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WHAT IS PROGRAMMED INSTRUCTION

Programmed instruction is intended to accomplish two important tasks. When used--

For home study

It will enable the student to learn basic
principles of the NDT method at his own
pace and without the need for formal class-
room sessions.

As a prerequisite -

It will bring all students together in the

formal school with the same basic knowledge

of the subject, thus permitting the instructor

to spend 2 maximum amount of time on the practi-
cal aspects of the method and in giving the
students actual practice.

Now, what {3 programmed instruction? Briefly, it is a teaching technique in which
the learner is given a series of carefully sequenced statements {frames) that build
little by little from a simple start to & more complex godl. This, In itself, is not
necessarily new (although we have all seen textbooks that could be improved in this
respect). The unique feature of programmed instruction, or P, I., ag it is usually
called, is that the student {s constantly called upon to make a decision or exercise
judgement as he progresses. A correct decision means he has learned the point
being taught and he is given new material to absorb. A wrong choice or decision
exposes him to additional material before he is sent on to the next peint. This keeps
things interesting for the student. He is immediately informed of the correctness of
his choice. If he is right, it provides more incentive to go on. If he is wrong, he is
immediately corrected and in this way does not fall so far behind that he gets dis-
couraged (as so often happens in a conventional classroom situation).

The P. I. approach is also self-pacing. The learner is under no obligation to maintain
an artificial pace established by class scheduling. The fast student is not held back
and the slow student is not pushed beyond his ability to properly absorb the material.

Here are some things you should know about the program.

1. The sequence of material often found In a conventional textbook does not always
lend itself to a programmed approach. In P, I., one fact must lead to another and
each new fact should have the necessary foundation. For this reason, you may find
spots that appear incomplete. I so, be patient - you will probably find the complete
thought developed in later frames.



2. Repetition is a way of life in P, I. This is part of the learning process that is
built into the program.

3. At various points throughout the program you will find "linear review" frames.
These require the active participation of the student by requiring him to write in key
words or statements that review the preceding material. This is another part of the
learning process.

4. The program is intended {o teach only the baslc concepts of the process. It is
recognized that there are many refinements, advanced techniques, specialized equip-
ment, etc., that are not taught. Some of these will be learned during formal class-
room periods and laboratory exercises. Others will be learned by experience only.

5. To you who are familiar with the subject, the material may appear to be un-
necessarily simple in places. This was done purposely to prevent a student, to whom
the subject is completely new, from becoming overwhelmed and discouraged by a
sudden mass of technical material. Remember, familiarity makes the subject very
simple to you, but to the beginner, it's like a new language.

6. Finally, there is no intention of making the student a polished NDT technician

by means of the P. I. program, He still has a long way to go as you know. The

P. 1. handbooks will give him certain basics. The classroom will refine and expand
this material. His practice sessions at an NDT school will further familiarize him
with equipment and technigques, But, he will still need considerable experience before
he can exercise that keen judgement that comes through months and years of actual
exposure to the many varations and problems that can arise.
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PREFACE

Programmed Instruction Handbook - Eddy Current Testing (5330.12, Vols. -} s
home study material for famiiiarization and orientation on Nondestructive Testing.
This material was planned and prepared for use with formal Nondestructive Testing
courses, Although these courses are not scheduled at this time the material will be a
valuable ald for familiarization with the basics of Nondestructive Testing. When used
ag prerequisite material, it will help standardize the level of knowledge and reduce
classroom lecture time to 2 minimum,. The handbook has been prepared in a self-

study format including self-examination questions,

1t is intended that handbook 5330.9 be completed prior to reading other Programmed
Instruction Handbooks of the Nondestructive Testing series. The material presented
in these documents will provide much of the knowledge required to enable each person
to perform his Nondestructive Testing job effectively. However, to master this

knowledge considerable personal effort i{s required.

This Nondestructive Testing material is part of a large program to ecreate an aware-
ness of the high reliability requirements of the expanding space program. Highly
complex hardware for operational research and development missions in the hazardous
and, as yet, largely unknown environment of space makes it mandatory that quality
and reliability be developed to levels heretofore unknown. The failure of a single
article or component on a single mission may involve the loss of equipment valued at
many millions of dollars, not to mention possible loss of lives, and the loss of

valuable time in our space timetable.
5336 12 (Y-}
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A major share of the responsibility for assuring such high levels of rehahility, lies
with NASA, other Government agencies, and contractor Nondestructive Testing
personnel, These are the people who conduct or monitor the tests that ultimately con-
firm or reject each plece of hardware before it is committed to its mission. There is
no room for error —- no chance for reexamination. The decision must be right --

unquestionably -- the first time. This handbook is one step toward that goal.

General technical questions concerning this publication should be referred to the

George C. Marshall Space Flight Center, Quality and Reliability Assurance Laboratory,
Huntsville, Alabama 35812,

The recipient of this handbook is encouraged to submit recommendations for updating
and comments for correction of errors in this initial compilation to George C. Marsghall

Space Flight Center, Quality and Reliability Assurance Laboratory (R-QUAL-0OT),
Huntsville, Alabama 35812.

533012V D
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This handbook presents the principles and applications of eddy currents in the area of
nondestructive testing. As you will see, eddy currents are small circulating electrical
currents that are induced in conductive materials when a coil with an alternating
current is placed near the material. The fact that the material affects the flow of

eddy currents provides the basis for a nondestructive testing system.

THE EDDY CURRENT TESTING PROGRAMMED INSTRUCTION series is two volumes
which provide the background material you will need before you perform actuzl eddy
current testing, - Successful completion of these two volumes is dependent on prior
completion of 5330.9 INTRODUCTION TO NONESTRUCTIVE TESTING. So, if you
haven't already done so, read 5330. 9 before you start this eddy current testing volume,
The contents of the two volumes covering eddy current testing are summarized as

follows:

Volume I - BASIC PRINCIPLES

The purpose of this volume is to present the basic concepts of eddy currents, to explain
how eddy currents are generated and distributed, to point out how the specimen's
magnetic and electrical effects relate to-eddy currents, and to provide the basic

electrical concepts related to eddy current testing. \
A

Volume II - EQUIPMENT, METHCDS, AND APPLICATIONS
In this volume you become familiar with the equipment desi:gned for eddy currents,
the various methods which use eddy currents, and the applications where eddy currents

can perform the task of nondestructive testing,



INSTRUCTIONS

The pages in this book should not be read consecutively as in a conventional book. You
will be guided through the book as you read. For example, after reading page 3-12,

you may find an instruction similar to one of the following at the bottom of the page -

@ Turn to the next page
© Turn to page 3-15
@ Return to page 3-10

On many pages you will be faced with a choice. For instance, you may find a statement
or question at the bottom of the page together with two or more possible answers.
Each answer will indicate a page number. You should choose the answer you think is

correct and turn to the indicated page. That page will contain further instructions.

As you progress through the hook, ignore the back of each page. THEY ARE PRINTED
UPSIDE DOWN., You will be instructed when to turn the book around and read the
upside-down printed pages.

As you will soon see, it's very simple - just follow instructions.

Turn to the next page.

5330 12 (v-1
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CHAPTER 1 — BASIC EDDY CURRENT CONCEPTS 1-1

Our study of eddy current testing begins with basic concepts. ILet's start by first rea-
lizing that eddy current testing is another form of nondestructive testing. This means
that we have a typical nondestructive testing system in which a testing medium is applied
to a specimen and the specimen reacts with this medium, The resuliing reaction 1s

sensed and displayed for interpretation.

TESTING MEDIUM
TESTING
SYSTEM REACTION SPECIMEN
" A ]
INDICATOR
IR |

In the eddy current testing system, the nondestructive testing system consists of a
generator, a test coil, and an indicator. The generator provides an aliernating current
to the test coil which develops a2 magnetic field. This field, in turn, induces eddy
currents into the specimen, The indicator, of course, tells us how the specimen 1s

affecting the eddy currents. But! more of this later.

AN AN

R
\
; % TEST COIL WITH
GENERATOR R l’ MAGNETIC FIELD
[

i ~F N
i | SPECIMEN
ATOR
L MoickTor |

Turn to page 1-2,

5330,12(VD



From page 1-1 1-2

Since our subject is eddy currents, let's start with a definition. An eddy current is

defined as a circulating elecfrical current induced in an isolated conductor by an alter-

nating magnetic field. One way to do this is to apply alternating current (ac) to a coil

and place the coil above the surface of an isolated material which will conduct an elec-

trical current. The magnetic field of the coil will induce an eddy current into the

material.
TNETTNTTINSTTTN
SN SN '
COIL'S [ ¥ CURRENT A = SPECIMEN
/ Y AGNETIC { G LﬁLEDD CURRENT 4
AC i | FIELD '
i | I
vl
NS s
EDDY - SPECIMEN Ac
CURRENT

Or, if you wish, you can place the isolated material (a cylinder) inside the coil, Either
way, you get eddy currents. Note that in both cases, the material is not connected to

any external circuit.

Of course, you probably are wondering where the current flows, That's simple, The

current just flows in small carcles or paths within the 1solated material,

If a conductor (metal bar or plate) with an external circuit (view A) is placed in the
alternating magnetic field of a coil, a current will flow and can be detected by a

meter. If the external circuit is removed (view B),

ﬁ
§ COMDUCTOR
" (EXTERNAL
AC WITH @ AC REMOVED)
EXTERNAL
CIRCUIT _ f
C
VIEW A VIEW B
No alternating current (ac) will flow within the conductor . ... ........ Page1-3
Alternating current (ac) will still flow within the conductor .. .......- Page 1-4

© 533012(Y1)



From page 1-2 1-3

Sorry you are wrong when you say that no alternating current (ac) will flow within the
conductor when the external circuit across the conductor is removed. Actually, alter-

nating current (ac) will still flow within the conductor.

Recall that an eddy current 18 defined as a circulating electrical current induced in an
isolated conductor by an alternating magnetic field. The conductor does not need to be

connected to an external c¢circuit. »—— ~

Turn to page 1-4.

5330 12¢V 1)



From page 1-2 1-4

Correct! If the external circuitl is removed, alternating current (ac) will still flow

within the conductor. After all, an eddy current is defined as 2 circulating electrical

current induced in an isolated conductor by an alternating magnetic field.

It is interesting to see what actually happens when a test coil 15 placed above the sur-
face of an isolated material,
COIL'S
] o MAGNETIC FIELD i
AC 9 TEST COIL CURRENT FLOWS IN ONE DIRECTION

[ 9 . AND THEN THE OTHER(ALTERNATES)
1 __— EDDY CURRENT

T ™ g .
\
= MAGNETIC FIELD
EDDY @ @
CURRENT
PATHS

When a test coil is placed above the surface of an isolated conducting material, the

ISCLATED
MATERIAL

coil's magnetic field induces current into the material. This current (eddy current)
will flow in small circular paths and will alternate as the coil's magnetic field alter-
nates. Recall that the coil is conducting an alternating current which reverses 1tself.

This means the coil's magnetic field will reverse itself (alternates).

At this pomnt, let's learn another fact about magnetic fields. A current flowing through
a conductor will generate a magnetic field around the conductor. That's how we got -
the magnetic field for the coil. It is also true that the flow of eddy current will gener-
ate a magnetic field. Now we have two magnetic fields, one for the test coil and one
for the eddy currents, And we learn something about the material because the two
magnetic fields react, In fact, the eddy current field opposes the coil's magnetic field,
The amount of opposition depends partly on what 1s happeming to the eddy current within

the material,

It 15 important to remember that the flow of eddy current within a material generates
a magnetic field that.
Opposes the coil's magnetic field ......... e eetacecnteseesna.. Pagel-5

Alds the coil's magnetic f1eld . . . .. ittt i e e e e Page 1-6
* 5330 12 (v-1)



From page 1-4 1-5

Fine! The eddy current's magnetic field opposes the coil's magnetic field. And this

provides a basis for learning something about the material or specimen.

I'F\?f\ 0iL,s
[ e \/aAIc'fuenc
¥ {f\{ i A
l;
th

DIRECTION OF EDDY CURRENT'S FIELD

ECDY CURRENTS

If an indicating device is connected across the test coil, 2 means will exist for learn-
ing something about a specimen. The indication will reflect the state of the test coil
which is aifected by the magnetic field around the coil. If the magnetic field around

the test coil changes, the indication will change,

We have just learned that the flow of eddy currents will generate 2 magnetic field and
this field opposes the coil's magnetic field. This means that if the flow of eddy current

varies, the indication across the test coil will
Bemamnmunchanged . ... v i i i i im ot it mcteetnarasensesnoancnns Pagé -7

Change as the flow of eddy current changes .....

5330 {2 (¥-1



From page 1-4 1-6

No, you are wrong. The magnetic field developed by the flow of eddy current opposes,

not aids, the coil's magnetic field.

An alternating current (ac) applied to a test coil generates a magnetic field. This field
has a specific strength and direction. The eddy current's field will oppose the coil's

field and reduce the strength of the coil's field.

E
A~ DIRECTION OF COIL'S FIELD

/

|
Alc [ iNpICATOR] | :
|
/
Y

L--—.....--./

\

S

y

I— EDDY CURRENT FIELD OPPOSES COIL'S FIELD

The fact that the coil's field will change as a result of the eddy currents provides a

means of getting an indication about the material.

Turn to page 1-5.

§330 12 (V-1)



From page 1-5 1-7

No, you are not correct when you say that the indication across the test coil remains

unchanged as the flow of eddy current within the specimen varies.

The indication across the test coil will change as the magnetic field around the test coil
changes. This field is affected by the magnetic field generated by the flow of eddy
current. Since the flow of eddy current changes, the eddy current magnetic field
changes and this, in turn, changes the test coil's magnetic field. The result is a

change in the indication across the coil.

Turn to page 1-8.

533012V 1)



i page 1-5 1-8

Tns is correct. I the flow of eddy current changes, the indication across the test

eni changes.

NS
{ \
e [T | )
| w
A,

. SPECIMEN

CONDUCTIVITY

(X course, to induce eddy currents into a specimen, the specimen must be able to con-
diet an electrical current. This willingness to conduct an electrical current is called
cmductivity, Each material has a unique conductivity and this will vary if the speci-

men's properties vary. In general, if the conduetivity 1s increased, the flow of current

%71 increase.

CZantimes it is convenient fo think in terms of resistance rather than in terms of con~
deetivity, Resistance is just the opposite of conductivity., Conductivity is the willing-
pzss of the material to conduct current; resistance is the unwillingness to conduct
crrent, Thus we can think of a material in two ways. It may have hugh conductivity

s~ resistance) or it may have low conductivity (high resistiance).

Yisualize that a test coil is placed above the surface of a specimen with a noneconductive

(zigh resistance) coating. Eddy currents will:

AC | |

N
NONCONDUC TIVE COATING

CONDUCTIVE MATERIAL

Nothe inducedmtothecoaling . . ... .. . ittt it ii et nan, . Page 1-8
Be induced intothe coating . ... ii it i eraonnn Ch e e e + . . Page 1-10

3330 12(¥V Dy



From page 1-8 1-9

Correct again. Eddy currents will not be induced into the nonconductive coating. To

have eddy currents, the material must be conductive.

AC ] }

. — 7
. NONCONDUCTIVE COATING
CONDUCTIVE MATERIAL

You have just learned that eddy currents are not induced into a nonconductive material.

We used as an example a nonconductive cozsting on a conductive material.

Perhaps you are wondering 1f you can induce an eddy current in the conductive material
below the surface. The answer 1s ""Yes." For example, if a test coil is placed on the
surface of a conductive specimen that is coated with paint (a nonconductive coating),

the coil’s magnetic field will extend through the paint and will induce eddy currents

into the conductive material.

Later we will see that this coating's thickness can be measured by eddy current
methods. For the moment, however, the important thing to keep in mind 1s that the

test coil's magnetic field will:
Not pass through nonconductive materials .. ......... . Page 1-11

Pass through nonconductive materials . . v v . v v v v v v v v v .

5330 12V



From page 1-8 1-10

You said that eddy currents will be induced into the coating. This is not true. The
coating is a nonconductive (high resistance) material and will not conduct eddy currents.

Thus no eddy currents will be induced into the coating,

N TN
{f
AC l |
E L)
A VI L
—t NS
NONCONDUCTIVE COATING

CONDUCTIVE MATERIAL

Keep 1in mind that eddy currents can be induced into a conductive material only If
the material is a high resistance, nonconductive material, no eddy currents will flow

through the material.

Turn to page 1-9.

