is a fracture in the fillet radius of
the stringer angle.

The best method for X-raying L-shaped stringers is to place the film on the outside surface on the smooth skin
and to locate the tube at an angle of approximately 10° on the rivet side of the stringer (Fig. 9-2). This will
cover, with a minimum number of exposures, the three basic defects mentioned above. It is desirable, where
possible, to increase the source-to-film distance to about 3 m and thus decrease the angle of exposure. Care
must be exercised to ensure that no other structural members are superimposed on the part being examined.
If the depth of the structure is excessive, i.e., over 660 mm deep, the tube should be located as near as
possible to the component surface opposite the suspect stringer to ensure that no other structures obscure the
area of radiographic interest.
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9.3.4 Hat Shaped Stringers

Hat stringers (Fig. 9-3) are frequently riveted to the skin although occasionally metal-to-metal bonding in used.
The most common defects in riveted construction are hair line cracks radiating from around the rivets and
occasionally joining up and running from rivet to rivet. On metal-to-metal bonding it is quite common to find
corrosion on the inside shaped portion of the hat. Another frequent defect is rivets that are in tension. This
type of stringer is also very susceptible to fatigue cracking. To X-ray for defects in these members, it is recom-
mended that the film be placed on the outside surface (i.e., on the smooth skin), and that the tube be situated
directly opposite at 90° to the stringer. If more than one stringer is involved in a single exposure, it is beneficial
to increase source-to-film distance to obtain better definition of the defect (Fig. 9-4).

9.3.5 Z-Shaped Stringers

"2"-shaped sections are used as stringers, as joiners or, in some cases, as ribs. They can be straight, closed or
open faced "Z " shapes and are usually riveted to the skin (Fig. 9-5). The most common defects are fine hairline
cracks radiating from the rivets and occasionally joining up to form a long continuous crack. There are, on
occasion, cracks formed at the fillet radius nearest the flange that is riveted. If these sections are used as formers
and are notched to go around a stringer, cracks may form at these cut-outs. These sections can be satisfactorily
inspected for cracks in the web or riveted flange only from the open face. If the depth of these sections is greater
than 50 mm it is advisable to have two exposures, one for the flange and the second for the web (Fig. 9-6). It is
desirable to have a small angle on the tube to ensure that the entire fillet radius at the riveted flange is included
in one exposure. The film should be large enough to cover completely the flange and the web.

9.3.6 Honeycomb Structures

The X-ray examination of honeycomb structures used on the flight controls of some modern aircraft involves a
somewhat new approach. The most common problems that can be expected from this material will be crushed
or otherwise damaged honeycomb (node blows), and condensation trapped in the material which could lead to
corrosion. Improper bonding of honeycomb to skin is a critical problem but it cannot easily be detected by
X-ray inspection. When inspecting for crushed honeycomb or condensation, it is best to position the X-ray tube
so that the radiation will pass parallel to the walls of the honeycomb. In this way, the resulting radiograph will
provide a picture of the exact geometry of the honeycomb structure.

9.4 TECHNIQUE LAYOUTS

Typical technique layouts for aircraft structure radiography are illustrated on pages 138-139.
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Hat-Shaped Stringers
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Not Desirable Desirable

Film

This is a poor
method as the portion
of the stringer nearest
the tube is superimposed
on the side opposite the
tube.

Source

Film

Tube at 90° to stringer to cover
both flanges.

Shallow sections with two stringers
opposite each other.

Film

M
Exp.#1

The exposures are required at a very
shallow angle to produce the optimum
results, each covering one row of rivets.

Deep Structures — 18" and Over.

Optimum results are obtained by placing
tube close to skin at 90° to suspect
stringer. The stringer close to tube
will be thrown off film.

FIGURE 9-4

48-GP-SM 133



/ / / I L
iZTl i I

1-L

/ /

Straight

1 i I1 o ' I

i o j i

Closed

FIGURE 9-5

Z-Shap«d Stringers

Flanges

Open Faced

134 48-GP-5M



Correct Exposure for Narrow Sections

Film

Incorrect Angle

\ \ \ Film

w
\ I ! Correct angle to show
i / / cracks in the flange
I I i and bend radius.

/

/
/

/ Note the placement of
the film.

I1'IIIe
Source

\

The tube is on the
wrong side of the
stringer. The inner
flange lays over on
the web and both are
super-imposed over
the riveted flange
and will not produce
the desired results.

\ \

\ \

Correct Exposure # 1 for Wide Web.
This Covers Flange Only.

—Ui1—«tn
I
I

- 4

1
\

Film

1

Correct Exposure # 2 for Wide Web.

\\l

Note: The film covers
one flange only. The
opposite flange is too
far off the film to
produce satisfactory
result*.

.Film

/ /

/
//

/ /

/

. .

/
/

The exposure covers/ . The exposure cove
' / the web as well as

/
the bend radius
nearest the film.
The angle will vary
with the width of
the web.

FIGURE fl-6
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Spar

Aileron

Exp. A

Fore

— A 450 mm — r t J Exp. B

Film Layout

FIGURE 9-7

Two Films p»r Exposur*
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Area "A'

FIGURE 9-8

Tube Set-Up

Area

Note: Setup shown typical
for both exposures
reposition tube head for Area B

Film Coverage

Area A - 2 0 Films

Area B— 20 Films

FIGURE 9-9

Film Placement

Outbd
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X-RAY INSPECTION

TECHNIQUE # DESCRIPTION

Cosmo dorsal fin

DATE

DEVELOPED BY RECOMMENDED BY APPROVED BY

- 6 4 8 6

Dimensions in millimetres
unless otherwise noted

EXP.

UNIT

kV

mA'S

FILM

SCREENS

FILTER

P.F.D.

F.F.D.