® S3012(v 1)



From page 1-9 1-11

No! You have missed an important fact when you say that the test coil's magnetic field
will not pass through nonconductive materials. Maybe you were thinking of eddy

currents. The fact is that the magnetic field will pass through the nonconductive

material.
VNN COIL’S
YN \ MAGNETIC
I [T e \ FIELD
AC e s@
| W 59l
\\t W\ / \ l“’ !
NONCONDUCTIVE AN’ \ TING
SURFACE { N /PMNT coA SPECIMEN

CONDUCTIVE MATERIAL

Visualize a test coil positioned on the surface of a specimen. The specimen's surface
is coated with a nonconductive paint. The specimen's main body is a conductive
material. As shown above, a magnetic field extends outwards from the coil and passes
through the paint surface to the body of the specimen. Since the body of the specimen
is a conductive material, eddy currents will be induced into the specimen. Thus you

can say that a magnetic field will pass through a nonconductive material.

Turn to page 1-12.

© 533012(VD)



From page 1-9 1-12

Fine! You realize that a coil's magnetic field will pass through a nonconductive mater-

ial and will induce eddy currents into a conductive material.

AC—
| INDICATOR I

Eddy current testing is based on the fact that certain factors within a specimen will
affect the flow of eddy currents. If one of these factors varies, the flow of eddy current

varies. This, 1n turn, will change the indication across the test coil.

The material's chemical composition 18 a prime factor in determining the material's
conductivity. Generally, this is a fixed value for a given specimen. As shown above,
eddy currents will form a small circle of current paths with the amount of current

being determined by the specimen's conductivity.

A flow of current generates a magnetic field which reacts against the coil's magnetie
field. If the flow of current is constant, the effect on the fest coil's magnetic field 15
constant. This, of course, means that the indication across the test coil will be

constant.

If you were moving a test coil across a surface and the indication changed to a new
value and remeined constant at this new value do you feel that the specimen’s chemical

composition has changed?

5330 12(V 1)



From page 1-12 1-13

Good, we agree, It is logical to assume that the specimen’s chemical composition

has changed.

Of course, there are other factors that can cause a change in indication. For exam-

ple, a crack or inclusion may interrupt the flow of current,

EDDY CURRENT PATHS - V CRACK INCLUSION
/ / ( \ \ \ / ™

\\ 2/ W) \\

Eddy currents will follow specific paths within the material. These paths will be
established by the test coil's field and by the nature of the specimen., And for a given

pattern of paths, a specific eddy current field will be developed and will react against

the test coil's magnetic field.

Consider now what happens 1f the pattern 1s broken or changed by a crack or inclusion.
We get a different eddy current field, don't we. And that means the reaction on the

test co1l's magnetic field will change.

Thus we can say that eddy current testing can detect cracks and inclusions as well as

changes in conductivity.

False. . v ieennees .

533012V Iy



From page 1-12 1-14

You said "No."™ The answer should be "Yes". Here's why.

As you recall, you were moving a test coil across the surface of a test specimen and
had a steady indication until a certain point was reached, Then the indication changed
to a new value and remained steady at the new value. Under these conditions, the
specimen's chemical composition has changed. Of course, there could be other

reasons for the change; but, a change in chemical composition 1s a logical reason.

Eddy current testing is based on the conductivity of the material which is primarily
determined by the material's chemical composition, If this composition changes, the

Indication across the test coil will change.

Turn to page 1-13,

5330 12{(VY 1



From page 1-13 1-15

You selected the wrong answer. The statement that eddy current testing can detect

cracks and inclusions as well as changes in conductivity is true.

The eddy current field developed by the flow of eddy currents will vary as the flow of
eddy current varies. Cracks, inclusions, and changes in conductivity will cause this

flow to vary.

Return to page 1-13, review the illustrations, and try the guestion again.

533012«v b



From page 1-13 1-16

Certainly true. Eddy current testing can detect cracks and inclusions as well as

changes in conductivity.

Another factor which can cause a variation in the output indication of an eddy current
testing system Is hegt. This heat can come from the air surrounding the specimen or
it can be generated within the specimen. Since the conductivity of a material varies
slightly with temperature, the presence of heat is another factor to be considered. In
general, for most metals, the conductivity of the material decreases as the tempera-

ifure increases.

One source of heat within the specimen is the flow of eddy currents. Current flowing
through a material generates heat., It 18 important to realize that this heat is dissi-
pated by the specimen and, therefore, represents an energy loss. Think about this

for a moment.

The test coil's magnetic field is a form of energy. Part of this energy is transferred
to the specimen in the form of eddy currents., Since the flow of eddy currents gener-
ates heat and heat is a form of energy, this means that some of the coil's energy is

lost through heat dissipation within the specimen.

Visualize that you place a test coil on a specimen's surface and observe an indication
on an indicating device connected across the coil. If you left the test coil 1n the same

place for several minutes do you think the indication might change ?

5330 12 {V-1)



Yromi page 1-16

1-17
vou 8ald "No." The answer is "Yes." We asked, "If you left the test coil in the
same place for several minutes do you think the indication might change 2"

The tlow of eddy currents generates heat and the conductivity of a material will change
ss the temperature changes. Under certain conditions, a test coil left in one position
sop several minutes might generate sufficient heat through the eddy currents to cause

5 chunge in the indication across the test coil.

Tart {0 page 1-18,

~33012¢V 1)



From page 1-16 1-18

The answer '"Yes" is correct. Eddy currents generate heat and heat changes the con-
ductivity of a material; therefore, the indication across the coil can be expected to

change if a test coil is left in one place for several minutes.

So far you have learned that the conductivity of a material 18 determined by the chemi-
cal composition of the maternal and is affected by temperature., You have also seen

" that cracks and inclusions will affect the flow of eddy currents,

The conductivity of a material 18 also affected by the internal structure of the materal
which can be altered by cold working the material or by heat treatment. Since this
structure is related to the material's strength and hardness, this means that conduc-
tivity measurements can indirectly provide information about the hardness and strength

of the material.

The hardness of a material can be changed 1f the material is subjected to excessive
heat. For example, fire damage to a tank can change the hardness of the metal skin

of the tank. Eddy current testing can:
Be used to detect the change in the hardness of the tank's skin. ... ... .. Page 1-19

Not be used to detect changes in hardness .......... e e e .+, Pagel-20
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From page 1-18 1-19

Fine! You recognized that eddy current testing can be used to detect the change in
hardness of a material. And, of course, this is possible because the hardness of the
material is related to the material's conductivity. Since, in many metals, the mater-
ial's strength is related to the material's hardness, this means that eddy current test-

ing can also provide a relative indication aboutf a change in the mater:ial's strength.

Test coils for eddy current testing can be divided into three classes as shown below.
An encircling corl surrounds the msterial and the material is fed through the coil. In
some cases, the coil is placed inside the material (hollow tube). In otherinstances, a
surface (probe) coil i1s moved over the surface of the material. Note that in each of

the three classes only a single (primary) coil is used.

(S u/\ ff j) ENCIRCLING COIL

AC

(TR )

Y SURFACE COIL

Turn to page 21,

5330 12(v1)



From page 1-18 1-20

No you are not correct when you say that eddy current testing cannot be used to detect
changes in hardness. Detecting changes in hardness is one of the useful applications of

eddy current testing,

For example, the skin of a tank is an alloy with a specific hardness. If the tank i1s sub-
jected to fire, this hardness may change at certain areas on the tank's surface, Eddy
current testing can detect this change in hardness. It can do this because the hardness

of the material changes the electrical conductivity of the material.

Turn to page 1-19,
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From page 1-19 1-21

Up to now we have been working with a single coil. The same coil is used to induce
eddy currents into the specimen and to detect changes within the specimen. Note as
shown below that the alternating current (ac) is applied to the coil and that the indicat-
ing device is connected across the coil. This arrangement can be used for all three

classes: emncircling coils, inside coils, and surface coils.

o 173

INDICATOR

AC
It is also possible to use two coils; one to establish the magnetic field and induce eddy
currents into the specimen, and one to detect the changes in eddy current flow. Note
that this secondary coil has the indicating device connected across the coil and 1s not

connected to an ac source. Normally the secondary coil 1s located inside the primary

coil and the two coils are referred to as a double coil,

ST T3
L | -y —

INDICATOR _l ;
— AC

In the double coil arrangement, the primary coil induces eddy currents into the speci-

INDICATOR

1
men, The eddy currents, in turn, generate a magnetic field that reacis against the
primary coil and also induce current in the secondary coi1l. The indicating device indi-

cates the changes 1n eddy current flow.
A double coil arrangement is two coils in which ac 1s applied to:

Both coils and the indicating device s connected across the secondary

One coil and an indication is obtained across a second

o Page 1-23
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From page 1-21 ) 1-22

No you are not right when you say that a double ce¢il arrangement is two coils in which
ac is applied to both coils and the indicating device is connected across the secondary
coil. In a double coil arrangement ac is applied to one coil and an indication 18 ob-

tained across 2 second coil.

PRIMARY SECONDARY

A Ay Ay Ay R I
l—- AC —l Y Y
INDICATOR E[If:)

L— acC

DOUBLE COIL

Turn to page 1-23,
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From page 1-21 1-23

Right again., A double coil arrangement 15 two coils in which ac is applied to one coil

and an indication is obtained across a second coil.

As you can see below, test coils can be classed as single coils or double coils. Such

coils can be used as encircling coils, inside coils, or surface coils.

PRIMARY SECONDARY
COIL COIL
§7T T 7T ST 77171
~d =/ ~7 L -~ ~d ~
AC
{NDICATCR
NOTE INDICATOR
SECONDARY COIL IS
AC LOCATED INSIDE
PRIMARY COIL.
SINGLE COiL DOUBLE COIL

Turn to page 1-24.
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From page 1-23

1.

The next few pages are different from the ones which you have been reading.
There are _______ arrows on this entire page. (Write in the correct number
of arrows.) Do not read the frames below., FOLLOW THE ARROW and turn
to the TOP of the next page. There you will find the correct word for the

blank line ahbove. %

eddy

An eddy current is defined as a circulating electrical current induced in an
isolated conductor by an alternating magnetic field. Eddy current testing

is based on the fact that the flow of eddy currents generates a m
f that opposes the magnetic field developed by the test coil.

D

conductivity

The conductivity of a specimen 1s affected by several factors within the
specimen. One such factor is the specimen's chemical composition.

If the chemical composition changes, we can expect the flow of eddy
current to

12,

cracks, inclusions

13.

Thus we can see that eddy current testing provides a basis for detecting
cracks and inclusions as well as changes in the material's ¢

533012¢¥ 1y
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This is the answer to the blank
in Frarae number 1.

1. four Frame 2 ig next

2. These sections will provide a review of the material you have covered to this
point. There will be one or more blanks 1n each f

Turn to the next page.
Follow the arrow.

5. magnetic field

6. The flow of eddy currents generates a magnetic field which reacts against
the test coil's magnetic field, This reaction will change 1if the flow of eddy

currents c

9. change AC %5 AC §

(a) | CONDUCTIVE ()| NCNCONDUCTIVE
| MATERIAL MATERIAL

10. The adjacent illustration shows a test coil applying a magnetic field to a
specimen. Two specimens are shown. No eddy currents will be induced
in specimen 5

13. conductivity

14. Test coils for eddy current testing are divided into three classes: encircling
coil, inside coil, and surface coil If I passed a steel rod through a coil,
I would be using an_ coil.
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2. frame

3. By following the arrows or instructions you will be directed to the section
which follows in sequence. Each section presents information and requires
the filling in of

-
zft\ /:\
- l[’ Y \
6. change I I < \\ MAGNETIC FIELD
AC woicator | [7] ‘\ OF
- \( | | TEST coIL
[ \\l i 1 /
N/ »
N

7. An indicating device connected to a test coil will be atfected by the coil's
magnetic field. This field, in turn, 18 affected by the eddy current's
magnetic field, This means that if the flow of eddy current changes, the
indication of the indicating device will

10, (b.)

11, While 1t is true that eddy currents can only be 1nduced in conductive materials,
1t is also true that eddy currents can be induced in a material that 1s coated with
a nonconductive material. This is based on the fact that a test coil's magnetic
field will pass through a material.

14, encircling

15, Test coils are also classified as single coil or double coi1l, When alternating
current (ac) is applied to a test coil and an 1indicating device 18 connecied
across the same coil, the coil is called a coil.

5330 12(Y 11
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3. blanks {(or spaces AC /\
or words) -~ w ISOLATED

CONDUCTOR

———

4., When alternating current (ac) 1s passed through a coil, an alternating magnetic field
develops around the coil. This field will induce small electrical currents info an
isolated conductor placed near the coil. Such currents in the conductor are called

currents,
% Return to page 1-24, frame 5,

and continue with the review.

7. change

B. An electrical current will only flow in a material that has conductivity {conductivity
means a willingness to conduct an electrical current). Since eddy currents are
small circulating electrical currents, we can expect that eddy currents will only
exist in materials that have

Return to page 1-24, frame 9,
and continue with the review.

11. nonconductive

-

12. When eddy currents are induced into a material, small circular paths are formed.
These eddy current paths can be changed by ¢ ori in
the material. Such discontinuities change the flow of current and cause a change
in the indicating device connected across the test coil.

Return to page 1-24, frame 13,
and continue with the review.

15. single

16. And when ac is applied to one coil and an indicating device is connected across a

second coil positioned inside the first coil, the whole coil is called a double
coil,

This completes the review of
Chapter 1. Turn to page 2-1.
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You should not have turned to this page. The instructions were to return to
page 1-24, frame 5, and continue with the review.

You should not have turned to this page. The instructions were to return to
page 1-24, frame 9, and continue with the review.

You should not have turned to this page. The instructions were to return to
page 1-24, frame 13, and continue with the review.

Disregard this page. The instructions are to turn to page 2-1.
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CHAPTER 2 - EDDY CURRENT GENERATION AND DISTRIBUTION 2-1

So far we have presented to you a general idea about eddy currents. Now let's lock at

the defails of eddy current generation and distribution.

NN P2

. \I 7 \
n{c i %

} \ \ I

A YA ‘WA

VIEW A VIEW B

As you have seen, the test coil's magnetic field provides the basis for generating eddy
currents. This field is established by passing an alternating current through the coil,
And since the alternating current is periodically reversing its direction, the coil's

magnetic field 1s periodically reversing its direction. Note the direction of the arrows

in the above illustration. View A illustrates the direction of the magnetic field when the
current is flowing in one direction through the coil. View B illustrates the magnetic
field's direction when the alternating current reverses and flows in the opposite direc-

tion through the co1l.

The alternating current (ac) applied to a test coil does not have a steady value. In-
stead, the value varies back and forth about a center value. This means that the
amount of current flowing through the coil varies. Since the "intensity" of the coil's
magnetic field depends upon the amount of current flowing through the coil, this means

that the coil's magnetic field intensity will vary as the ac varies,

Turn to page 2-2.

5330 12V 1



From page 2-1 2-9

METER

"~ PROBE AT POINT

The magnetic field around a coil can be visuahzed as a pattern of lines. At each point
on each line a definite magnetic force exists. This can be measured. Normally, one
speaks of the force at a point in terms of an mtensity. Thus, one says that the mag-
netic field has an intensity. This intensity varies within the magnetic field (from point

to point).

Visuahze that you have a probe which can be positioned at a point within the coil’'s mag-
netic field. A meter connected to the probe will indicate the intensity at the point.
Since the aliernating current applied to the test coil is varying, would you expect the

meter indication to-
Remain unchanged ..........

Change . ... ¢ vttt eevnnenaens Gt s s s e s e s e e s s a e ne s .. Page 2-4
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From page 2-2 ' 2-3
You are wrong when you say that you would expect the meter indication to remain
unchanged.

Since the intensity of the coil's magnetic field depends on how much electrical current
is flowing through the coil, the intensity will vary as the current varies, This also
applies for a specific point within the field. This is why the correct answer to the

question is "change, "

Turn tc page 2-4.
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From page 2-2 2-4

Correct! You would expect the meter indication o change since the flow of current

through the coil is changing,

While an alternating current is a fluctuating current, such a current has an average
value. And since the coil's magnetic field intensity depends upon the alternating cur-
rent, this means that the intensity at a point will have an average value. Indicating
devices such as a meter can he designed to read just the average value. If we used
such a meter, we could expect the meter to remain unchanged at a specific point in the
coil's magnetic field. Throughout the rest of this handbook we will be referring fo the

average value when we use the term "intensity."