ANGLE

1&2AREASA&B

FEDREX 160

110

600 (4 mA)

ANSCO "A" 360 x 430 XOMAT DEVELOPMENT

NIL

NIL

CONTACT

4880

17° FROM HORIZONTAL-110° TO LONGITUDINAL AXIS
(i.e. SHOOTING FORWARD)
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X-RAY INSPECTION

TECHNIQUE # DESCRIPTION

DAKOTA AILERON SPAR

DATE

DEVELOPED BY RECOMMENDED BY APPROVED BY

Area of inspection

EXP.

UNIT

kV

mA-s

FILM

SCREENS

FILTER

P.F.D.

F.F.D.

ANGLE

1 to 9
A

FEDREX 160

80

360 (4mA)

KODAK DUO PACK 360 mm x 430 mm 3S PER AILERt

NIL

NIL

CONTACT

TUBE SET AT GROUND LEVEL

TUBE ANGLED TO CENTRE OF SPAR

1 to 9
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Chapter 10

RADIOGRAPHIC TECHNIQUES

10.1 INTRODUCTION

This chapter deals with radiographic procedures or techniques applicable to castings, forgings, welds and weld-
ments. Techniques applicable to aircraft structures and components are explained in Chapter 9.

10.2 BASIC PRINCIPLES

10.2.1 General

The ability to develop correct radiographic procedures or techniques for parts of any size or material is gained
primarily through experience. There are however certain fundamentals that are important and useful as guides
in this process, and these are as follows:

(a) The correct film, screens and radiation energy must be used;

(b) Scattered radiation must be understood and controlled;

(c) Those factors that affect contrast and definition must be understood and procedures employed to produce
the optimum sensitivity. For example, the film should be as close to the part as possible and proper d/t
ratios should be used.

Before the proper radiographic procedure or technique can be determined each of the following factors
must be considered:

(i) any specification requirement that must be followed;

(ii) available information on the end use of the part, such as service requirements, areas of stress,
amount and location of machining or finishing, safety standards, etc.

(iii) selection of the correct orientation of the beam of radiation, the area or areas of the specimen
being examined and the location of the film;

(iv) the minimum number of exposures needed to provide for a thorough and proper assessment of the
specimen according to its requirements;

(v) the determination of the 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 minimize the effects of scatter.

10.2.2 Problems of Scatter

Scattered radiation (par. 4.6.6, Chapter 4) can be a major problem in the radiography of large or complex parts,
especially those of the heavier metals such as steel, bronze and cast iron. In general, parts can be divided into
three groups in relation to the scatter problem:

10.2.2.1 Group 1 — parts or fairly uniform thickness where good contact between the film and the part can be maintained
and where the part itself absorbs most of the scattered radiation before it reaches the film. In this case scatter
is no real problem and special precautions are not necessary.
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10.2.2.2 Group 2 — parts that produce scatter at the edges but have sufficient area that some loss of sensitivity at the
edges is acceptable.

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.

10.2.2.3 Group 3 - parts in which scatter from one section undercuts the image of another section and reduces the film
sensitivity. For example, parts that have some sections an appreciable distance from the film or where reduced
sensitivity at the edges cannot be allowed. These parts may require the use of masking or blocking techniques,
filters, high-energy radiation or a combination of these in order to reduce scatter.

10.2.3 Problems of Geometry

In a complex part it is often advisable to consider certain areas individually and prepare a separate technique for
each area. Careful study of the positioning of the film and beam of radiation can reduce the number of expo-
sures, with resultant economy and, more important, can provide the difference between adequate and inadequate
sensitivity.

10.2.3.1 Angulation versus Direct Beam Exposure — When the direction of radiation is normal to the main axes of a part
the resultant image is more identifiable and it is relatively easy to find the location and size of discontinuities
or section thicknesses within the part. However, even with an excess of these exposures, some critical areas of
the part may not be properly examined. An example is shown in Figure 10-1.

Exp. 1

Film

Film
(b)

FIGURE 10-1

In condition (a) the critical corner area " A " can be missed whereas in (b) it will be examined.

10.2.3.2 Section Thickness Ratio - In a section as illustrated in Figure 10-2, two exposures may be made to obtain
maximum sensitivity — one exposure for thickness " T " and another for thickness " t " .

Angulation of the beam as shown in Fig. 10-2 (a) may reduce the thickness ratio T/t and allow the section to be
inspected with a single radiograph, especially if edge loss due to scatter is not a factor. If time is more important
than film cost, a double film technique (par. 1C.2.4) may be considered, especially for the more dense casting
materials.
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\

7 ••

T/t = = 2

(b) f

T/t = « 3

FIGURE 10-2

10.2.3.3 Solid Cylindrical Sections - A solid round bar or casting section may be examined with a single exposure if
some edge loss of the image can be allowed, i.e., there may be a machining allowance. If the edge loss is too
great, whidh-may result as the casting thickness and/or density increases, it may be necessary to take two
exposures with the bar turned an angle of 90° between exposures, as shown in Fig. 10-3(a). The loss of the edge
of the casting image due to undercutting or magnification factors can be reduced by forming the film to the
shape of the part as shown in Fig. 10-3(b).

Film

Film

(b)

FIGURE 10-3

10.2.3.4 Tubes or Tubular Sections - In thin wall tubes the ratio of the thickest material section to the thinnest is far
too great, as shown in Figure 10-4(a),to permit examination of the tubes in one radiograph. In addition, the
image loss due to undercutting may eliminate the side walls of the tube. Therefore, in thin wall tubing a
minimum of two exposures taken at right angles to each other, is essential. For larger diameter tubing a number
of exposures should be made rotating the pipe after each exposure. A single wall section of the tube is examined
with each exposure. Thick wall tubular sections illustrated in Figure 10-4(b) may be examined with one exposure
if the image edge loss due to undercutting can be accepted. The ratio T/t is very often close to unity and the
section can be treated as a solid bar as in par. 10.2.3.3.
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FIGURE 10-4

10.2.3.5 Positioning - The following examples illustrate the importance of a proper relationship between the position
of the film and specimen, and the direction of the beam of radiation.

Example 1:

\

1
(a)

Correct

(b)

Incorrect
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Note:

(i) In (a) the defect is closer to the film — an important and basic requirement.

(ii) In (b) all defect images are concentrated in a much smaller area than in (a). These areas are further
reduced by undercutting so that in (b) there is virtually no film image.

(iii) Smaller defects will be detected through the material thickness to be penetrated in (a) than the thickness
involved in (b).

Example 2:

• Lead backing

(a)
poor

(b)
better best

Position (a) allows scattered radiation from the specimen and from the support to reach the film. Defects may
be an appreciable distance from the film.

Example 3:

(a)
poor

Lead(Pb) Backing

(b)
better

(c)

best

Film
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Example 4:

\

Film for Exposure
(d)

(a) and (b) poor

Film

(c) good (d) best

10.2.4 Double Film Technique

There is a limitation on the specimen thickness range that can be inspected satisfactorily in a single radiograph.
One method of extending this thickness range and thereby reducing the number of exposures required for a
particular specimen involves the simultaneous exposure of two films of different speeds {Fig. 10-5). With proper
selection of films and exposure conditions, the thicker sections will be recorded on the faster film and the
thinner sections on the slower film. The double film technique can be used with or without lead screens. A
center screen, between the two films, may also be used to advantage.

Specimen

Film-

Lead
Screens

FIGURE 10-5
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10.2.5 Double Wall Technique

10.3

In the radiography of such specimens as pipe or tubular sections it is sometimes necessary for the primary
radiation to penetrate both walls of the section before being registered on the film, i.e., when it is not possible
to place the film inside the section. This kind of radiographic inspection is known as the double wall technique,
and is illustrated in Figures 10-10 and 10-11. (Conversely, a single wall technique is illustrated in Figure 10-12.)
To determine whether the discontinuity is located in the part of the pipe or tubular section that is near to or
remote from the film, an ai.gle shot may be taken, as illustrated in Figure 10-10(b), or the double exposure
(parallax) technique shown in Figure 11-3, Chapter 11, may be used.

TECHNIQUES APPLICABLE TO WELDS AND WELDMENTS

Figures 10-6 to 10-14 illustrate some technique problems particularly pertinent to welds and weldments.

Film

FIGURE 10-6

BUTT WELD

With the source in positions (2) and (3) defects such as lack of fusion on the groove walls will oe defined better
than with the source in position (1).

I Film

FIGURE 10-7

FILLET WELD

The angle of the beam of radiation is often maintained at 15 to 20°. The correct angle however will be
determined by the specimen or specification.
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FIGURE 10-8 TEEJOINT FIGURE 10-9

The position of the film, {1) or (2), should be chosen so that the ratio of the thickest to thinnest metal pene-
trated is a minimum, and so that one weld is not superimposed upon another if there is a danger of obscuring
defects. It may be necessary to take a series of exposures around the weld circumference to inspect it comple-
tely. Satisfactory results may be obtained with the film external to the weld with the source of radiation inside
as indicated in Figure 10-9.

Film 2

Film 1
Film

(a) (b)

FIGURE 10-10

SMALL DIAMETER PIPE

Small diameter pipe or tubing can usually be fully radiographed by taking two exposures at right angles as
shown in Figure 10-10(a|.
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Film 2 Film 3

Filmi

FIGURE 10-11

LARGE DIAMETER PIPE - EXTERNAL SOURCE

Large diameter pipe welds (200 mm and up) may be completely radiographed with 3 or more exposures as
shown above, depending upon the pipe diameter.

FIGURE 10-12

LARGE DIAMETER PIPE
FILM INTERNAL - SOURCE EXTERNAL

When the film can bt inserted into the pipe, single wall welds may be examined as shown above.
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Film
Film

FIGURE 10-13

LARGE DIAMETER PIPE - INTERNAL SOURCE

When the source-to-film distance is great enough to ensure proper sensitivity a single exposure can be made of a
circumferential weld with the source inside. When the source-to-film distance using the technique in
Figure 10-13(a) is too short it maybe increased as shown in Figure 10-13(b).

Film

FIGURE 10-14

SIDE CONNECTION

Weld joints of the side connection type may be examined as shown abovt with the source inside the vestal. The
source position will change as each portion of the circumferential weld it examined.
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10.4 SAMPLE TECHNIQUES

Figures 10-15,10-16, and 10-17 illustrate typical methods of recording radiographic techniques.

10.5 EXPOSURE CHARTS OR GR " H S

10.5.1 Purpose

The purpose of an exposure chart is to allow the radiographer to determine readily the exposure time, kilovol-
tage, source-to-film distance etc.. needed to radiograph a particular specimen. It allows him to duplicate results
at various later times and to avoid the expensive and time-consuming practice of taking test shots of a specimen
TO determine the correct radiographic procedure, especially for jobs that are different from the usual. While it is
possible to build up a store of information that can be consulted in day-to-day work, it is better to reply on
good exposure charts. Different X-ray machines can in practice give quite different results even though they may
be the same type. It is therefore necessary to prepare charts for each piece of X-ray equipment.

10.5.2 Preparation of the Chart

The preparation of a chart simply involves making a series of radiographs of a specimen with a suitable range
of thickness, by varying one or more of the parameters of exposure time kilovoltage, source-to-film distance,
etc. The specimen thickness that results in a desired film density is then plotted against the parameters used to
produce that density. The specimen may be a step wedge as shown in Figure 10-18 or a continuous slope wedge
developed by the National Research Council and shown in Figure 10-19. In the latter type of wedge, slots are
machined in the wedge such that the depth of the slot at any point, expressed as a per cent of the thickness of
the wedge at that point, remains the same for the entire length of the wedge. The percentage depths of the slots
are shown in the figure.

When the kilovoltage range and exposure time range are decided upon, a series of radiographs of the wedge are
taken at a certain kilovoltage at various exposure times. It is the usual practice to double the exposure time for
each succeeding exposure as this provides a better spread of the points used to plot a curve. The other parame-
ters, such as source-to-film distance, type of film, screens filters etc., must remain unchanged. When several
exposures at one kilovoltage have been completed the procedure is repeated using different kilovoltages
sufficient to cover the range of kilovolts with which you are concerned.