METER

METER
READS
AVERAGE
VALUE

T~ PROBE AT POINT

Turn to page 2-5.
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From page 2-4 2-5

Since the amount of eddy current induced into a specimen is related to the test coil's
magnetic field intensity, it 1s important to understand how the magnetic intensity varies

with distance.

METER

¥

Visualize that you have a meter that measures average values of magnetic field inten-
sity. Using this meter, you measure the coil's field intensity at three distances (A, B,
and C) from the outer surface of the coil. From this you learn that the coil's field in-
tensity decreases as you move further from the coil's surface. Thus the intensity at

point C is less than at point B; and point B's intensity is less than point A's.

The lines of force in the coil's magnetic field form closed loops. Note that these lines
extend out the ends of the coil, circle the coil, and return through the opposite end of
the coil. Since all lines pass through the coil and appear at the ends of the coil, the

ends of the coil represent areas of strong magnetic intensity.

F3

SPECIMEN

¢

In the figure shown above, a test coil is located above the surface of a specimen. Since
the amount of eddy current induced into a specimen 1ncreases as the field intensity in-
creases, do you think the amount of eddy current induced into the specimen will

increase if:

The coil 15 moved away from the Specimen . ... ..o v et e vttt eennns Page 2-6

The co1l is moved closer to the specimen . .............. C e e Page 2-7
5330 12 (V-1



From page 2-5 2-6

No, you are not correct when you say that the amount of eddy current induced into the
specimen will increase if the coil is moved away from the specimen. To increase the
amount of eddy current induced into the specimen you must move the test coil closer to

the specimen.

The amount of eddy currént induced into the specimen depends upon the coil's field in-
tensity. The greater the intensity, the larger the eddy current. Since the intensity
decreases with distance, the ihtensity applied to the specimen can be increased by

moving the coil closer to the specimen.

Turn to page 2-7,

5330 12 {¥-1)



From page 2-5 2-7

Certainly true! Since the coil's intensity increases as you move closer to the coil,
more eddy current will be induced into the specimen if you move the coil closer to the
specimen, Doesn't this also mean that the amount of eddy current induced into the
specimen will vary if the distance between the specimen and the coil is varied. Right!

That's why it is important to hold the distance constant during eddy current testing.

AC
N N/ \\\‘J/
= NI

The above view illustrates the distribution of field intensity inside the test coil. In .
eddy current testing, this field is assumed to have a constant intensity across the coil's
inside diameter. This assumption is based on the use of an alternating current, small
coils, and certain factors related to the formulas that are used to design an eddy cur-

rent testing system. For all practical purposes this assumption is valid,

It should be pointed out that in magnetic particle testing (direct current), the magnetic

field intensity across the inside diameter of the coil is not constant.

For eddy current testing, we can summarize our facts about the coil’s magnetic field

intensity as follows:
Select the correct statement:

The coil’s field intensity decreases with distance outside the coil anH varies across the

diameter mmside thecoal ........... e e et «+s.. Page 2-8

The coil's field intensity decreases with distance outside the coil and is assumed to be

constant across the diameter insidde thecoil . .. ... .. ... .. e e Page 2-5
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From page 2-7 2-8
Sorry but you are wrong. We are talking about eddy current testing, not magnetic
particle testing.

For eddy current testing, it is assumed that the magnetic field intensity across the in~
gide diameter is constant. There are reasons for this; however, these reasons are
beyond the scope of this manual. Just accept the fact, but keep in mind that this applies

only to eddy current testing, not to magnetic particle testing.

Turn {o page 2-9.
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From page 2-7 2-9

Again you're right when you say that the coil's field intensity decreases with distance
outside the coil and is assumed tc be constant across the diameter inside the coil, Now

let's put this intensity to work.

Elecirical currents are the flow of small negative particles called "electrons. " Such
electrons are influenced by magnetic fields. And if electrons are placed in an alter-
nating magnetic field, the electrons will move, First in one direction, then in the

opposite direction. That gives us an eddy current.

Of course to have eddy cul'renté, we need a material that has a few extra electrons -
ones that are free to move about. Since a conductor has such electrons we can use 2
conductor (or conductive material) to get eddy currents. This means that if we place a
test coil near a conductor (e.g. copper) we can expect to move the electrons in the

conductor back and forth,

A

NS

In the above illustration, we have a test coil positioned above the surface of a speci-
men. Note that the path of the eddy currents in the specimen forms a circle which is

parallel to the surface. Also note that this path is parallel to the windings of the fest

7

coil.

AC

Now let's look at a rod inside a coitl. The above illustration shows the eddy currents
flowing m circular paths across the rod's cross section. Would you say that this re-
presents the proper flow of eddy current within a rod?

Yes i i it it i i i e e e e e b et e e e e s eesrsesseess Page?2-10

NO ------------------- L L I I I ) * e s & 4 s 8w LI I I A L] P&g’ez-ll
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From page 2-9 2-10

Fine,, you have the direction. When a rod is placed inside a coil, the flow of eddy cur-

rent looks like this,

You might expect that the distribution of eddy current across the rod's eross section is
constant and that all areas have the same amount of eddy current. This is not true.
Note in the illustration above that the eddy currents are concentrated near the surface

and that no eddy currents exist at the center of the rod.

A moment ago you learned that the coil's field intensity inside the coil is the same
across the coil. And perhaps you recall that the amount of eddy current in the speci-
men is related to the field intensity. Why then is the eddy current greater near the

surface?

The answer you know ... you just don't reahze it. A flow of eddy current generates a
magnetic field that opposes the coil's magnetic field. This, of course, means the coil's
magnetic field intensity 1s decre?.sed.

Near the surface, the coil's full intensity is applied fo the rod and this generates large
eddy currents., These currents, in turn, develope a field that opposes the coil's field
intensity. The difference is then applied to deeper areas within the rod. Again eddy
currents are developed and the resulting field opposes the coil's field. Ultimately the
coil's field becomes so weak that no further eddy currents are induced into the rod.

Makes sense doesn't it?
We can summarize the distribution of eddy current of a rod within a coil by saying:

The eddy current is the same across the cross section of therod .. .. .. .. Page 2-12
The eddy current is 2 maximum at or near the rod's surface and decreases
in value as you move towards the center oftherod ... ...... ... ... .. Page 2-13
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From page 2-9 2-11

Sorry, you are wrong, The illustration did represent the proper flow of eddy current

within the rod. Let's look at it again.

L3

AC A

“~

)

e

The ahove 1llustration shows two coils. Coil A is positioned at the end of a rod and will

induce currents that are parallel to the coil and the cross section of the rod. Coil B is
a coil wrapped around the rod. Again, the currents will be parallel to the coil. Both

coils develop the same direction of eddy current flow.

Return to page 2-9, read the text, and try the question again.
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From page 2-10 2-12

You missed that one. You said that the eddy current is the same across the eross
section of the rod. By this you mean that the amount of eddy current near the sur-
face of the rod is the same as the amount of eddy current deep within the cross

section of the rod. This is not irue.

The eddy current is a maximum at or near the rod's surface and decreases in value
towards the center of the rod. At the center of the rod, no eddy current exists.

This condition is caused by the fact that the flow of eddy currents develops a

magnetic field that opposes the coil's magnetic field. This means the effect of the
coil's magnetic field is weakened as the field penetrates the rod. As the coil's field is
weakened, less eddy current flows. At the center, a small field exists; however, it is

not strong enough to induce any appreciable eddy currents.

Turn {o page 2-13.,
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From page 2-10 2-13

What you say is correct. When a rod is placed inside a coil, the distribution of eddy
current is at 2 maximum at the rod's surface, or near the surface, and decreases to

essentially zero at the rod's center.

Eddy current testing is based on the fact that discontinuities affect the flow of eddy cur-
rents. If the eddy current path is interrupted or changed, the eddy current magnetic
field will change and will affect the test coil's magnetic field. The stronger the eddy
current, the more sensitive the system will be fo the detection of discontinuities.

Since eddy currenis are greater near the surface of a rod placed in a coil, eddy cur-

rent sensitivity is greater near the surface.

A definite relationship exists between the frequency of the ac applied to the test coil
and the distribution of eddy currents within the rod. As the frequency is increased,
eddy current distribution concentrates near the surface and decreases deep within the
rod. The reverse is also true. As the frequency is lowered, eddy eurrent distribution

extends deeper into the rod.

L -

AC

Visualize you are performing eddy current testing usiag an encircling coil. Your ob-
jective 1s to locate discontinwities near the surface of the rod. To maximize the sensi~

fivity of the test system towards discontinuities would you-
Increasethe frequency . ... ... it ittt ittt st e senoennnanss Page 2-14

Decreasethe frequency. . . .« v v vt vt et et v vt v nnn s e e Page 2-15
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From page 2-13 2-14

Right again. The distribution of eddy currents within a rod can be changed by changing
the frequency. As the frequency is increased, the eddy current distribution within the
rod will concentrate at the surface. Since the ability to detect discontinuities is in-
creased as the eddy current is increased, the sensitivity of the system towards the
detection of surface or near surface discontinuities is increased as the frequency is

increased.

For a rod in a test coil, we have Just learned that the depth of eddy current penetration

varies with the frequency of the ac applied to the test coil. This is also true for a coil
placed above the surface of a specimen. AN 5:‘\
1 Y)Y

1 “ i )

{ I
DL
AC \\JI S
L / ( ; > o\
N —

SIDE VIEW
OF SPECIMEN

As shown above, a surface coil above or on a specimen's surface will induce currents
into the specimen. The current paths will be small circles parallel to the surface.
And since the surface coil's magnetic field penetrates the specimen, these current
paths will also be formed below the specimen's surface. The depth of penetration wili
vary with the frequency of the ac apphied to the coil. The depth of penetration in-

creases as the frequency decreases.

FREQUENCY

coiL coiL
(25 Tz
DEPTH OF k«;f} ks
EDDY CURREN'E’—E’?M::’
PENETRATION 2%
95
VIEW A VIEW B

The above illustration shows two different test frequencies applied to the same mater:.].
Note that the depth of penetration varies. Would you say that the test frequency in views
A is:

Higher than the test frequency in view B ... .t iiiirineainoscanen Page 2-16

Lower than the test frequency inview B ......cv0vn. ersasasrassaanannns Page 2-1
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From page 2-13 2-15

You have your direction reversed. To maximize the sensitivity at the surface of a

rod in a test coil you would increase the frequency, not decrease the frequency.

In conventional eddy current testing a single frequency is used. For example: 100 cycles
per second, (c.p.s.}, 1000 ¢,p.s., 100,000 c.p.s. The distribution of eddy current
within a rod in a test coil 1s related to this frequency. In general, the distribution is
concentrated near the surface of the rod. This can be changed by changing the frequen-
cy. For example, if the freciuency is increased (e.g., from 1000 c.p.s. fo 5000 ¢c.p.s.)

the eddy currents will increase near the surface and decrease deep within the rod.

On the other hand, if deep pentration is needed, the frequency can be lowered. It's

all a2 question of frequency.

Turn fo page 2-14.
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From page 2-14 2-16

No, you are not correct when you say that the test frequency in view A is lngher than

the test frequency in view B.

FREQUENCY FREQUENCY

CoIL . _.CoiL
= 7

DEPTH OF E{{fﬁj r_f_ti

EDDY CURRENT N

PENETRATION ——-"‘Lu,a
=)

VIEW A VIEW B

In both view A and B the material and the test coil are the same. The only difference
is the test frequency. The depth of eddy current penetration varies with the frequency.
View A shows a deep penetration into the specimen and this means that a low frequency
was used. View B, on the other hand, shows a shallow penetration. This means that

a high frequency was used.

Keep in mind that a high frequency causes the eddy currents to accumulate near the
surface. A low frequency puts the eddy currents deep into the material. That's why

the correct answer to the guestion is "Lower than the test frequency in view B. "

Turn to page 2-17.
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From page 2-14 2-17

Good, we agree. The test frequency in view A is lower than the test frequency

in view B. This is because the lower frequency provides greater eddy current

iNDICATOR
~COIL

brie T 0
DEPTH OF 23 _-;% L
EDDY CURRENT % E4

["3‘:

penetration,

PERETRATION

LEAD T COPPER

METALS N ORDER OF WCREASING CONDUCTIVITY

The above figure illustrates that the depth of eddy current penetration also varies
with the specimen's conductivity. As the conductivity increases, the depth of

eddy current decreases.

Copper is a better conductor than tin., If we place a surface coil on a copper specimen,
eddy currents will penetrate the specimen to a certain depth. Now if we move the coil
to a tin specimen, we find that the eddy currents will penetrate more deeply than in the

copper specimen.

Visualize that you have two specimens: A and B. Specimen A is more conductive than
specimen B. Using the same surface coil and test frequency, you apply the coil first

to specimen A and then to specimen B. Are you:

Inspecting to the same depth in both specimens .. ..vveererineresnnnanennn Page 2-18

Not inspecting to the same depth in both specimens ......evveeessessasa. Page 2-19
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From page 2-17 2-18

You said that you were inspecting to the same depth in both specimens. This is not

true.

You just learned that the depth of penetration varies with the specimen's conductivity.

As the conductivity increases, the depth of penetration decreases.

In our example specimen A is more conductive than specimen B. This means that the
depth of penetration will not be the same and the depth will be less in specimen A than
in specimen B. That's the reason why you are not inspecting to the same depth in both

specimens.

Turn to page 2-19.
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From page 2-17 2-19

Fmne! You recognized that you are not inspecting to the same depth when the con-

ductivity of the two specimens is not the game.

Perhaps you are wondering why the depth of eddy current penetration decreases as the

conductivity increases., Let's think it out.

When the conductivity increases, the flow of current increases. This, in turn, gen-
erates a larger eddy current magnetic field. As this field develops, it opposes the
test coil's magnetic field and the result is a reduction in the intensity of the coil's field
as applied to the specimen. And as the intensity decreases, the depth of penetration

info the specimen decreases., Makes sense, doesn't it?
We can summarize our facts about eddy current penetration into 2 specimen by saying:

1. The depth of eddy current penetration decreases when -
a. the conductivity increases
b. or the frequency is increased

2. The depth of eddy current penetration increases when -
a. the conductivity decreases

b. or the frequency is decreased

Turn to page 2-20.
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From page 2~19

1.

When an alternating current {(ac) is applied to a coil, the coil develops

a magnetic field, This field has a magnetic force which varies from
place to place around the coil. The value of this force at a specific place
is called the magnetic field i .

D

| S
AC
5. constant
6. The windings of 2 surface coil placed above a specimen are parallel {o the
specimen’s surface. The eddy currents induced into the specimen form a
circular path as shown above. The circular path of eddy currents is
p to the windings of the test coil.
10. frequency
11. To increase the amount of eddy currents deep within the rod, the frequency

can be __ creased.

15-

in

16.

The depth of penetration is also affected by the conductivity of the specific
material, As the conductivity increases, the depth of penetration
___Creases.,
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1. intensity

2, The coil's magnetic field intensity outside the coil varies with the distance
from the coil's surface. As the distance from the coil's surface increases,
the magnetic field intensity ___ creases.

B

_’

8., parallel

7. When a surface coil is placed above a specimen, the circular path of eddy
currents induced into the specimen's surface is parallel to the coil's
windings., This is also true when the coil encircles the specimen as shown

above. %

11. de

12, On the other hand, if we want & maximum amount of eddy current near the
surface of the rod, we can __ crease the frequency applied fo the test coil.

16. de

17. We can summarize the facts by saying that the depth of eddy current

penetration creases when:
a. the conductivity increases
b. or the frequency is increased
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2. de
3. The fact that the coil's magnetic field intensity varies with distance is important
because the amount of eddy current induced into a specimen depends upon the
value of the field intensity. If a coil placed above 2 specimen is moved closer
to the specimen, the amount of eddy current induced into the specimen will
——Crease, %
7. {(No response
required)
AC
8. Eddy currents are not uniformly distributed through a specimen (e.g., 2 red
in a coil). The above figure shows a typical distribution within a rod. As
you can see, the eddy currents are greater near the
of the rod.
12, in
13. Similar rules apply to a test coil placed above the surface of a specimen.
The depth of eddy current penetration can be changed if the
applied fo the test coil is changed.
i7. de
18, And the depth of eddy current penetration creases when:

a. the conductivity decreases

b. or the frequency is decreased
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4. And of course this increase in eddy current will change the eddy
current m f .