Each radiograph is then measured on a densitometer to determine the metal thickness that has resulted in a
suitable film density. This film density, decided upon in advance, is usually of the order of 1.5 to 2.5 density
units, as this is a good viewing density. The specimen thicknesses obtained at one kilovoltage may be plotted
against exposure (milliampere-seconds) to produce a line or curve. If this is done on semi-log graph paper a
relatively straight line will result. When lines are drawn for all of the kilovoltages used a family of curves will
result as shown in Figure 10-20.

Trie foregoing describes only one form of exposure chart that can be prepared. A few other types of charts
are as follows:

(a) The exposure time or milliampere-seconds may be held constant and the kilovoltage varied. A graph can
be drawn to show the relationship of kilovoltage to specimen thickness.

(b) By noting the visibility range of the 2% slot in the wedge a graph can be prepared that shows the range
of material thickness over which 2% sensitivity is achieved.

The upper thickness limits of the slot obtained in a series of exposures is used to plot a curve. The lower
thickness limits of the same slot are used to plot another curve. If these curves are drawn on a chart that
plots, for example, milliampere-seconds vs. specimen thickness, then the area between the curves repre-
sents the material thickness range over wnich the 2% slot was visible.

(c) In a similar manner a chart can be prepared that will indicate the range of specimen thickness obtained
over a particular range of film densities, i.e., a film density of 1.5 to 3.5.

(d) The Exposure Factor (par. 1.8.4, Chapter 1} may be plotted against material thicknesses, at specific tilm
densities.
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(e) In gamma ray radiography it is often convenient to plot radiation intensity or source strength against the
thickness of material penetrated at different distances and/or exposure times. Recognition must of course
be given to the decrease in source strength due to the decay process.
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RADIOGRAPHIC TECHNIQUE

Job No.

Specimen Ho._

Film No.

Date.

Material^

Spec.

Film

Exposure

Material thickness

kV or Source

mA-s

S.F.D.

Film Type

Front

Back

B«am Angle

Penetrameter

A B Remarks

FIGURE 10-15
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TECHNIQUE No. MATERIAL

STEEL

PART No. DATE

Pen.

Pen. i

rFilm

Film
\

"2"

Pen.

Shim

EXPOSURE

" 1 "

kV

"2" i

1
1

!

mA'S THICK. F.F.D. FILM SCREENS SHIM

j

i

A.S.T.M.
PEN. ANGLE • EQUIP.

1

\

FIGURE 10-16



TECHNIQUE No. MATERIAL

ALUMINUM

PART No. DATE

"A"

30'

"B"

30°

Pen.

Film

"C"

Pen.

•Film

EXPOSURE kV

i

"B"

"C"

mA-s THICK.

i

F.F.D. FILM SCREENS SHIM
A.S.T.M.

PEN. ANGLE EQUIP.

i

FIGURE 10-17



FIGURE 10-18

STEP WEDGE

5%
3%

FIGURE 10-19

SLOPE WEDGE

156 48-GP-5M



FIGURE 10-20

EXPOSURE CHART



Chapter 11

SPECIAL RADIOGRAPHIC AND FLUOROSCOPIC TEST METHODS

11.1 INTRODUCTION

There are a number of special industrial radiographic test methods that are not as well known as the conven-
tional direct-film methods commonly used. Their advantage over conventional radiography may be in the
evaluation of specific defects or discontinuities; they may be more economical, or they may apply to specific
applications or to specific materials. In general, these special methods can be separated into two groups: -
those that use film as a recording medium and those that do not. Those methods that do not use film are often
referred to as "filmless radiography".

There is a rapid development of new radiographic test methods and constant modification of present methods.
It is the duty of a certified radiographer to keep aware of these changes and developments even though he may
not be directly concerned with a particular test method or its application.

11.2 MICRORADIOGRAPHY

Microradiography is a method of obtaining magnified radiographs to reveal internal material voids and structures
that are not visible to the naked eye. Long wavelength X-radiation is passed through a very thin specimen to a
very fine-grain sensitized emulsion. The resultant radiograph is magnified for viewing.

To identify the various constituents within a sample, low energy radiation in the order of 5 to 50 kV must be
carefully selected for a particular specimen to give the maximum contrast. X-ray diffraction equipment or low
voltage industrial X-ray equipment may be used. The specimen is usually from 0.03 mm to 0.12 mm in thickness
and is prepared by cutting, grinding and polishing techniques. The area of the sample inspected may be of the
order of 5 mm diameter. The remainder of the specimen should be shielded. A piece of lead foil with a 5 mm
diameter hole may be placed over the specimen for this purpose. Extremely fine-grain, single-emulsion industrial
X-ray film may be used but spectroscopic plates give much better resolution. The target-to-film distance should
be in the order of 70 to 400 mm to minimize the high degree of absorption in air of the soft, long wavelength
X-radiation. Special film holders are desirable to mount the specimen and emulsion in close contact. Exception-
ally good contact between the film and the specimen must be maintained to obtain good definition. Vacuum
type film holders are often used for this purpose. Radiographs may be viewed on a microscope with the film
emulsion down. Suitable magnification can be obtained from approximately 12X for Type I X-ray film up to
several hundred times for the finer, high resolution plates.

Microradiography has many diverse applications to show the chemical constituents within either metallic or
nonmetallic materials. The metallurgist uses it to study minute discontinuities within metals and to study the
segregation pattern of the constituents of an alloy. The simple arrangement for microradiography is shown in
Fig. 11-1 (a).