8. surface

9. It is also true that no eddy currents exist at the of
the rod.

13. frequency

14. 1If a specific frequency is applied fo a test coil (surface coil), the depth
of eddy current penetration will be some fixed value as determined by
the specimen. If the frequency is increased, the depth of penetration
will ___crease,

18. in

19. This completes the review of Chapter 2. Turn to page 3-1. @

el
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4, magnetic field
5. Outside the test coil, the magnetic field intensity varies with the distance from
the coil. Imside the coil, this is not true. Instead, the intensity across the
inside diameter of the coil is assumed to be ¢
Return to page 2-20,
frame 8, and continue
e— with the review,
9. center
10. The distribution of eddy current varies within a rod. The maximum current is
at or near the rod's surface. The current decreases within the rod to a zero
value at the rod's center. This distribution can be changed by changing the
of the ac applied to the test coil.
Return to page 2-20,
frame 11, and continue
with the review.
— G
14, de
15. And if the frequency is decreased, the depth of penetration will

crease.
t

Return to page 2-20,
frame 16, and continue
with the review.

Disregard this page. The instructions were to turn to page 3-1
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CHAPTER 3 - COIL-SPECIMEN COUPLING FACTORS 3-1

In eddy current testing, the distance between the coil and the specimen is a significant

factor. X the distance varies, the output indication varies. This is true for two

conditions:

1. when the coil is placed above the specimen (view A)

2. and when the sf)ecimen is placed inside the coil {view B)

N
3”' T ’ :__5::_T1_}2

SPECIMEN
Dl = DIAMETER OF ROD
D, = INSIDE DIAMETER OF COIL
VIEW A VIEW B

Since the specimen is coupled to the coil through the coil's magnetic field, the

relationship between the specimen and the coil can be called a coupling factor.

Turn to page 3-2.
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From page 3-1 3-2

It's not necessary to remember the term '"coupling factor;" however, there is a word
you need to remember. It's called "lift-off" and appears on the panels of several

brands of eddy current test equipment. Let's see what the term "lift-off" means.

The term "lift-off'" is used when you are talking about the use of a surface coil on the

surface of a specimen.

INDICATOR

=—DISTANCE

SPECIMEN

Visualize that you have a coil placed directly on the top surface of a specimen. Under
these conditions, you get a specific output indication. Now visualize that you 1ift the
coil slightly off the specimen's surface and observe a change in the cutput indication.
And finally, visualize that you alternately raise and lower the coil above the surface
and notice a change in indication, This change in the output mmdication as the distance
between the coil and the top surface of the specimen is varied is called the "1iff-off

effect.”
Lift-off is a term that is related:
Onlytosurface colls .. .. ... i it it i i n it onensnaas Page 3-3

Both to surface coils and to encircling coils



From page 3-2 3-3

Certainly right. Lift-off is a term that is related only fo surface coils; there's another
term called "fill-factor" that applies to specimens enclosed in coils, We cover that

iater.

Visualize that you have a surface coil on a specimen. The specimen is coated with a
nonconductive surface. Now recall that eddy currents are not induced into a noncon-
ductive material; however, the coil's magnetic field will pass through a nonconductive

material.

INDICATOR

COiL
NONCONDUCTIVE SURFACE

CONDUCTIVE MATERIAL

Under these conditions, if you were moving the coil across the specimen's surface and
encountered variations in output caused by the thickness variations of the nonconductive

coating, would you say that the variations in output were:
Basedonthe lift-off effect. . . . o . o v v v i ittt i i it it i ittt ettt e e Page 3-5

Not related tothe lift-off effect . ... ... it it i it i ii et nn Page 3-6



From page 3-2 3-4

Sorry, but you are wrong ... but we'll take the blame. The question was:
"Lift-off is a term that is related:
Only to surface coils.
Both to surface coils and to encircling coils"

You said "Both to surface coils and to encircling coils"

¥ you recall, we said that lift~off is used when you are talking about the use of a surface
coil on the surface of a specimen. The term only applies to surface coils, There's
another name for encircling coils, It's called "fili-factor' and we cover it later. For

the moment, we are concerned only with surface coils_and lift-off.

Turn to page 3-3.
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From page 3-3 3-5

Again you are correct. The variation in the nonconductive material is varying the
distance between the coil and the conductive area of the specimen and this is causing a

variation in the output indication. This is the lift-off effect.

In some test applications, the lifi-off effect presents a problem. For example, if the
specimen's surface is irregular or if the pressure between the coil and the surface is
varied (by the operator), then the output indication will vary. This ean be overcome by
a special control in the eddy current test equipment (Often labelled LIFT-OFF). When
this control is properly positioned, small variations in distance will not be reflected

on the equipment's indicator.

}\" CONNECTOR
SPRING (
HOUSING
;|
// f COIL HOLDER -

The above ﬁéure shows a surface coil mounted in a coil holder which is spring-loaded
within a housing. Would you say that the purpose of the spring is fo minimize lift-off

effects during eddy current testing?



From page 3-3 3-6

You selected the wrong answer. The variations in output were based on the lift-off

effect. You said they were not related to the lift-off effect.

The lift-off effect is defined as the change in output indication as the distance between
the coil and the specimen is varied. The nonconductive surface of the specimen
separates the coil from the conductive area of the specimen and represents the distance
between the coil and the specimen. If this distance varies (by variations mn the thick-

ness of the material), the output indication varies. And that's the lift-off effect.

Turn to page 3-5.
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From page 3-5 3-7

You said "No'. The question, '"Would you say that the purpose of the spring is to
minimize lifi-off effects during eddy current testing ?" should have been answered

T!Yes n_

Keep in mind that we are concerned about the distance between the coil and the speci-
men and this distance can be small. Even a difference in pressure might make a
difference in distance. That's why a spring is used to hold the coil firmiy against

the surface. And that's why we say that the spring is related to the lift-off effect.

Turn to page 3-8.
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From page 3-3 3-8

Fine, you have the idea of lifi~off. The purpose of the spring is to keep the coil
positioned firmly against the specimen'’s surface. And this is needed to minimize the

lift-off effect.

By now you should have a good idea of the term "lift-off." It's a term used when you
are talking aboul surface coils and the change in the output indication when the distance

between the coil and the specimen is changed. Now let's talk about an encircling coil.

e Sy — —— — p— t—

Ll X

I
(|
]
T
—

e et e v — ——— bidld]
R
7D,

—

AREA

FILL-FACTOR =

The term ''fill-factor' is used when talking about the change in cutput indieation as the
distance between a rod and a coil is varied. Note that fill-factor is a ratio of two
diameters. One diameter is the diameter of the rod within the coil. The other
diameter is the inside diameter of the {est coil. Alsoc note that each diameter is
squared and the fill-factor is the ratio of the squares. The maximum fill-factor is the
number one; however, since room is needed o pass the rod freely through the coil,

the actual fill-factor will be less than one.

It is not important that you remember the formula for fill-factor. If is important,

however, to remember that the term "fill-factor" applies to:

SUIEaCe COILS . v v v v it v it i e e e e s e s e s e e e e e Page 3-9
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From page 3-8 3-9

You have your coils mixed when you say thai the term "fill-factor" applies to surface

coils. Look at the following table.

LIFT-OFF | FILL-FACTOR

SURFACE ENCIRCLING

ColLs CoILS
Lift—off appliesto ............. surface coils
Fill-factor appliesto . .......... encireling coils

Got it now? Good! Turn to page 3-10.
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From page 3-8 3-10
That's right. The term "fill-factor" applies to encircling coils and the term ""lift-off"
applies to surface coils.

When eddy current inspection is performed by the use of encircling coils, it is common

practice to use guides to keep the rod properly pos-itioned within the test coil,

— e d
o

GUIDE

8 . 3

j
7
K LW A

GUIDE GUIDE

The purpose of the guides is fo ensure that the lift-off is constant:

3 - Page 3-11



From page 3-10 3-11

You didn't get fooled that time, did you? You're right when you say that the statement
"the purpose of the guides is to ensure that the lift-oif is constant" is false. The
guides are relafed to the fill-factor, not the lift~off.

In eddy current testing, the significant fact is the variation in the output indication
across the test coil. If the specimen's conductivity changes, the output indication will

change, And based on the amount of variation, the inspector can learn something about
the specimen.
You have just learned that varying the distance between the coil and the specimen also

changes the output indication. This, of course, means that we now have two variables

that can cause 2 change in the output indication, conductivity and distances.

-
o))
OO0

LI

INDICATOR

Visualize that you are performing eddy current testing, using an encireling coil and
guides to keep the rod properly positioned within the coil. At a certain point in your
test, a change in output indication occurs. Could you definitely say that the chanée was

caused by a change in the specimen's conductivity ?



From page 3-10 3-12

No you are not correct when you say that the purpose of the guides is to ensure that
the lift-off is constant. Lift-off a;;plies to surface coils, not to encircling coils. The

term "fill-factor' applies to encircling coils,

The purpose of the guides is to ensure that the fill-factor is constant, not the lift-off.
That's why the statement in the test question is false. You need the word "fill-factor"

in the statement to make the statement true.

Turn to page 3-11,
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From page 3-11 3-13

Good! You got the point when you recognized that you could not definitely say that the

change was caused by a change in the specimen's conductivity.

So far, you have two variables: conductivity and dimensional changes. The dimensional
changes are changes in the rod's diameter and these can be sensed. This means that
the output will have two possible meanings. A change in output indication may be caused
by a change in the rod's diameter. Or it may be caused by a change in the rod's
conductivity. Or you can have both effects showing up in the output indication at the
same time. Normally you assume that the fill-factor is constant and the conductivity

is the variable that is affecting the output indication.

Turn to page 3-15.
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From page 3-11 3-14

You said "Yes.!" That means you feel that you can definitely say that the change was
caused by a change in specimen's conductivity. I'm sorry but you are wrong. You

can't be definite.

True, you have standardized the fill-factor by using guides to firmly position the rod
in the coil; therefore, you feel that the only cause of variation can be the specimen's
conductivity., Now I'll ask you a question. What if one section of the rod's diameter
is larger and this section is inside the guides? That changes the fill-factor,

doesn't it. Thus you can still get variations in fill-factor and these can't be distin-

guished from the conductivity variations.

This raeans that you have two variables: conductivity and dimensional changes in the

specimen. And either one or both can cause a variation in the output indication.

Turn to page 3-13.
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From page 3~13

1. The distance between the test coil and the specimen is a significant
factor. If this distance varies, the output indication across the test
coil will

2, lift-off

8. Variation of the output indication as the distance between the coil
and the specimen changes applies to both surface coils and encircling
coils. The term "lift-off, ' however, applies only to coils.

4. fill

5. The fill-factor is a variable that changes the output indication.
The other variable that we have talked about so far in this book
15 tha specimen's ¢

7. output indication

8. Since a change in a specimen's dimension affects the fill-factor, we can say
that both fill-factor and conductivity changes are reflected in the output
indication. I it is necessary to separate the two variables, special electrical
circuits are required. Normally, you assume the 15 constant,

s
./
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1., vary

2. When the distance between a surface coil and the specimen varies, the
output indication varies. The phenomenon 1s called the effect.

Return to page 3-15, frame 3,
% and continue with the review

3. surface

4., How well the specimen (rod) fills the inside area of the test coil 15 an

important factor. The factor is ealled the factor and is the

ratio of the square of the rod's diameter to the square of the coil's

inside diameter,.
Return to page 3-15, frame 5,
and continue with the review

5. conductivity

6. And we have learned that the specimen's conductivity or the specimen's
dimensional changes can both effect the o i . -

Return to page 3-156, frame 7,
and continue with the review

8. fill-factor

9. This completes the review of chapter 3, Turn fo page 4-1.

5330 12 (¥ 1t



CHAPTER 4 - SPECIMEN'S MAGNETIC AND ELECTRICAL EFFECTS 4-1

So far you have learned that two factors affect the output indication in eddy current
testing., One factor is the specimen's electrical conductivity; the other factor is the
coupling between the test coil and the specimen. This coupling has been referred to as
the lift-off effect for surface coils and as the fill-factor for the encircling coil. We
have also seen that in a properly arranged encircling coil test system mechanical
guides are used to ensure proper constant positioning of ?he rod within the coil. Under
these circumstances, the only remaining variable would be the dimensional changes.of

the rod.

6 o )
ELECTRICAL VARIABLES| MAGNETIC VARIABLES

INDICATOR CORDUCTIVITY DIMENSIONAL CHANGES

NONMAGRETIC MATERIALS

It is convenient to classify variables as either electrical or magnetic, Conductivity 15
an electrical variable; dimensionsal changes are magnetic variables. This is true

because the specimen is coupled to the test coil through a magnetic field.

With these facts established, we can now start looking at the output indication in terms
of variables, So far we have learned that the output indication is reflecting two vari-

ables: conductivity (electrical) and dimensional changes (magnetic).

Turn to page 4-2.
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From page 4-1 4-2

What we know about a specimen is obtained through a test coil and the characteristics
of the test coil. In the next chapter we will learn that a coil has both electrical and
magnetic characteristics, It is the effect of the specimen on these coil characteristics

that provides the basis for separating the varisbles within the specimen,

The pufpose of this present chapter is to learn something about the specimen's electri-
cal and magnetic characteristics. In doing so, remember that these characteristics

reprecent "effects™ on the test coil.

Some specimens are not magnetic and only electrical effects of the specimen exist
within the specimen. Under these conditions in the test system shown below would you

say that the output indication has:

NONMAGNETIC

TS

</ —/

INDICATOR

Onlye}.ectricaleffeCtS 4 & % B 8 & 8 8 8 & 4 B A 5 a8 b T 4 & e o s P e e e oaoa . . Page4"‘3
Both electrical effects and magneticeffects . .......... ces e e Pélge 4-4



From page 4-2 4-3

No, you are not correct when you say that the output indication has only electrical
effects. True, the specimen did not have any magnetic effects; however, there are

still magnetic effects in the system.

The coupling between the specimen and the test coil is a magnetic effect and this can
change as the dimension of the rod changes. Thus there are dimensional changes
(magnetic effects) still in the system and these will affect the output indication. That's

why the correct answer is 'both electrical and magnetic effects.™

Turn to page 4-4,
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From page 4-2 4-4

Fine! You recognized that the rod's dimensional changes (a magnetic effect) are still
in the test system; therefore, the output indieation will have both electrical and mag-

netic effects...even though the specimen does not have any magnetic effects.

Before we discuss specimens with magnetic characteristics (magnetic materials) let's
be sure that you realize that a magpetic field can exist in a nonmagnetic material, We
will assume for the moment that you know what a magnetic material is; however, we

will define it later.

MAGNETIC g
FIELD —

’/,f ’//’ WIRE
'/
22

CURRENT

When an electrical current flows through a wire, a magnetic field develops around the
wire. The wire can be a nonmagnetic material. In previous chapters, you have
learned that a test coil will induce an elecirical current (eddy current) into an isolated
material. Again the material can be nonmagnetic. The material must, of course, be
able to conduct a current. And you have also learned that a flow of current in such a

specimen will develop a magnetic field that reacts against the test coil's magnetic field,
These facts mean that magnetic fields:
Exist only in magnetiecmaterials ., ........ ... ... Page 4-5

Exist in both nonmagnetic and magnetic materials . . .. .. .......... .. Page 4-6
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From page 4-4 4-5

You are not correct., You said that magnetic fields exist only in magnetic materials.

This is not true. Magnetic fields can also exist in nonmagnetic materials.

Eddy currents can be induced into nonmagnetic materials and these currents generate a

magnetic fleld that opposes the test coil's magnetic field.

Return to page 4-4, read the page, and try the question again.
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From page 4-4 4-6

Of course, you're right. Magnetic fields exist in nonmagnetic materials as well as in

magnetic materials,

So far we have identified two variables that are reflected 1n the output indication. -And
we have said that conductivity is an electrical variable and dimensional changes are a
magnetic variable, If the specimen is a nonmagnetic material, these are the only two
variables appearing in the output indication, If,_ on the other hand, the specimen is a
magnetic material, we get"a third variable. It's called permeability and we use the
gsymbol j (pronounced MU) to denote this characteristic.

MAGNETIC MATERIALS
ELECTRICAL YARIABLES MAGNETIC VARIABLES

1, CONDUCTIVITY 2, DIMENSIONAL CHANGES
3. PERMEABILITY (&)

In the next few pages, we will define permeability and see why it presents a problem
to us in eddy current testing. Keep in mind that eddy current testing is concerned with
conductivity, not permeabilit)f; therefore, permeability is an undesirable variable to
us. In later chapters, you will see that special equipment is required to separate the

permeability variable from the conductivity variable.