11.3 PHOTOELECTRON RADIOGRAPHY

An X-ray beam may be used to produce photoelectrons that are very readily absorbed in thin sheets of
materials. If they are passed through a specimen to impinge upon a very fine grain iilm or plate a radiographic
image can be obtained showing the varying degree of absorption of the electrons by the constituents in the
specimen. The photoelectrons are usually produced by passing the X-ray beam through a thin lead foil. The
foil may be placed on top of the specimen (transmission method) as shown in Fig. 11-1 (b), or behind The
specimen (reflection method) as in Fig. 11-1 (c). The technique and application of the method is similar to
microradiography except that higher voltages, above 100 kV, are used. The film and specimen must be in very
close contact. The specimen is prepared by grinding and polishing and films are processed and viewed under
magnification as in microradiography.
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X Source X Source

Lead

Specimen. • Emulsion
fc;g:||5|||pi;:|;;M;s|i| — Specimen

^££^^>^^^^

(a)

Microradiography Photoelectron Radiography
Transmission Method

Emulsion

V Source

(c)

Specimen .

Lead (d) Emulsion

Photoelectron Radiography
Reflection Method

Autoradiography

FIGURE 11-1
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11.4 AUTORADIOGRAPHY

Autoradiography, as the name implies, uses the specimen to produce its own radiograph. A specimen may
contain elements that are capable of producing some form of radiation. If the specimen is placed in close
contact with a suitable sensitized emulsion the radiation may affect the film, and its distribution and intensity
will be recorded. No external source of radiation is used and exposures may be of a few minutes duration or for
several days depending upon the type and activity of the radiation present. As in microradiography close contact
between the film and specimen is necessary and, although an extremely fine grain film or plate will produce high
definition, a faster, coarse grain film is often used because of the length of exposure. Industrial X-ray films may
be used and viewed under ordinary illuminators.

Autoradiography may be used to show the distribution of particles in uranium bearing alloys, or alloys with
similar radioactive constituents. The film-specimen arrangement is shown in Fig. 11-1 (d).

11.5 NEUTRON RADIOGRAPHY

A neutron is an uncharged nuclear particle of the order of size of a proton and is capable of penetrating consi-
derable thicknesses of matter. Neutrons can record the difference between materials that are apparently opaque
to X- or gamma radiation but may have practically identical X-ray absorption characteristics. Elements such as
hydrogen, boron and cadmium have high absorption coefficients for neutrons whereas others such as lead have
low absorption and are easily penetrated. This means that, although neutron radiography is not practical for
routine industrial radiography, it may be useful in radiographing certain combinations of elements. For example,
inorganic materials in metals may be easily located and it may be possible to solve problems of metallic segrega-
tion that cannot be solved by standard X-ray methods.

Neutrons themselves have very little effect on a photographic film but a number of methods have been devised
to utilize the particles and energies produced by their bombardment of matter. A common method is to bombard
a metal foil of gold, silver or iridium by neutrons. The foil becomes radioactive and produces/? or y rays in pro-
portion to the amount of bombardment on the different areas. The foil may be placed behind the object, in
contact with a film or in place of it. If foil and film are exposed together they are then removed and left for a
definite period during which the radioactive foil produces the latent image on the film. If the foil is exposed
alone, it is simply placed in contact with a film for a proper exposure time. The film is processed in the usual
manner. At present, neutron radiographs are considered inferior to X-ray radiographs but compare favorably
with those produced by gamma rays.

11.6 DEPTH LOCALIZATION OF DEFECTS

It is often necessary to determine the depth of a defect to repair it. It is desirable that a minimum amount of
sound metal be removed to make this repair. There are several radiographic methods by which a defect can be
located that involve taking two exposures of the specimen from different positions. The simplest method is to
radiograph the specimen in two directions mutually perpendicular. The location of the defect is given by the
intersection of the two planes as shown on the radiographs. This method can be applied to regular shaped
objects that can be X-rayed from two directions as shown in Fig. 11-2.

11.6.1 Parallax or Double-Exposure Method

In this method, two exposures are made with the X-ray tube in two different positions; the depth of the flaw
is calculated from the shift of the flaw image appearing on the radiograph. This shift can be calculated with the
use of image markers placed on the top and bottom surfaces of the specimen as shown in Fig. 11-3. If the film
is close to the specimen the markers beneath the specimen will shift very little whereas those on the top surface
may shift a great deal. The flaw shift will be somewhere between these distances. If the tube shift distance and
the source-to-film distance are known, the distances of shift of the marker and flaw images can be measured
and the distance of the flaw from the film can be calculated as follows:

d = —
a + b

where: d = distance of the flaw above the film plane
a = tube shift
b — change in position of the flaw image
t — source-to-film distance
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In some cases it is possible to make both exposures on the same film; in others it is not. In this latter case two
separate radiographs are used and accurately superimposed before the i IT age shifts are measured.

11.6.2 Stereoradiography

In stereoradiography the same principles are involved as in the double exposure method, but exposures are made
on separate radiographs with a definite relationship between the tube shift and the interpupillary distance. The
two radiographs are viewed on illuminators or viewing boxes through an arrangement of mirrors and prisms.
Each eye sees only one radiograph and, as in ordinary vision, a three-dimensional effect is produced whereby an
internal flaw in the specimen stands out in relief. If the specimen does not have a well-defined structure, a piece
of screen or wire mesh on the front and rear surfaces of the specimen will help to produce the stereoscopic effect.
The principle of stereoradiography is illustrated in Fig. 11-4.

11.7 Fl LMLESS RADIOGRAPHY

Methods that do not use films to produce a radiographic image may be advantageous when speed of operation,
observations in motion or magnification of the object are considered of primary importance. The filmless radio-
graphic methods are usually much less expensive than film radiography, but are less sensitive and, in some cases,
present more radiation hazard. Most of the applications of these methods are those that demand rapid results.
The f i.i' less methods are limited by the size of the objects that can be examined. Production of permanent
records after inspection is solved by photography.

11.7.1 Fluoroscopy

11.7.1.1 Generation of the Image — Figures 11-5 and 11-6 illustrate two f luoroscopic arrangements — one with and one
without the use of a mirror. The X-ray tube, the object and the fluorescent screen are encased in protective
shielding, and the object is placed between the tube and the fluorescent screen. The X-rays passing through the
object excite the fluorescent material producing bright spots in the more heavily irradiated areas. Thus the
fluorescent image is positive, whereas the developed film produces a negative. The fluorescent screen may be
viewed directly or by means of a mirror as shown in the illustrations. The mirror allows the viewer to see the
image on the fluorescent screen without being in the direct line of radiation, although sensitivity thus obtained
is usually somewhat inferior to that provided by direct viewing.

11.7.1.2 Fluorescent Screens - Fluorescent screens give different image qualities depending on the grain of the fluo-
rescent chemical, its nature and the applied radiation. Brightness is proportional to the intensity of radiation
and therefore a compromise is necessary between screen brightness and the cost of protection from radiation.
The brightness of each type of screen will depend upon kilovoltage; however, each chemical offers its best
brightness at different potentials, and manufacturers of the screens supply data for the application ranges of
their equipment.

11.7.1.3 Operational Conditions — Viewing should be conducted in a room with very little light to enable the eye to
adapt itself for the inspection. The operators should work for periods not exceeding one hour at the viewing
window to avoid fatigue. Attention of the operator is stimulated by movements on th<; screen, which can be
obtained by adjusting the source-object distance, movements of the stage or by working on a conveyor. To
increase the screen brightness it is advisable to maintain a short tube-screen distance. Screens that produce
better brightness must have larger grain and therefore affect definition adversely. Scatter interferes with the
image and the following measures should be used to reduce it:

(a) the fluoroscopic cabinet should be lined with lead.

(b) the cone of radiation should be restricted with masks and diaphragms to cover the specimen only.

(c) when a mirror is used for viewing it should be backed with lead.

(d) a sensitivity of 3% may be obtained by fluoroscopy under ideal laboratory conditions, but in general the
sensitivity seldom exceeds 5%.

11.7.1.4 Applications of Fluoroscopy — In the metals field fluoroscopic inspection is carried out on light alloy castings
up to 40 mm in thickness. In many cases the castings are screened by this method, and castings with obvious
large defects are rejected before usual inspection by film radiography. The same practice may be applied to
other thin metal parts, welded assemblies and coarse sandwich constructions.
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Plastic parts may be checked for the presence of metal particles or cavities. Other applications include inspection
of electrical equipment such as switches, fuses, resistors, capacitors, radio tubes, cables and cable splices in which
breaks of metal conductors, short circuiting or wrong assembly may cause troublesome electrical testing. Cera-
mics, fire bricks and asbestos products lend themselves perfectly to f luoroscopy. Packaged and canned foods are
examined for the amount of filling and for the presence of foreign objects.

11.7.2 Electronic Ftuoroscopy

Electronic methods may be applied to increase the brightness of the image, improve the definition and transmit
the picture to a place remote from the radiation source. These systems are usually known as image intensifiers,
image amplifiers or closed-circuit television systems. The latter may be based either on image transmission
systems or on direct image generation without a fluorescent screen. The equipment is rather intricate and costly,
and its special area of operation is in the field of small objects. Although very useful for inspection of fused
joints, the method can be expensive for testing large objects. Assessment of electronic components, particularly
for miniaturized equipment, presents the most important field of application.

11.7.2.1 High Brightness Fluoroscopy — The high brightness of the image is obtained by directing the X-rays through an
object onto a fluorescent screen inside an instrument known as an image amplifier or image intensifier. The
principle of the operation of this type of instrument is shown in Fig. 11-7. The X-rays pass through the glass
window of the intensifier tube and produce fluorescence in the fluorescent screen which is coupled to the
photocathode. This in turn emits electrons in proportion to the intensity of fluorescence. The electrons are
accelerated and directed by a high potential applied between the photocathode and the hollow-anode to
impinge upon the small observation screen. The resulting image is observed through a low magnification •
microscope. The brightness amplification is obtained by focussing the electron beam on the small screen,
thereby reducing the area of the image. By optical means the picture is magnified back to its original size.
Amplification increases the eye's perception and helps to obtain a better contrast.

11.7.2.2 Closed-Circuit Television - This usually employs either an "image orthicon" tube or "Vit?icon-type" tube.
These tubes transform light or X-rays into electric signals that may be converted into Sight in the picture tube
of a television camera. The Vidicon system is in more general use than systems using an image orthicon tube.
The image orthicon tube however is more light-sensitive.

A diagram of the Vidicon tubs is shown in Fig. 11-8 and an image-orthicon tube in Fig. 11-9

11.7 3 A summary of the fluoroscopic methods of most importance is shown diagrammatically in Fig. 11-10,
beginning with a direct viewing fluorescent screen.

(a) fluorescent screen

(b) solid state image amplifier

(c| electronic image intensifier in which a large light-sensitive layer is in direct contact with the fluorescent
screen in vacuum. The layer emits electrons, which are accelerated and concentrated to achieve an image
intensification.

(d) transmission and intensification of the fluorescent screen image with the aid of a highly-sensitive
television camera on to a television screen.

(e| transmission and intensification of the image of an electronic image intensifier with the aid of a
television camera.

(f) X-ray television camera tube in which an X-ray sensitive layer is built into Ihe television camera. The
layer alters its conductivity under the influence of X-radiation and is directly scanned with the electronic
beam. In this manner, a video signal is obtained which is taken directly to a television transmission
system.

11.7.4 Xeroradiography

This is considered a "dry method" of radiography in which a xerographic plate takes the place of the X-ray film.
The plate is covered with a selenium powder and charged electrostatically in the darkroom. Exposure to light or
radiation causes the charge to decay in proportion to the amount of radiation received, and a latent electrostatic
image is formed.
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Diagram of Noreico Industrial Image Intensifier
(A) Fluorescent Screen. (B) Photocathode.
(C) Conductive Coating. (D) Viewing Screen.
(E) Anode. (F) Electron Paths (G) Optical
System.