Turn to page 4-7.
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From page 4-6 47

)
/
> MAGNETIC <

- MATERIAL Y

Before we get into this problem of permeability, let's be sure we have our magnetic

terms defined. These terms are:

1, lines of force 3. flux density

2, magnetic flux 4, magnetizing force

It can be shown that a coil or a magnetic material has a magnetic field which can be
shown as a paitern of lines (dashed lines above). This field has a magnetizing force.
Ina previods chapter you learned that this force varied from point {o point and we
called this the field intensity. For our purposes, we will just refer to this intensity as

the magnetizing force.

It is convenient to talk about all the lines of force or a group of them, The term "mag-
netic flux" is used for this purpose. Thus we can say the coil or the magnetic material
has magnetic flux (or just flux, to keep the term short). Sometimes we need to talk
about the number of lines of force in a given unit area (say one square inch). We use
the term "flux density" to do this. Note that the lines of force spread out from the coil
or the magnetic material; therefore, the flux density varies with the position within the

magnetlc field,

Below is shown lines of force passing through one square inch of cross section. View
A has four lines of force; view B has six lines of force. Would you say that the flux

density in view B is:

Y’ ==
~ e -::_“_:-
™ [~ =3 =
<= (=
P
VIEW A VIEW B
Less than the flux density in view A . ... .civvier st s vosssevas.. Paged-8

More than the flux densityinview A . ........ ...t veevees... Paged-9



From page 4-7 4-8

You don't quite have the idea of flux density when you say that the flux density in view B

is less that the flux density in view A.

—
. .::"_'h..._
™ —
O e f— —— ~— ™
— ——— o,
e —
~— —~
~—
VIEW A VIEW 8

Flux density is defined as the number of lines of force passing through a unit area. For
our purposes, we had an area of one square inch., In view A, four lines of force passed
through this area. In view B, six lines of force passed through the same area. This
means that view B has more lines of force than view A. It also means that view B
shows a flux density that is more than that in view A, Remember! Flux density is the

number of lines of force passing through a unit area.

Turn to page 4~9.
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From page 4-7 4-9

Good! You got the idea. Flux density is defined as the number of lines of force per
unit area. Since view B has more lines of force than view A, view B has more flux

density than view A,

The amount of flux i8 not the same in all areas outside a coil or a magnetic material.
Notice how the lines of force spread out in the area outside the test coil. As you can

see, the farther you get from the coil, the less the number of lines in a specific area.

This means that the flux density outside the coil:

Decreases with distance fromthecoil v o v v e e v v v s ... Page 410

Increases With distance fI‘Om the 0011 PR A ) -/: [ R N I R T TS P T I R ) Pa-ge 4-11
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From page 4-9 4-10

Right again! The flux density outside the coil decreases with distance from the coil.
And this makes sense because the number of lines of force in a given area decreases as

you move further from the coil.

Inside the coil, the story is different. As you can see below, the lines of force are
evenly distributed across the inside diameter of the coil. That makes the flux density

constant across the coil.

Flux density also applies to a magnetic material. Cutside the material, you have lines

of force, just like the coil. And again, the flux density decreases with distance.

You are probably familiar with a magnet or a magnetic material. But let's review a
few basic ideas. As you know, it's something that atiracts or repels something else,
And you probably know that it has a north pole and a south pole. If you have two mag-
nets and move the north pole of one close to the south pole of the other one, the two
magnets attract each other. On the other hand, if you move the two north poles near

each other, the two magnets repel each other.

A magnetic material can be visualized as a group of small magnets called domains.
These magnets (or domains) can be randomly positioned as shown in view A or they

can be aligned as shown in view B.

% % =m0 wn

VIEW A VIEW B

What's important to us 15 that the magnets can be positioned by an external magnetizing

force,

Turn to page 4-12,
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From page 4-9 4-11

Not true. You have the concept reversed, You sald that the flux density increases
with distance from the coil. Actually the flux density decreases (not increases)

with distance from the coil.

Keep in mind that the lines of force spread out in the area outside the coil. And, as
you can see, the number of lines per unit area will decrease, Since flux density is the

number of lines per unit area, this means that the flux density decreases with distance.

Turn to page 4-10.
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From page 4-10 4-12

One way to align the "small magnets' within a magnetic material is to place the mater-
ial in a coil. As we have seen, an electrical current applied to a coil will establish a
magnetic field around the coil. Up to now, we have been working with an alternating
current (ac) which reans that the magnetic field periodically reverses itself. Perhaps

you are wondering what this really means.

When an electrical current is passed through a coil in one direction only, a magnetic
field is established with one end of the coil being a north pole and the other end being a
south pole. Thus the coil acts jﬁst like 2 magnet. If now the current is reversed, the
poles will reverse. Of course, if the current is periodically reversed, the poles will

also periodically reverse.

—_ T e ~~
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When a magnetic material is placed in a coil, the small magnets within the material

will be aligiied to correspond with the direction of the poles of the coil as shown below.

LN_S] IENEY .
NORTH 50UTH KORTH SOUTH
] LN S [N 5] x5 .

i

If the current in the coil is reversed, would you expect that the small magnets within

the magnetic material would:

Remain unchanged ...... s e s et e ne s e s resessas Paged-13

ReversethEiI‘diI‘eCtion....---...‘...........----......-... Page4"'14
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From page 4-12 4-13

No, you are not right when you say that the small magnets remain unchanged. Instead,

they will reverse their direction.

The small magnets within a magnetic material align themselves in the same direction
as the direction of the magnetic field that is applied to the magnetic material, If the

field reverses, then the magnets reverse.

— [25%%

[N_s] N 5] (N 5]
NORTH SOUTH NORTH SOUTH

[N 5] [N S| [N 5]

(s _N] [sw] 5 w]
SOUTH NORTH SOUTH T | NORTH
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Turn to page 4-14,
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From page 4-12 4-14

Perfectly correct. Since the alignment of the small magnets within a magnetic mater-
ial is influenced by the coil's field, you would expect that the magnets would reverse

direction if the coil's field direction is reversed.

The terms lines of force, magnetic flux, and flux density also apply to a magnetic
material. A magnet acts just like a coil's magnetic field. The magnet has lines of

force, magnetic flux, and flux density. And this is true both inside and outside the

material.

AT T TS y T TTTTTTTN
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Inside the material, the material can be viewed as a group of small magnets with each
magnet having lines of force, magnetic flux, and flux density. As applied to eddy cur-

rent testing, we are particularly interested in the magnetic material's flux density.

Visualize that you place a specimen with magnetic properties inside a test coil. The
test coil is connected to a source of alternating current., Would you say that the direc~

tion of the specimen's flux:

Alternates (first in one direction, then in the other direction) ......... Page 4-15

Remains constant inone direction. . . . . v v v e vt e s vt v e v teareaa.. Paged-16
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From page 4-14 4-15

Of course, you're correct. The specimen has flux and the direction of the flux will

change as the direction of the test coil's field changes.

Now that you have a feel for magnetic materials, let's see where we are, ¥ you recall,
we started with a nonmagnetic specimen and placed it in a test coil, Under these con-
ditions, the coil's field induced eddy currents into the rod (specimen) and the resulting
flow was m the same direction as the windings of the coil. This flow generates a mag-
netic field that is perpendicular to the current flow. And of course this field will have

lines of force and a flux density.

- } FLUX GENERATED BY EDDY CURRENT

EEEEEIE

NOMMAGNETIC ROD

Consider now that we use a magnetic specimen instead of a nonmagnetic specimen.
Again we have eddy currents and the eddy current's magnetic field. We also have the
magnetic field of the magnetic material. Note that we now have two fields within the
specimen. One is the eddy currents magnetic field; the other is the field developed by
the magnetic material's domains. Isn't it also true that we have two flux densities?
Certainly. One is caused by the eddy current; the other, by the specimen's magnetic

properties.

MAGNETIC ROD

The output across a test coil changes as the coil's magnetic field changes. The coil's
magnetic field changes as the flux density of the specimen changes. For a magnetic

specimen, the output indication reflects;

Only conductivity changes . . .. .. .. . o it it it i e e e e Page 4-17
Both conduciivity and magnetic property changes . ................. Page 4-18



From page 4-14 4-16
What you say is not correct. You said that the specimen's magnetic flux will remain
constant in one direction when the test coil's magnetic field periodically reverses.

The specimen’s magnetic flux is generated by the small magnets within the specimen.
These magnets, you have seen, reverse themselves as the test coil's field is reversed.
This means that the direction of the specimen's flux aliernates as the direction of the

coil's field changes.

Turn to page 4-15.
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From page 4-15 4-17

Sorry, you missed a turn that {ime. Your answer "For a magnetic specimen, the
output indication reflects only conductivity changes' is not correct. Both conductivity

and magnetic property changes are reflected in the output-indication.

The coil's magnetic field is affected by the specimen's flux changes. These changes
come from two areas. The eddy currents develop one set of flux changes; the magnetic
properties of the specimen develop another set of flux changes. The sum of the two
sets of changes affects the coil's magnetic field. Of course, this is only true when the

specimen is a magnetic material,

Turn to page 4-18,
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From page 4-15 4-18

Fine, you're on the right track. For a magnetic specimen, the output indication
reflects two changes. One is the conductivity change; the other is the magnetic change.
However, before we add the magnetic effects to the output indication, let's briefly

review the eddy current sequence.
1. An alternating current (ac) applied to a coil

will cause the coil to develop a magnetic

field with a definite pattern of flux. Since

the current is periodically reversed, the

flux will periodically reverse.

N

If a nonmagnetic rod is placed in the coil,

the coil's flux will enter the rod. Since the

coil's flux ig alternating, the flux within the

rod will alternate.

6 — L—tzi— — e) 3. An alernating flux within the rod will induce

eddy currents which flow in a direction that
is perpendicular to the flux.

m 4, A flow of current develops a magnetic field

</ with a definite flux pattern. This is also

I true for eddy currents. The eddy current
flux will oppose the flux established by the
coil.

é /4 f { Jaa 6 5. The flow of eddy current is influenced by the

conductivity of the rod. If the conductivity

(o) * changes, the eddy current flow changes.

Such changes also cause a change in the flux.

6 /Af / $ /Ac 6 6. An output indication, comnecfed across the
L4

coil, will sense changes in flux through the

characteristics of the coil. I thus becomes

RDICATION
possible to sense conductivity changes be-
cause of the interaction between the coil's
Turn to page 4-19, flux and the eddy current's flux.
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From page 4-18 4-19

Now that you have the eddy current sequence in mind, let's realize that the flux in the

test coil varies because the alternating current (ae) applied to the coil varies.

The flux density of the coil is 2 magnetizing force and this force will magnetize a
magnetic material placed inside the coil. This magnetizing force will vary with the

amount of current applied through the coil.

MAGNETIZING
__ Force

>

-

TIME

An alternating current (ac) is an electrical current that varies. Its value starts at a
center value and increases to a maximum in one direction; then it decreases to a center
value and reverses ifs direction to a maximum in the opposite direction; and then it
returns to the center value to start the cycle again. Since the magnetizing force de-
perds upon the current flowing through the coil, this means that the magnetizing force

varies as the current varies.

The term "magnetizing force'' also applies to nonmagnetic materials, From what you
have learned about the eddy current sequence and the magnetizing force, you can now

say that the induced eddy current in a nonmagnetic material is:

A steady electrical current . .......... th et st s e . ... Page 4-20
An alternating electrical current ....... e e e e e e s e e Page 4-21
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From page 4-19 4-20
Your answer "A steady electrical current” is not correct. Eddy current is an alternat-
ing current, just like the alternating current applied to the test coil,

Eddy currents are developed by the magnetizing force applied to.the specimen. If this
magnetizing force (flux) iraries, then you can expect the amount of eddy current to vary.
And you just learned that the alternating current applied to the test coil does generate a

magnetizing force that varies as the alternating current varies.

Turn to page 4-21.
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From page 4-19 4-21

Yes, you're right, Eddy current is an alternating electrical current. Let's look atf it

in more detail,

AC

L}
= -
o 05w
[ > oD
oy oxd
z 0 aoD«g
Qx [FTR =R
<0
= U -
—— TRAE ——— FE~—
YIiEW B VIEW C

An alternating current is a varying elecirical current (view A) that varies above and
below a cenfer value, This current will develop-an alternating magnetizing force
(view B). And this force will induce an alternating current (eddy current) into a

specimen (view C),

When things hdppen in egual ways, we say the relationships are linear. This is the
situation in views A, B, and C, Note that the three factors - ac value, magnetizing
force, and eddy current value rise and fall in equal ways. In a moment you will see
that this is true for nonmagnetic materials but is not true for magnetic materials.

That's where permeability comes into the test system. Permeability 1s not linear.

In a linear eystem (views A, B, and C above), if the ac applied to the test coil is

increased, will the eddy current; .

Remainthesame..-..:-cevnc..o...-o.---.---..=¢........Page4"22

Increase .......00c00 0., s e e s e e e e e e et a e Page 4-23
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From page 4-21 4~22
No, you are wrong. In alinear system, if the ac applied to the test coil is increased,
the eddy current will increase, rather than remain the same (your answer).

If you recall, I said that when things happen in equal ways, the relationships are linear.
That makes a linear gystem. This also applies to eddy currents.- As the ac applied to
the test coil increases, the magnetizing force increases and this mcreases the value of

the eddy currents.

Turn to page 4-23.
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From page 4-21 4-23

Naturally you're right. If the ac to the test coil increases, the magnetizing force
increases, the flux in the specimen increases, and the eddy current increases. And
they all happen in equal ways because the system is linear. Now let's look at some-

thing that is not linear. RI's related to permeability.

A coil has a flux density which for our purposes we will call a2 magnetizing force. And
to help us, we will use the lefter H. H is our symbol for magnetizing force. As you
have just learned, H varies as the alternating current applied to the coil varies. The
magnetizing force (H) alternates back and forth, rising to a maximum value in one
direction and then reversing to a maximum value in the opposite direction. To help us
understand permeability, we will make a graph with H laid out on the horizontal scale.
And we establish a center point and then say that the maximum value in one direction is

H and the maximum direction in the opposite direction is H', It looks like this:

0
(CEHTER)

Of course, we also need a vertical scale so we will show this too; however, let's hold
off talking about this vertical scale for a moment, Right now the important fact to

know is that the horizontal scale is H and means;

Magnetizingforce -------- 2 v s Bt 4 3 s 2 s 2 e 8 & s 2 s s o e e s e Page4_24
Permeability . . .. . ...t n ittt i i e f e e e e Page 4-25
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From page 4-23 4-24

True, of course. The letter H meansg magnetizing force on our horizontal scale.
And H means a maximum value in one direction while H! means a maximum value in

the opposite direction.

Logically, we can't have a graph without a vertical scale with a value. So let's put it
in and call the value B. 'The letter B will represent the flux density in a magnetic
specimen. Since we know that the flux within a specimen alternates and depends upon

the value of the magnetizing force (H), we better show B moving in both directions

(B and BY). B
1
\/H — __7j ;
T
X K N/ 5 ::/:.':[::.
O aVa i B == e i
—ae—7 AC
Bl'

Now let's see what we have. B is the flux densify in the magnetic specimen; H is the
magnetizing force of the coil that esfablishes the flux density B in the specimen. For
every value of H, there must be a corresponding value of B. We have the basis for a
graph don't we? Of course, we don't have any units of measurements shown on our
graph, but for our purposes we can leave these units out. Just realize that both H and

B have units of measurement, -

FLUX DERSITY ——=

- H
 MAGNETIZING FORCE

The above figure illustrates how B varies as H varies when a magnetic specimen is
placed in the test coil. I the figure had actual units of measurement on it and we gave
you a specific value H, could you find the corresponding value for the;

Magnetizing force, . .. .... ... G h et e it e .

Specimen'sflux density . . .. ............. e e e et e e e e Page 4-27
® 5331012(v.1)



From page 4-23 4-25

Wrong., You said "permeability'' and the answer is '"'magnetizing force.' We will get

to permeability in a minute.

The letter H means magnetizing force. And you have learned that it moves fror a cén-
ter point to a maximum in one direction (H) and then reverses to 2 maximum value in

the reverse direction (Y.

Return to page 4-23, read the page, and try the question again.
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From page 4-24 4-96

Perhaps you misunderstiood the question for you are wrong. Let's review the question

together,

FLUX DENSITY —

] H

MAGNETIZING FORCE

The above figure illustrates how B varies as H varies when a magnetic specimen is
piaced in the test coil. If the figure had actual units of measurement on it and we gave
you a specific value H, could you find the corresponding value for the:

Magnetizing force. .. ... .. .. ..