FIGURE 11-7

Diagram of Photoconductive X-Ray Pick-Up Tube
Employed by Vidicon Television Systems
(A) X-Ray Sensitive Plate. (B) Screen Grid.
(C) Electron Cun (D) Electron Beam.
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11.7.4.1 The Xeroradiographic Plate - The selenium coated plate acts as a capacitor and is sensitized or charged by
means of a corona discharge from a suitable electric apparatus. The charge may stay on the plate for more than
24 h, depending upon the plate characteristics. The plate is in a cassette protected against light, and is exposed
to the radiation in the same way as a film, with the selenium coated surface facing the exposed object. The
radiation causes loss of charge proportional to the irradiation, as shown in Fig. 11-11. 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 obtained. After
cleaning and recharging, the plate is ready to use again.

Radiographic response of the plates depends on the thickness of the selenium layer. Careless handling or
exposing of the plates to high temperature gradients may cause permanent damage by separation or cracking
of the dielectric. Ammonia fumes, alkaline liquids, sunlight, strong artificial light and high temperatures may
damage the plates. The plates gradually deteriorate after repeated high charging and exposure to high kilo-
voltages. The image becomes darker and the contrast sensitivity is decreased. The plates should be stored in
closed cassettes at a temperature not exceeding 20°C if the expected life of approximately 600 exposures is
to be obtained.

11.7.4.2 Charging the Plates — Sensitizing is performed in a light-tight cabinet in which one array of wires supplies a
voltage of approximately 7 kV while the other is held at a lower potential of several hundred volts to shield the
plate from sparking. The metal plate is grounded and the corona effect from the high negative voltage of the
wires above the selenium plate creates the charge. The cassette is inserted into the charger and the cover slide is
removed, charging is carried out and the cover reinserted before removing the cassette from the carrier. The
cover is left on until the image is developed. It is preferable to process the plate immediately after charging, but
a few hours storage does not affect the performance to any great extent. Charged-plates must not be exposed to
any radiation during the period preceding their exposure and development.

11.7.4.3 Operation — The exposure of xeroradiographic plates is similar to that of films. The plates are more sensitive to
soft radiation than most films and at high kilovoltages their speed equals that of Type II film. The sensitivity of
the plates to low potential radiation requires care in reducing scatter by using diaphragms, backing the cassettes
with lead, masking, etc. Xeroradiographic images have good "tridimensional" appearance and offer very good
radiographic sensitivity on materials with low radiation absorption coefficients. Penetrameter sensitivity may be
better than 2% up to 50 mm of aluminum and 4% up to 40 mm of steel.

The developing powder is sprayed on the plate in a light-tight box. The particles are charged t y friction while
passing the spraying nozzle. White powders have best contrast with the black selenium surface, but present
problems in transferring the picture to paper. Colored powders on transfer produce negative images while
fluorescent powder gives the same picture as white powder and can be viewed under "black light" both before
and after transfer.
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Chapter 12

RECORDS AND REPORTS

12.1 INTRODUCTION

It is good practice, and in some instances made compulsory by governmental regulation, to maintain an accurate
and complete system of records related to all radiographic operations. This includes such items as radiation
monitoring records, equipment records, darkroom records, inspection reports. This chapter outlines some of
these types of records.

12.2 RADIATION RECORDS

12.2.1 Film Badge Monitoring

As described in Chapter 5 on Radiation Safety, the effect of film blackening is used for personnel radiation
monitoring in the form of a film "badge". A great advantage of the film badge is that it provides a permanent
record of dosages. Radiation exposure reports are issued by the Radiation Protection Bureau of the Department
of National Health and Welfare. These reports (Figure 12-1) :hould be kept on file and a close watch maintained
to see that a radiographerdoes not exceed permissible dosage limits at any time.

12.2.2 Pocket Dosimeters

Pocket dosimeters have found wide application in monitoring personnel during radiographic procedures that
last but a few hours and where knowledge of the radiation exposure for that particular procedure is needed.
A record of dosimeter readings should be maintained for each radiographer, listing his name, the dosimeter
serial number and dosage received per unit time. A suggested record form is shown in Figure 12-2.

12.2.3 Calibration Records of Monitoring Instruments

It is highly recommended that a record be maintained of calibrations of ail instruments used in personnel
monitoring. This record whould show:

(a) the age, make, model and serial number of the instruments held.

(b) the nature and strength of the source or sources used for calibration of instruments.

(c) the date of calibration.

(d) any errors or malfunctions, and dates r>* . upair.

12.2.4 Survey Records

Periodic surveys should be carried out around all fixed radiographic installations and permanent source storage
areas, and isodose charts and other records maintained to show:

(a) the date of measurement.

(b) the orientation of the useful beam, or the number, strength and location of the sources inside the area.

(c) the location at which measurements were made.

(d) the radiation fields at these locations.

(e) the instrument used to make the measurements.
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COLUMN
NUMBER

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

EXPLANATION (by column number)

An identification number of ten digits; the first two digits refer to the period number, the second two the
year and the last six to the monitor serial number.

Full name and initials (surname abbreviated by an asterisk if more than eleven characters).

Asterisk indicates person currently active at'more than one group. Cumulative totals are all inclusive.

Unless indicated in this column, the first record line indicates the body dose estimate while the second gives
the skin dose estimate. Other dose estimates are titled by HD/TT (head dose), EXT 2 (right hand and arm).
EXT 3 (left hand and arm), EXT 4 (right foot and leg), or EXT 5 (left foot and leg) in this column.

Current period estimated dose (mrem).

Cumulative dose for current quarter (mrem).

Cumulative dose for current year (mrem).

Cumulative dose to date from RPB records. AM asterisk indicates other records included and/or available.

(10)

WARNING SIGNALS
Quarter
Yeai

Quarter
Year

Unusual occurrence indicated.

1. Monitor Contaminated
2. Control Monitor Exposed
3. Faulty Holder
4. Foil Image Absent
5. Monitor Damaged

BODY SKIN
3000 mrnm 15.000 mrum
5000 mrem 30,000 mrem

HEAD ' EXTREMITIES
8000 mrem 38,000 mrem

15000 mrem 75,000 mrem

6. Late Monitor
7. Non-Personal
8. Thermal Neutron Exposure Includes
9. Non-Uniform
A. Chip Missing.

NUMERO DE
COLONNE EXPLICATION (par In numero dus colonnes)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Un numOio d'idontif ication de dix chlf fros donl les deux premiers indiquimt In periode, les cloux
I'annee et les six derniers, le numero de serie du monitaur.