Specimen's flux density. . . . ... ..

You said "Magnetizing force;" the correct answer is "Specimen’s flux density." We
gave you a specifiec value for H and H is the magnetizing force. Using the curve, you
can find this point on the horizontal scale, move vertically to the point where the
value intercepts the curve, and then move horizontally to the vertical scale, There
you will find the specific value for B which is the specimen’s flux density. Recall
that B is the specimen’s flux density, H is the magnetizing force. Your problem

was to find B, not H,

Turn to page 4-27.
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From page 4-24 4-29

Fine, you said "Specimen's flux density' and that's right. Let's review your proce-

dure. You were given the value H and asked to find the value of B.

———— URVE

Given the value H (magnetizing force), you located this value on the horizontal scale.
Next you moved vertically to the point were your value H infercepted the curve. Then
you moved horizontally from this point to the point where you intercepted the vertical

B scale. This gave you the specific value of the specimen's flux density (B).

The ratio of the value of B to the value of H has a name, I's called permeability
(now you know what it means, don't you?). And for the specific example we used,
there would be a definite permeability value. Notice that we used the curve to get
this value. Again it is convenient to use a symbol. This time we will use the symbol
(#). It's pronounced MU. And MU (g) means the ratio of the specimen's flux density

to the coil's magnetizing force.

From this we can say that:
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From page 4-27 4-28
No, you have the ratio reversed. Permeability = B/H, not H/B,
Permeability is the ratio of the specimen's flux density to the coil's magnetizing force.

specimen's flux density
coil's magnetizing force

Permeability (z) = =%

Got it? Good! Then let's move on, Turn to page 4-29.
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You selected the proper ratio for permeability.

B _ FLUX DENSITY
™ or PERMEABILITY = o NFTIZING FORCE
It's interesting to note the range of permeability.
Commercial Nickel 39
Wrought Iron 2,000
High Silicon Steel 9, 000

it can extend to even higher values than shown. Visualize that you apply a magnetizing
foree to three specimens and note that each specimen had a different flux density. You

use the same value of H on each of the three specimens.

H H
Specimen A 10
Specimen B 100
Specimen C 1,000

Would you say that the flux density of specimen B is:

lLess than specimen A ., .,..... t e e e et e n et e et e et e e Page 4-30
More than specimen A . ......... e e e ettt . Page 4-31
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From page 4-29 4-30

No, you are not correct when you say that the flux density of specimen B is less than

specimen A, It's actually more.

Permeasbhility = %

For specimen A, we had: 10 =

oW |

For specimen B, we had: 100 =

And I said that H has the same value for both specimens. Since the permeability of
specimen B is greater than that of specimen A and H is the same for both specimens,
it's obvious that the flux density of specimen B is more than that of specimen A, In

fact it's 10 times more, isn't it?

Turn to page 4-31.
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From page 4-29 4-31

Good! You recognized that the flux denasity of specimen B is more than that of

specimen A because the permeability of specimen B is more than that of specimen A,

Notice what permeabilily really means, When a rod is placed in a coil, flux is
developed in the rod. This flux has two parts. One part is the flux in the coil that
is now in tHe rod. The other part is the flux developed in the rod because the rod
has magnetic properties (recall the small magnets that are aligned by the external

magnetizing force),

We can view the magnetizing force H as the flux density in the test coil. Thus we can
say that we are dividing the flux density of the coil into the flux density of the rod. And
since the rod generates additional flux density, we get big numbers (e.g. 39; 2, 000;

9, 000; 1, 600, 000).

So far you have learned that the flux density of the specimen varies as the flux density
of the coil varies. And you have learned that the flux density of a magnetic specimen

in a coil is:

Greater than the flux density of the coil . .
Less than the flux density of thecoil . .. ..., .

5330 12 (V-1)



From page 4-31 ) 4532

Right! To get permeabilities like 2, 000 (9,000; etec.), the magnetic specimen's flux
density B must be greater than the flux density of the coil.

Consider now what this means. FEddy currents develop when flux changes take place
within a specimen. For z;nonmagnetic material, the only source of flux is the test
coil. This means that th\e.re is a direct relationship between the flux of the coil and
the flux in the specimen. The amount of eddy current is directly related to the coil's

flux ard the conductivity of the épecimen.

You have just learned that the coil's flux also enters a magnetic material. Like a
nonmagnetic material, eddy currents will be induced into the magnetic material,
Again, the amount of eddy current is directly related to the coil's flux and the con-

ductivity of the specimen.

In the case of a magnetic material, an additional factor exists. Since the material
also generates its own flux and this flux changes within the material, additional eddy
currents will be generated. These currents are directly relaied to the magnetic

properties of the material.
From this we can conclude that the magnetic properties of a specimen:

Will not affect the flowof eddy currents. , . .. . . . v vt v v v v e v e e e e Page 4-34
Will affect the flowof eddycurrents . ...........co. .. e et Pagé 4-35
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From page 4-31 4-33

No, you missed the concept. Perhaps you misread the question. You said that the
flux dengity of a magnetic specimen in a coil is "Less than the flux density of the, coil."

We're sure you don't believe that.

As you recall, a magnetic material generates additional flux when the material (e.g.,
a rod) iz placed in a coil. The rod therefore has two sources of flux. One is the
flux generated by the rod's material. The other is the flux that has entered the rod
from the test coil. That's why the total flux density in the rod must be greater than
the flux density of the ceil.

Turn to page 4-32.
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You have missed a very important point. You said that the magnetic properties of a
specimen will not affect the flow of eddy currents. Perhaps the term "magnetic

properties" caused you to select the wrong answer,.

We used the term "magnetic properties" to designate the ability of the material to
generate flux, This is the property of 2 magnetic material, You have just learned
that this flux generates additional eddy currents into the material. This flux isin
addition to the flux generated by the test coil. The amount of additional flux generated
by the magnetic properties is added to the flux generated by the coll and the total value
i{s related to the generation of eddy currents in the material. That's why we can say
that the magnetic properties of the specimen will affect the flow of eddy currents. If
these magnetic properties vary, the eddy current will vary.

Turn fo page 4-35.
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From page 4-32 4-35

We agree, The magnetic properties of a specimen will affect the flow of eddy currents.

In eddy current testing, this presenis a problem; for permeability is not linear.

ettty 4

EDDY
CURRENT
VALUE

MAGNETIZING
FORCE

— TIME

TME —
As you recall, the current applied to the test coil is an alternating current that varies

TIME

above and below a center value. This current produces an alternating magnetic force
which, in furn, produces an alternating eddy current within the specimen. Since the
system is linear, equal changes in alternating current produce equal changes in eddy

current. Such a condition is only true for nonmagnetic materials.

For a magnetic material, equal changes in magnetic force (or AC) do not produce equal
changes in flux density (B). This can be seen in the following figure.

-
4

r )
K A

If the magnretizing force moves from O to the value A, only a small value of B is
developed. I the force now moves from A to C, B rises to a large value (has more
flux density doesn't it?). For our purposes we have used two equal ¢hanges in

magnetizing force (i.e., OA = AC).

Since equal changes in magnetizing force produced unequal changes in flux density, we
can say that the system is:
NOtlinearlc IIIIII L R T R Y R Y A LI L I R R S T SR N I ) Pa—ge4"36

Linear-con """ L I R O Y I I R LI I A I LI I S S R ] cPage4'-37
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From page 4-35 4-36

Yes, that's right., The system is not linear. Egqual changes in magnetizing force are
producing unequal changes in flux densify. Note what this means.

NONMAGNETIC .- MAGNETIC
ROD ROD
™
LI IS
INDICATOR INDICATOR
AC - AC.

A nonmagnetic rod passing through a test coil will affect the coil. An indicating device
connected across the coil can sense the rod's affect on the coil. If we disregard the
dimensional changes of the rod, the output indication will change as the eddy current
changes. These changes are related to the rod's conductivity. The total system that

we have is essentially a linear system.

The use of 2 magnetic rod changes the picture. Since the flux density in the rod is not
linear with relationship to the magnetizing force, we now have g varyin:g, value in the
output indication. Such a value interferes with our eddy current indication., And since
the magnetic effects are much stronger than the conductivity effects, we can't see the

conductivity effects.

Suppose that we handed you a'rod and did not tell you whether it is magnetic or non-
magnetic, We told you to test the rod. Before you test it, must you know if the rod is

magnetic or nonmagnetic?



From page 4-35 4-37

We don't agree. You said that if equal changes in magnetizing force produced unequal
changes in flux density, then the system is linear. Not true. The system is not

linear.

O — oo e e e

0~ A er—am

'l

In the above figure, the magnetizing force is H and the flux density is B. The value
OA represents a specific change in the magnetizing force H. This change produces

the flux change OB 1

If now, a second change in magnetizing force is made (e.g., AC) then a change in
the flux density B will occur. The change AC produces the change to Bz. Note that

the flux change B1 to B_ is greater than the flux change O to B

2 1
Since the magneiizing force change AC is the same as OA, this means that equal
changes in magnetizing force produced unequal changes in flux density. This means

the system is not linear.

Turn to page 4-36.



From page 4-36 4-38

You said "No". The correct answer is '"Yes'. Apparently you don't feel you need to

kmow if the specimen is magnetic or nonmagnetic before you test it. You're wrong,

You have just learned that the output indication is reflecting changes in the specimen.
One source of change is the specimen's conductivity. Another source is the specimen's
magnetic properties. For a magnetic specimen, both sources exist. In a nonmagnetic
specimen only the conductivity source exists. Since the magnetic properties produce
stronger efiects than the conductivity property and since the magnetic properties are
not linear, it's important to know if the specimen is magnetic or nonmagnetic. Other-

wise, you can't really know what a change in the output indication means.

Turn to page 4-39.
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Perfectly true! You need to know if the specimen is magnetic or nonmagnetic before
you test it. You also need to know that permeability varies with the value of the mag-

netic force applied to the specimen.

|& 8
:"’ ______ | DE = EF
) [ —— | 8, =88
on=Ac | ByBe = BaBs
By——— Bl 1 i
[ P
1= il
K’ ‘
OA C H H ) D EF H
8 s
VIEW A VIEW B

View A illustrates that equal changes in the magnetizing force can produce unegual

changes in t‘he flux density. The change from O to A produces the value B_; there-

1
fore, the flux change is OB 1 The change from A to C produces the flux change
Ble. Since the change B 1B2 is greater than the change OB ,» We can say that the

permeability is not constant,

View B illustrates that equal changes in H can produce equal changes in B. This
means that the permeability is the same over this change area of the curve shown
in views A and B, Note that change DE = change EF and that change B 3]3 M change

B_, -
B45 ‘

Note that in views A and B the curve is actually a straight line over a portion of the -
curve, And we have seen that in this straight line portion the permeability is

constant.

If the curve shown in views A and B 1s the magnetizing curve for a specific specimen,

would you say that the permeability of the specimen:

Isconstant ... . .. ..ttt i ittt i s i e e e e Page 4-40
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Incorrect. Permeability of the specimen is not constant, I varies with the range of

the magnetizing force.

¥ you recall, view A illustrated that the permeability varied over one portion

of the curve, View B illustrated that the permeability was constant over a portion of
the curve. Whether permeability is variable or constant depends upon where you are
operating on the curve. It also depends on how wide a range of change in magnetizing
force you are using. X your range is small and you are in the straight-line portion of
the curve, permeability is a constant value. If your range is wide and you are operat-

ing over the hent portion of the curve, then the permeability will vary.

Turn to page 4-41,
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Again, you are correct. Permeability varies with the range of the magnetizing force.
I you select a small range of change and use a range in the straight portion of the
curve, the permeability is constant. On the other hand if you use a range that extends
into the bent portion of the curve, then the permeability varies.

Since permeability changes present a problem in eddy current testing, let's see if we
can't make the permeability factor a constant., We can do this by saturating the

specimen,

Y

INCICATION

H AC

Notice in the above curve that the magnetizing curve becomes flat or horizontal at the
top of the curve. This means that further changes in magnetizing force (H) will not
produce changes in flux density. When such a condition exists, we say the specimen
is saturated. And under such a condition, the permeability is constant. One way to
saturate the specimen is to use a direct current (de). Note that a dc coil is positioned

on each side of the ac coil used in the rod under test.

When a specimen is saturated, the magnetic properties of the specimen will not
generate further flux changes. The remaining flux changes will be caused solely by

the test coil.
If you saturated a magnetic specimen, would you say that the output indication expresses:

Both the magnetic properties and conductivity properties of the specimen... Page 4-42
Only the conductivity properties of the specimen ........ccovevrvnenn.s ... Page 4-43
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You don't quite have the idea. X the specimen is saturated, only conductivity pro-
perties will be reflected in the output indication. You apparently believe you will
have magnetic properties in the output indication as well.

The purpose of saturating the specimen is to eliminate magnetic effects. When a
specimen is saturated by applying a strong direct current (de) to a coil, a strong
magnetic field (magnetizing force) is developed. This causes the specimen to become
fully magnetized. Or we can say that the specimen develops 21l the flux density it
can develop. X more magnetizing force is applied, nothing else happens. The
specimen has developed its maximum amount of flux. That's why it can't affect

the output indication.

Turn to page 4-43.
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Good! You have a major point fo your credit. By saturating a magnetic specimen,
you can get rid of the specimen's magnetic effects from the output indication. That

leaves only the conductivity effects in the specimen.

E T3

INDICATOR CONDUCTIVITY DHIENSICHAL CHARGES
ARD
PERMEABILITY CHANGES

AC

You started this chapter learning that a specimen had both electrical and magnetic
effects. The electrical effect is conductivity; the magnetic effect is permeability (1)
{(pronounced MU). In terms of an output indication, we can say that we have electrical

effects and magnetic effects.

When we say that by saturating a specimen we can end up with only the conductivity
effect in the output indication, we are not quite right., The dimensional changes of the
specimen still appear in the output indication. Such changes we classify as magnetic

effects., Notice that we have three factors: conductivity, dimensional changes, and

permeability., Two of these are in the elass called magnetic; the other is in the class

called electrical. (See illusiration above)

A moment ago you responded to a question that said that if you saturated a specimen,
you would say that the output indication reflected only the conductivity properties of
the specimen. For this to be true we assumed that the dimensional factor was

constant,

Turn to page 4-44.
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In eddy current testing, it is important to know if the specimen is magnetic or non-
magnetic. Since this is so, let's take a moment to define what is magnetic and what

is not magnetic.

You have seen that the application of a magnetizing force to some materials causes the
material to generate a magnetic flux density that is greater than the flux density applied
to the material. A material that does this is called a magnetic material. This con-
dition can be established in a material by applying a direct current to a coil while the
material is in the coil. When the material is removed from the coil, the material

will still be magnetized {has permanent flux density) and will act like a magnet.

B
, SATURATION
/
/
/
/
s

Fd

c -~
¥
H 3 H
» B

The above figure illustrates how a material reacts to a magnetizing force which is
applied first in one direction and then decreased to a zero magnetizing force. Note

that as the magnetizing force is increased, the material's flux density (B) increases

to 2 maximum value and becomes saturated. If now the magnetizing force is reduced
to zero, the material's flux density decreases (dotted curve) but does not return to
zero, The vertical distance OC represents the value of flux dengity still remaining

in the material. Would you say the material is:
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Your answer "Nonmagnetic' is not correct. The material is magnetic.

A magnetic material is a material that has residual magnetism after the magnetizing
force is removed. This is the condition you bad in the previous illustration. First a
magnetizing force was applied to a material. This force generated flux density (B)
within the specimen. Next the magnetizing force was reduced to zero. Under this
condition, the flux density decreased; but it did not reduce to zero. A flux density
represented by the distance OC still remained in the material and this is the residual
magnetism. Since the material will still act like a magnet, we say the material is

magnetic.

Turn to page 4-46,
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We agree. The material {s magnetic. This is true because the material acts llke a

magnet after you remove the magnetizing force.

Consider now that you reverse the magnetizing force while the material is still in
the coil. Ag you do so, you have a means of watching what happens to the flux density

in the material.

iB
-
PR
re
ya
/7
4
RESIDUAL //
MAGNETISM 7
R H
B"

When the magnetizing force is reversed, the flux density will decrease to zero, The
force required to reduce the flux density to zero is called the coercive force. It's not
important that you remember this name. Just remember that the residual magnetism

of the material can be eliminated by reversing the magnetizing force polarity.