Nom au complet et initiales (les surnoms som abreges par un aste>iqut s'il y a plus de onze lettres).

L'asteVique indique que la personne est presentement active dans plus qu'un groupe. Les totaux sont
cumulatifs.

A moins d'indication contraire dans cette colonne, la premiere ligne des donnees indique la dose corporeUe
estimee et la seconde, la dose a la peau estimee. Les autres doses estimees seront indiquees dans cette
colonne comme suit: HD/TT (dose a la tSte), EXT 2 (main et bras droits), EXT 3 (main et bras gauches,
EXT 4 (pied et jambe droits), ou EXT 5 (pied et jambe gauches).

Dose estimee a la pe>iode courante (mrem).

Dose cumulative du trimestre courant (mrem).

Dose cumulative de I'annee courante (mrem).

Dose cumulative, a ce jour, obtenues des dossiers du B.R. Un asterique indique les autres donnees indues ou
disponibles.

(10)

o

SIGNAUX D'ALERTE
Trimestre
annee

Uimesiro
anrieu

Anomalies indiqueos

1. Moniteur contamine
2. Moniteur de controle expose
3. Porte-moniteur defectueux
4. lm«ge-filtr« absente
5. Moniteur endomnrwge

CORPS PEAU
3000 mrem 15 000 mrem
5000 mrem 30 000 mrem

TE1E EXTREMITES
6000 mrem 38 000 mrem

15000 mrem 75 000 mrim

6. Moniteur en retard
7. Non personnel
8. Exposition i des reunions
9. Moniteur sans uniform*
A. OTL egire

O

O

O

O

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o
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12.3 EQUIPMENT RECORDS

12.3.1 Gamma Ray Equipment

Records should be maintained of gamma ray equipment, to list the following information:

(a) the age, make, model and serial number of each radiography camera held.

(b) the nature, activity and date of procurement of the source in each camera, and the licence number under
which its procurement was authorized.

(c) the names of the radiographers to whom the cameras have been assigned, if applicable.

(d) dates and location of camera use (generally applicable to camera use outside the laboratory).

(e) date and methods of disposal of the source.

(f) dates of equipment inspection and repair.

12.3.2 X-Ray Equipment

Similar records to those described for gamma ray equipment should be maintained for X-ray equipment. These
should show such information as name of equipment, maximum kV, model numbers, maintenance checks,
repairs.

12.4 DARKROOM RECORDS

These records should include the following information:

(a) stock of unexposed film.

(b) ^ytotal number of films processed.

(c) dates of solution changes.

(d) dates of safelight checks.

(e) filing of radiographs.

(f) stock of darkroom accessories.

Figure 12-3 illustrates one method for recording films processed and solution changes.

12.5 INSPECTION REPORTS

A typical inspection report used to record and relay radiographic results is illustrated in Figure 12-4. The
information recorded will vary with the type of industry and the project, but the report should include the
following basic data:

(a) Job number and date of inspection.

(b) Identification of parts (components, material, etc.)

(c) Identification of discontinuities, and disposition of the part.

(d) Name of inspector or radiographer.

Inspection reports should tn supported by details of the radiographic technique ustd, such as exposure factors,
film and screens ustd, apparatus, and sketches as illustrated on a technique record in Figures 10-15,10-16 and
10-17 in Chapter 10.
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12.6 SPECSAL REPORTS

12.6.1 Fire Department Notification

Every responsible user is required to notify the fire department of a municipality whenever he brings or sends
into that municipality a radioactive source for use or for storage for a period greater than 24 h.

12.6.2 Health Department Notification

When it is required to operate at field locations outside those stated on the licence, the responsible user will be
required to request authority from the Atomic Energy Control Board and to supply the Radiation Protection
Bureau of the Department of National Health and Welfare, Canada, Ottawa, with the following information:

(a) the address of the location where the work will be done.

(b) the number of radiographic cameras and type of sources to be used there.

(c) the name and technical qualifications of the person in charge of operations at this location.

(d) the names and technical qualifications of the other radiographers in the group.

12.6.3 Exposure Investigations

The responsible user should investigate all unusual incidents involving the sources for which he is licenced. It is
recommended that a brief written report be prepared, covering the following points:

(a) nature of the incident.

(b) radiation fields encountered.

(c) exposures received.

(d) cause of the incident.

(e) corrective steps taken.

Special care should be taken in the investigation of incidents involving either the general public or possible
overexposure to radiography personnel, since in such a case the responsible user may be required to submit a
formal report on the incident, as outlined in par. 12.6.4.

12.6.4 Notification of Incidents and Exposures

The types of incident in which the responsible user is obliged to make a formal report to the Radiation Protection
Division and the appropriate provincial health authorities are as follows:

(a) loss or theft of a radioactive source.

(b) discovery of a leaking or damaged source.

(c) any accident leading to the exposure or suspected exposure of any person to ionizing radiation in excess
of 3 000 mrem.

(d) involvement of a radioactive source in a fire or highway accident.

(e) any other accident that may have caused damage to a radiography camera and/or associated equipment.

In the event of any of the incidents listed above, the responsible user must report such loss, theft, leakage or
accident within 24 h by either telephone or telegraph. In addition, • complete report on the incident must be
submitted to the Atomic Energy Control Board as soon as possible thereafter.
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DAILY RECORD OF FILMS PROCESSED

No. Films Size of Film

1
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Inspection Report No.

Company:,

Job No.:.

Material:.

Radiographic Technique No.:_

Component:.

Specification:.

Part No. Film Type of Discontinuity Ace. Rej. Remarks

Radiographer:. Inspector:.

Date of Inspection:

FIGURE 12-4

TYPICAL INSPECTION REPORT
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