In eddy current testing, alternating current (ac) rather than direct current {dc) is
used; therefore, it's important to know how the flux density varies with the ac. You
have just seen that the flux’'density decreases to zero when the magnetizing force is
reversed. If you continued increasing the magnetizing force in the reverse direction,

would you expect that the flux density:

Would rise to a maximum value in the reverse direction ...... e Page 4-47

Remainat zerofluxdensity . . . ... .. ... ... ou ... e Page 4-48
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You have the concept. The flux density reverses direction and rises to a maximum

value in the reverse direction.

The above figure illusirates one complete cycle. Starting with an unmagnetized
material, the flux density (B) increases {0 2 maximum value {poinf S}, The magneliz-
ing force is then reversed (H') and the flux density decreases to zero and rises to a
maximum value in the opposite direction (point V). I fhe magnetizing force is now
reversed again, the flux density will decrease fo zero and inerease fo point 8. Note
that the resuit _s a loop. Such a loop is called a hysteresis loop (hiss-ter-e-sis).

Try pronouncing it. Also note that the initial magnetizing curve OS will not appear aiter

the first cycle.

HYSTERESIS LOOP

Hl

Turn to page 4-49,
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No, you are not right. The flux density will not remain at zero. Instead, it will

increase to 2 maximum value in the reverse direction.

A magnetic material will respond to a magnetizing force in either direction. X the
direction of the force is reversed, the flux density will decrease to zero ard then rise
to 2 maximum in the opposite direction. I you recall, earlier you learned that the
flux density within a material is alternating, first in one direction and then in the
opposite direction. Thus we can expect that the flux density will rise to a maximum

in one direction, then fall to a zero value and rise to maximum in the other direction.

Turn to page 4-47.
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It is convenient to classify materials as magnetic or nonmagnetic. Most magnetic
materials are called "ferromagnetic" which means of or relating to a class of sub-
stances characterized by abnormally high magnetic permeability, definite saturation
point, and appreciable residual magnetism and hysteresis. The term "hysteresis"

means that the material has a large hysteresis loop.

Using this definition, which of the following materials would you say is the ferro-

magnetic material:

:]
B
Ty // H H’ H
MATERIAL X MATERIAL Y
Bl
BI
Material X . ........c00u0. C et e e s e et e e e s e e e e e Page 4-50
Material ¥ .. ........... e e et et e e e e e e, Page 4-51
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You don't quite have the idea. The correct answer is material ¥. Let's fry again,

8 SATURATION

RESIDUAL /7 B

/ MAGNETISM PERMEABILITY ()= &
W Va / H H —— / H
/ MATERIAL X MATERIAL Y

To be a ferromagnetic material {magnetic material), the material must have an ab-
normally high permeability, a definite saturation point, and appreciable residual

magnetism and hysteresis, This is the condition we have in material Y,

Permeability is the ratio of ¥ to H, Note that the slope of the curve in material Y is

steeper than that of material X. That means its permeability is higher.

Also note that material ¥ has a definite saturation point while material X is more
gradual. Residual magnetism is the flux density remaining in the material when the
magnetizing force is reduced to zero. Note the height of the flux density in material

Y under this condition. -

And finally, the largei' the loop (hysteresis), the more magnetic the material is.

Again, note that the loop in material Y i{s larger than the loop in material X.

For these reasons, you can say that material Y is the ferromagnetic material.

Turn to page 4-51,
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You're right. Material ¥ s the ferromagnetic (magnetic) material. Now let's re-

view what we know about magnetic and nonmagnetic materialg.

8 SATURATION

RESIDUAL MEABILITY (1)= g
MAGNETISM
H/ v 7 H H' ' H
MATERIAL X
/ y RESIDUAL
' MAGNETISHM

SATURATION

MATERIAL Y

We have said that a material is magnetic (or ferromagnetic) if it has:
1. abnormally high permeability
2, a definite saturation point
3. appreciable residual magnetism
4. hysteresis (large loop)

And that's the condition we have in material Y, shown above.

It's important to realize that the line hetween magnetic and nonmagnetic is one of
degree or how much of each characteristic. Some materials may be strongly mag-
netic, some only mildly so, and others so slightly magnetic that the characteristics
can't be measured, Which really means that the effect is so small that the material
can be treated as a nonmagnetic material, Actually it can be proved that all materials

have some magnetic characteristics. It's just a matter of degree.

Turn to page 4-52.
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One of the factors that can affect the results of eddy current testing is heat. Earlier
you learned that the flow of eddy currents generates heat. Current flow always
generates some heat. As this heat develops, it can change the conductivity in the area

of the test coil and cause an incorrect output indication.

The hysteresis property of a magnetic material also is a source of heat. As you have
seen, a magnetic material has residual magnetism and work is required to reduce this
to zero hefore the flux density can be increased in the opposite direction. The force
required to overcome the residual magnetism was called the coercive force. Note
that the size of the hysteresis loop is related to this coercive force. The width of

the loop increases as the value of the coercive force increases. And the larger the
loop is, the greater the amount of heat generated. Again, this heat will affect the

conductivity of the material.

RESIDUAL ~
MAGNETISM COERCIVE
. ,}/ FORCE

}m. H
COERCVES RESIDUAL
FORCE L MAGNETISM

Bl

If you were inspecting both magnetic and nonmagnetic materials, you would normally

expect more heat to be generated in:

Nonmagnetic materials .. ........, C e et e e e ey e Page 4-53
Magnetic materials .. . ... . i i it i i e e e e et e e e e e Page 4-54
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You're wrong when you say that more heat will be generated in a nonmagnetic
material. Of course, it all depends upon the material; however, in general you can

expect more heat from a magnetic material,

Heat comes from two sources: (1) eddy currents and (2) hysteresis effects. Since
hysteresis effects only exist in magnetic materials, more heat will be generated in
the material. This is added to the normal heat generated by the eddy currents.
Remember that work is required to overcome the residual magnetism and this work

generates heat,

Turn to page 4-54.
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Certainly. Magnetic materials will generate more heat because you have hysteresis

heating effects as well as eddy current heating effects.

ELECTRICAL MAGNETIC

A
& :SEERE 9\ p X PERMEABILITY
CONDUCTIVITY
- D DIMENSION
NONMAGNETIC
8 MATERIAL 9 ——-{ INDICATOR ]-— HEAT HEAT

AC

To successfully inferpret eddy current output indications, you must learn to view the
indication in ferms of the variables in the eddy current testing system., One variable
is conductivity, Its symbol is ¢ which means SIGMA, SIGMA stands for the electrical
conductivity of the material. And of course electrical conductivity exists in both

magnetic and nonmagnetic materials.

The second variable is permeability (u) {(MU) which is the ratio B/H. This, you have

learned varies -vith the material and the value of the magnetizing force applied tothe

material.

The third variable is dimensional changes of the specimen within the coil. This is the
fill-factor variable which we will represent by the letter D. D means dimensional
changes. For the probe coil, this would be the lift-off factor. D applies fo both

magnetic and nonmagnetic materials.

It's important to know which variables apply to which materials (magnetic or non-

magnetic). Would you say that o:

Applies only {o nonmagnetic materials .............. e e es Page 4-55
Applies to both magnetic and nonmagnetic materials, . . ...... v e +. .. Page 4-56
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You are wrong. o applies to both magnetic and nonmagnetic materials. You seem to

feel that it only applies to nonmagnetic materials.

The symbol ¢ (means SIGMA) stands for the electrical conductivity of the material,
This conductivity exists for both magnetic and nonmagnetic materijals and is the
variable directly related to eddy current testing. Recall that you learn something
about the material through changes in conductivity. And the symbol for conductivity
is o (SIGMA),

Turn to page 4-58.
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Right! The symbol ¢ (SIGMA) stands for conductivity and conductivity applies to both

magnetic and nonmagnetic materials.

3 MAGNETIC

MATERIAL 6 ’
ER \ S
6'/8— U[T_f_—& } 1 % 2

NONMAGNETIC
MATERIAL

- INDICATOR -

AC

We agreed that we would use the letter D to denote dimensional changes. This means

that the diameter of a rod passing through a test coil is varying,

The fill-factor, you learned, was a factor that tells you how well the rod fills the area
inside a coil. This was defined as

2 p.\2

.1 1

riLL-FACTOR = — OR (E')

Since the rod is magnetically coupled to the coil, the fill-factor really represents the

coupling between the rod and the coil. And if the diameter of the rod varies, the

fill-factor varfes. This, in turn, changes the output indication.

3

If D represents dimensional changes, would you say that D:

Applies to both magnetic and nonmagnetic rods . . . v v v v v v v vt bt e n e Page 4-57
Onlytomagneticrods. . . . .. v v v it v vt e n v e e e e e e s e Page 4-58.
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Fine, you recognize that dimensional changes (D) apply to both magnetic and non-
magnetic materials. The same is frue for conductivity (o ) (SIGMA). That leaves
only the permeability factor, doesn't it.

The permeability factor (u) (MU) you learned:

Applies to both magnetic and nonmagnetic materials. . . « s v v e s s v+ + 4+ . . Page 4-50
Applies only to magneticmaterials . . . . ... ... . vt ce s aes . Page 4-60
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No, you are not correct when you say that D (dimensional changes) applies only to

magnetic rods. D applies to both magnetic and nonmagnetic rods.

After all, D is a dimensional change which is related to the magnetic coupling between
the coil and the rod. The coil is a magnetic field; the rod {ills this field inside the coil.
How well it fills the field depends upon the size of the rod. That's what the fill-factor
ig all about. The factor applies to both magnetic and nonmagnetic rods placed inside
the coil. And if the rod's dimension changes, you can expect a change in the output

indication. This is true for both magnetic and nonmagnetic rods. Got it? Good.

Turn to page 4-57.
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Something happened that time; for you are wrong. Permeability applies only to
magnetic materials. It does not apply to nonmagnetic materials.

Permeability (;2) (MU) is the ratio of the gspecimen's flux density to the coil's mag—
netizing force. And when the specimen's flux density is more than the magnetizing
force, you get large numbers such as 2,000; 9, 000; etc. When the ratio is 1/1, the

material is not a magnetic material.

Perhaps, you recalled that the dividing line between a magnetic material and a non-
magnetic material is a thin one and when you talk about permeability you know it's
just a question of degree or how much. Recall, however, that a magnetic material

was defined as a material with an abnormally high permeability.

Actually, permeability exists in nonmagnetic materials; but the value is so small that
it's not significant. When we speak of permeability in relationship to magnetic
materials, we mean abnormally high permeability.

We will adopt the convention of saying that when the ratio is 1/1 the material is

nonmagnetic and that the material does nof have permeability.

So you-see you were right; but in terms of significant changes, you were wrong. For

our purposes, permeability is only significant for magnetic materials.

{

Turn to page 4-60.
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Yes, for all practical purposes, permeability {u) (MU) applies only to magnetic
materials, Permeability is a question of degree or how much. It exists in all
materials; however, it's only significant in magnetic materials. Recall that a
magnetic material is defined as one with an abnormally high permeability. X is
in this sense that we use the term permeability. That's why we say that perme-
ability applies only to magnetic materials,

e . (DIMENSIONAL
& AGNETIC b"‘" (‘} e A== D cHANGES)
MATERIAL / J /__ b ELECTRICAL | MAGNETIC
o P
b
¢ INDICATOR
6 NORMAGNETIC J HEAT HEAT
MATERIAL
AC

We can summarize what we have learned by saying ~

1. Conductivity (o) (SIGMA) applies to both magnetic and nonmagnetic
materials.

2. Dimensional change (D) {fill-factor) applies to both magnetic and non-
magnetic materials,

3. Perme;ability {¢) (MU) applies only to magnetic materials and varies with
the material and the value of the magnetizing force applied to the material, ~

We can also say that heat is generated in both magnetic and nonmagnetic materials.
Eddy currents generate heat in both magnetic and nonmagnetic materials. Hysteresis

generates heat in magnetic materials.

Turn to page 4-61.

$330.12 (¥-1)



4-61

From page 4-60

reversmg the m f

1. Inthis chapter you have learned to look at eddy current testing in terms
of variables. These variables can be divided into two classes. One
class is electrical; the other class is

— T

6. permeability

7. The permeability variable, as we use the term, only applies to

materials.

12, B, H

13, Or we can say that permeability = divided by
the

18. residual magnetism

19, The residual magnetism in a magnetic material can be reduced to zero by
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1. magnetic
2. TFor the electrical variable, we used the symbol ¢ (SIGMA) which
represents the variable.
7. magnetic
8. The symbol u (MU) is used to denote the variable.
B
13. flux density, -
magnetizing force
H* H
Bl’

14

. The relationship between B and H can be shown by a graph. As the magnetizing
force (H) is increased, the specimen's flux density (B} increases. A point is
finally reached where further increases in H do not cause an increase in B.
This point is calied the point,

19.

magnetizing force

20.

A mater:al is said to be magnetic if it has abnormally high permeability, a
definite saturation point, hysteresis, and
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2. conductivity

3. The conductivity variable (¢} (SIGMA) appears in both and
materials.

8. permeability

9. Permeability (p) is a ratio of two values. One value is the magnetizing force
of the coil; the other value is the f d of the specimen,

14, saturation

15. Permeability is a variable; its specific value depends upon the value of the
magnetizing force. It can be made 2 constant by using a direct current
applied to a coil, This will increase the flux density to the point of

Under this condition, further changes in H will not

change B,

20, residual
magnetism

21. Each time the magnetizing force is reversed, work must be done to reduce
the residual magnetism to zero. Such work generates h
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3. magnetic,
nonmagnetic

4. We are working with three basic variables: conductivily, permeability, and
d changes of the rod in the test coil.

h- - .

9, flux density

10, Again, we use symhols in expressing permeability. For the specimen's flux
density we use the letter

B
15, saturation /[/J
H - H
L

16. If an alternating magnetizing force is applied to a magnetic material, the
material's flux density will vary as shown above. The resulting loop is
called 2 h lcop.

21. heat

22, A second source of heat in both magnetic and nonmagnetic materials is
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dimensional

The dimensional changes apply to both and .
materials,

10.

11. This gives us two symbols: u (MU) for permeability and B for flux density. The

letter H is used for our third value which is called the m

i . For our purposes, we view H as the flux density of the test coil.

| P

16

B B
. hysteresis /H'
H" H H* H

17

VIEW A ViEW B

. The size and shape of a hysteresis loop varies with the specific magnetic
material. Two loops are shown above. View _ _illustrates the material
with the strongest magnetic properties.

22,

eddy currents

23.

We can summarize what we know by saying that the ___________ variable applies
only to magnetic materials and the two variables ¢ and
d changes apply to both magnetic and nonmagnetic materials.

%
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5. magnetic,
nonmagnetic

6. Thus we have ftwo variables (conductivity and dimensional changes) that apply to
both magnetic and nonmagnetic materials. Our third variasble is .

Return to page 4-61, frame 7,
and continue with the review,

#

11, magnetizing force

12, Using the three values u, B, and H we then define permeability (i) as the

ratio of to
Return to page 4-61, frame 13,
and continue with the review.
L:'—_u
17. B
H H

0
e
18, As H increases, B rises to a maximum value. X H is now decreased to zero, B

decreases to point X. The distance OX on the graph represents the ¢ '
m left in the material.

+

Return to page 4-61, frame 19,
and continue with the review.

23. permeability, conductavity,
dimensional

This completes the review of Chapter 4. Turn to page 5-1.
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CHAPTER 5 - BASIC ELECTRICAL CONCEPTS RELATED TO 5-1
EDDY CURRENT TESTING

The purpose of this chapter is fo present to you the basic electrical concepts directly
related to eddy current testing. In doing so, we will agsume that you have a2 rudimentary
understanding of basic electrical principles; therefore, we will only present these con-
cepts to the depth needed to refresh your memory and only as they relate to eddy cur-
rent testing.

In eddy current testing, information about the specimen is obtained through the char-
acteristics of the test coil. The output indication can be obtained directly across the

primary coil or it can be obtained across the secondary coil.

PRIMARY PRIMARY SECONDARY
COiL. COlL CoiL

S wa ji] F LT

AC

HIDICATOR

A coil provides two basic factors: Current (we will use the symbol I) and a voltage
(we will use the symbol V). These two factors can be in phase or out of phase with
each other. The total opposition of the coil to the flow of current is called impedance.
Starting with these facts, we have three hasic approaches to learning something about
the specimen. These are;
) 1. Impedance testing
2. Phase analysis

3. Modulation analysis

This chapter will provide the background needed to understand the use of these

approaches.

Turn to page 5-2.
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The basic power source used in eddy current testing is an electrical generator (or
electronic oscillator) which provides a range of test frequencies. Frequencies can
range from a few cycles per second to 150, 000 cycles per second. The generator's
output provides two values: a varying current (I) and a varying voltage. These can be
gseen on a cathode ray tube (CRT). If a coil is not connected to the generator, the
generator's current and voltage can be shown to be in phase with each other. This
means that the current will rise as the voltage rises and will fall as the voltage falls.

And this will happen during the same increment of time.

(AC)

N g
| el e T p— tal L}
2 | 173 :

N S S >‘

GEN GEN GEN

In the following figure, one complete voltage cycle is shown, Note that V varies above
and below a center value and this occurs over a period of time. As this voltage in-
creases, note that the current does not increase at the same time, The distance 0X

represents a time lag. Would you say that:

v
» by
3 - - »
TN
The current is in phase withthevoltage .......... 0. e e+ 4. Page 5-3
The current is out of phase withthevoltage . ....... .. .. ... . ..., Page 5-4

533012¢V 1)



From page 5-2 5-3

No, you are not correct. Perhaps you are not too familiar with the concept of phase.
You said the current is in phase with the voltage. This is not true. The current is out

of phase with the voltage. Leti's look at the concept.

premee—r GNE CYCLE
Consider that you have a voltage that varies above and below a center value. One com-

plete variation as shown above is called a cycle, Note that it took 4 seconds to com-
plete the cycle and that maximum values are obtained at 1 second and at 3 seconds.

Visualize that this cycle will be repeated at the end of 4 seconds.

Now consider that you have a current that varies above and below a center value; how-
ever, the variation starts 1/2 second later than the voltage. This means that the
current is lagging the voltage by 1/2 2 second. Or we can say that the current is out

of phase with tne voltage.

In electrical circuits, changes in voltage produce changes in current. The current may
lag the voltage; thus instantaneous changes in voltage do not produce instantaneous
changes in current. Such is the case shown above, In this case, the current lags the

voltage by 1/2 second. And so we say the current is out of phase with the voltage,

Turn to page 5-4.
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Fine! Apparently you are familiar with the ideas of phase (in phase and out of phase).

\ v

XN

ONE CYCLE

VALUES

i¥ PHASE QUT OF PHASE

You are probably familiar with th‘e elecirical component called a resistor. This is, of
course, simply a component that has resistance and resists the flow of current. If we
connect a resistor across our ac {(alternating current) generator and insert a current
measuring device in series with the resistor, we can find out how much current is
flowing through the resistor. Then, if we use different values of resistance, we can
learn how the amount of current flow varies with the specific value of the resistor.
From this, we learn that as the resistance is increased, the current flow is decreased.

Or in other words, the higher the resistance, the less the current.

O— (@ = CURREMT MEASURING DEVICE
GEN . %zssnsrmz &\? (¥) = VOLTAGE MEASURING DEVICE

v,1

7

To determine how the current is related to the voltage applied to the resistor by the
generator, we connect a voltage measuring device across the resistor. It can be -
shown that for a resistor, the current will be in phase with the voltage. It can also be
shown that the current will not be in phase with the voltage when a coil is used in place

of the resistor.

Since this is 2 review of what you should already know from your basic understanding

of electrical principles, let's move on.

Turn to page 5-5.
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Since we are really interested in test coils, let's put one across our generator and see

what we can do.

U
'y 137557 Z = IMPEDANCE

When a coil is connected across an ac generator, a current will flow through the coil.
The value of the current will depend upon the coil's opposition to current flow. For
alternating currents (ac) the coil's opposition to current flow {s called impedance.
The letter Z is used to denote this impedance. Note that for a resistor we used the

term resistance and for a2 coil we used the term impedance.

It can be shown that each coil has a unique impedance characteristic which is deter-
mined by the coil's properties. And we can also show that the coil's impedance (Z) is
related to the frequency of the ac applied to the cofl. Thus if you wanted to know the
impedance of a coil, you would need two facts: the frequency of the ac and the coil's

characteristics. Together they give you the impedance of the coil.

f=80,000c.p.s. f = 100,000 c.p.s.
GEN ! GEN
AC z% AC Z%

Visualize that you have a test coil connected to an ac generator and you are using a

test frequency of 50, 000 cycles per second (¢.p.s.). You then change the test fre-

quency to 100, 000 c.p.s. Does the test coil's impedance:
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Absolutely right. ¥ you change the frequency, the coil's impedance will change. Ina
moment, we will see that there is another way we can change the impedance. However,

before we get into that let's see what a change in impedance means.

3
@ @

GEN R< RESISTOR GEN zdcoIL

A moment ago, you learned that a certain amount of current (I) will flow through a
resistor connected across a generator. If the resistance varies, the current varies.

For each value of resistance, there will be a corresponding value of current.

The same is true for impedance. Impedance may be viewed as a form of resistance.
Impedance is defined as the coil's opposition to the flow of current. If the impedance
varies, the current varies. And you have just learned that one way to change the im-
pedance is by changing the frequency. It is also true that an increase in resistance or

an increase in impedance will decrease the current flow,

T
O, S

GEN z ﬁ

Visualize that you have a specimen passing through a coil. Let's agree that the speci-

SPECIMEN MOVING THROUGH COIL

.,
AD

men affects the impedance of the coil. If the specimen's properties change, can we

say:
The current flow through the coil will not be affected ..... ce e e e e... Page 5-8
The current flow through the coil willbeaffected ............... ... Page5-9
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Sorry, but you are not right. We asked you if the frequency applied to a coil is changed,
will the coil's impedance change. You said that the impedance will remain the same,

This is not true. The impedance will change.

To determine the coil's impedance, you need two things: (1) the electrical values of

the coil and (2) the frequency applied to the coil. The coil's specific impedance depends
upon the frequency applied to the coil and this impedance will change as the freguency
is changed. That's why we said that if you changed the frequency from 50, 000 c.p.s. to
160, 000 c.p. s. then the impedance will change.

Turn to page 5-6.
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We don't agree. You say the current flow through the coil will not be affected by a
change in the specimen's properties. We say it will, Here's why.

The current will change if the coil's impedance changes., One way to change the iri-
pedance is to place a specimen in the coil. Under these conditions, the coil's imped-
ance will change to a new value and the current flow will stabilize at this new value of
impedance. I now tlie specimen is moved through the coil at a steady rate, the
impedance will remain s;‘,eédy, providing the specimen's properties do not change, If
the specimen's properties do change, that means we get a new value of impedance. In
turn, this means the current flowing through the coil will change, Now do we agree?

Fine!

Turn to page 5-9.
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From page 5-6 5-9

Good: You're right. And you realize that we are getting closer to eddy current
testing when you say that the specimen's properties will affect the flow of current

through the coil, F‘
@ D/ o H, D

d
GEN |

d

D

"\.,_)

-
In fact we can say that we have a basis for detecting changes in conductivity (o),

permeability (u), and dimensions (D). All we have to do is watch the current

indicating device,

We started this chapter by saying that there were three approaches to eddy current

testing,

1, Impedance testing
2. Phase analysis
3. Modulation analysis

Would you say that the testing systera we have been using is based on:

Phase analysis...,...... e e

L]

Impedanceno- ------- L A L O O I I I I T I S T R I e T T T Y Page5—11
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From page 5-9 5-10
You seem fo feel that the testing system we have been using is based on phase analysis,
Sorry but you are wrong. Our testing system 1s based on impedance.

If the impedance changes, the current flow through the coil changes. And we just saw
that the properties of the specimen affect the coil's impedance. Since our system is
based or changes in impedance, we can say that we are performing eddy current testing

by the use of an impedance system. We will cover phase analysis later.

Turn to page 5-10,
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From page 5-9 5-11

We agree. The testing system we have been using is based on impedance.
Phase analysis is a technigque we will cover later and is based on the fact that the

current is not in phase with the voltage.

The concept of impedance applies to any coil and the coil need not be the primary coil.

(o
~ PRIMARY COIL (p)
z
- p C
GEN ™
C-.\_) / SECONDARY COIL (s)
a l
z
s P INDICATOR
C T
-

For example, as shown above, the primary coil can be used to apply current to the
test specimen while a secondary coil can be used to obtain an output indication. The
secondary coil will also have an impedance and this will be affected by the specimens

properties.

When a secondary coil is used, the primary coil induces a current into the secondary
coil. The changing flux within the specimen also affects the current flow in the

secondary coil. The amount of current flow depends upon the impedance of the

secondary coil. And this changes as the properties of the specimen change.

Turn to the next page.
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From page 5-11 5-11A

Now you are ready to start back through the book and read those upside-down pages.

TURN OR ROTATE THE BOOK 180° -~ LIKE THIS

READ PAGE 5-12 AND CONTINUE AS BEFORE.



From page 5-10 5-12

BACKGROUND INFORMATION

Some readers may be interested in the electrical circuits related fo eddy current test
equipment. The following information is presented for these readers and need not be

remembered. If you wish you may jump to page 5-13.

— INDICATOR —
GEN R GEN
| [ _.

VIEW A

© VIEWB

View A illustrates an alternate way to get an cutput indication. In this case the
generator's current flows through two parallel paths. One path is through the test

coil; the other path is through an adjustable resistor. The indication is obtained across
a portion of the resistor. Total current flow depends upon the combined effect of the
coil's impedance and the vah;e of the resistor. If the coil's impedance changes, cur-
reat flow through both the coil and the resistor will change. Since a flow of current
through a resistor develops a voltage across the resistor, a portion of this voltage

can be used to obfain an output indication,

View B illustrates a bridge circuit with curreut flowing through both branches. Resis-
tors R1 and R2 form one branch: resistor R:3 and the test coil form the other branch, .
Note that an indicating device is connected between the two branches. When the current
flow through both branches is the same, the bridge is balanced and no voltage difference
exists between R, and the coil. An output indication is obtained when the test coil's
impedance changes and the bridge becomes unbalanced. Under this condition, a voltage
difference is developed and the indication will denote this change in balance., Resistor
Ry is adjustable and provides a means of initially balancing the bridge when a specimen

is placed in the test coil.

Turn to page 5-13.
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From page 5-12 5-13

The term impedance also applies to coils connected as shown below.

S\ = STANDARD
9 \ J SPECIMEN i
p o L)
p 31
GEN P1 . INDICATOR
-2 2 2\
(2 / / \ TEST
) SPECIMEN
J 7 AV \/

In this case, two setfs of ¢oils are used and the test specimen is compared against a
standard specimen. The secondary coils (S; and S,) are connected together in such a
way that the output of one coil opposes the output of the other coil. If the test speci-
men's properties are the same as the standard specimen's properties, no output
voltage is developed. On the other hand, if the properties are not the same, an output
is obtained. This output is related to the impedance of the coils. If the test speci-

men's properties change, the impedance will change.

Visualize that you have a test setup as shown above, with the specimens positioned in
the coils. No oufput indication is obtained. I you removed the standard specimen

from the test coil, would the impedance across the two coils connected to the output
indication:
RemainunchangEd ----- ....-...--.....--.-.-.-..-.--.....Pages-14:

Challge.. ------- L I I T T T O N N T S T TP PR I S --onPages-15
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From page 5~13 5-14

Your answer is not correct. You said that the impedance would remain unchanged if

the standard test specimen is removed from the test coil, The impedance would change.

An empty test coil has a specific impedance. This impedance will change if a test
specimen is placed in the coil. In the test system we were using, a2 standard specimen
was contained on one coil and a test specimen was located in a second coil. The coils
were connected so that the effect of one coil off set the effect of the other coil. This
was also true with both specimens in the coils. Since the specimen's properties were

the same, no output indication was obtained.

If the standard specimen is removed, the impedances are no longer balanced and an
output will be indicated. Removing the specimen changes the impedance, Got it?

Fine! Let's move on.

Turn to page 5-15.

5330 12(V-1)



From page 5-13 5-156

Fine, you have the idea. The specimen placed in the coil affects the impedance and if

you remove the specimen you change the impedance.

For many eddy current test purposes, impedance testing is adequate; however, it does
have limitations. For example, all specimen effects are reflected in the impedance;

thus, itis no[t posdible to separate conductivity effects from permeability or dimen-

INDICATOR

sional changes.

CONDUCTIVITY
PERMEABILITY
DIMENSIONAL CHANGES

ox a9
Hnn

Of course, for many applications this is not a problem. I the specimen is nonmagnetic
and dimensional changes are minor, then one can say that the impedance changes are
being caused by conductivity changes. A change in the indication means a change in

conductivity.

Visualize that you are using a surface coil on a nonmagnetic specimen. Through a
lift-off control on your equipment and through the use of a spring-loaded surface coil,
you have cancelled out the lift-off effect. The purpose of the test is to measure con-
ductivity. Do you think that you could use impedance testing for measuring the -

conductivity ? -

Yes'..lliiﬂi‘..l...‘.Il‘ -------- ¢ s s 2 & 0 0 .............Pages-lﬁ

NO --.-.....¢--..-o-'.-...-....-'...oco..--.........Page5-1?
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From page 5-15 5-16

Excellent! You have the idea. Since lift-off and permeability are not affecting the

coil's impedance, we can use impedance testing for measuring the conductivity.

As shown below, there are three variables being reflected in the coil's impedanee
which, in turn, appears in the output indication, Earlier you learned that two of

these variables are maghetic and one variable is electrical,

Y A o A Y

L W

INDICATOR HNDICATOR INDICATOR
CONDUCTIVITY PERMEABILITY DIMENSIONAL CHANGE
(ELECTRICAL} (MAGNETIC) {MAGNETIC)

It can be shown that a coil's impedance can be separated into magnetic and electrical
properties. This fact can be used to separate the three variables conductivity,
permeability, and dimensional changes.

coiL
_—— MAGNETIC

"-—..___-_
LECTRICAL
E | __—MAGHETIC
6 SPECIMEN

6 T ELECTRICAL

INDICATOR

To do this, we need to know more about the coil.

Turn to page 5-18.
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From page 5-15 5-17

Your answer "No" is not correct, You should have said "Yes, "

Using a surface coil, you were measuring the conductivity of 2 nonmagnetic specimen.
The lift-off effect was not a factor. And since the specimen was not magnetic,
permeability was not a factor. Under these conditions, a change in impedance was
the result of a change in conductivity. That's why you could use impedance testing

for measuring the conductivity.

Turn to page 5-16.
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From page 5-~16 5-18

If a plece of wire is connected across an alternating current (ac) generator, a current
will flow through the wire. The value of the current will depend upon the resistance of
the wire. Since the wire has resistance, it can be considered to be a resistor. The

letter R stands for both resistance and the electrical component called a resistor.

WIRE
RESISTOR R = RESISTANCE OR RESISTOR
(D) = CURRENT MEASURING DEVICE
——
1 GEN GEN

If now the same piece of wire is wound into 2 coil and connected across the generator,
a different current will flow through the coil. The fact that the two currents are not
the same is caused by something called inductance. The letter for inductance is L.
The coil can be represented as an inductance and a resistance. Note that the wire's

original resistance is still present. Resistance is an electrical property

= I L = INDUCTANCE
GEN GEN

A coil's opposition to current flow is called impedance, Would you say that impedance

is related to:
Only the coil's resistance .. ........ it e et ee s s asssemses.. Papeb-19

Both the coil's resistance and inductance . . . . . . vttt v i i b e e e . Page 5-20
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From page 5-18 5-1%

You have missed the idea. You said that the impedance is related only fo the eocil's

resistance. You should have said that it's related to both the coll's resistance and

inductance.

A coil's opposition to current flow is called impedance, This opposition has two parts.
One part is the coil's resistance; the other part is the coil's inductance. Recall that
the piece of wire had only resistance; however, when it was formed into a c¢oil it also
had a property called inductance. And you knew that the coil was not the same as the

piece of wire because the current flow was not the same.

Turn to page 5~-20,
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From page 5-18 5-20

Naturally you're right. A coil's opposition to current flow is called impedance and

this is composed of the coil's resistance and inductance.

The property of inductance is based on the magnetic field established around the coil
when a current flows through the coil. Without getting into the details, let's look at
this for 2 moment. Current flow generates 2 magnetic field. This field will, in turn,
react on the windings of the coil and will generate an effect that opposes the original
current change, That's why the current through the coil will be lesas than when the
coil is only a straight piece of wire. Keep in mind that an alternating current is being

used and the current is changing.

For our purposes, the important thing to remember about inductance is that it isa
magnetic property and the field around the coil affects the flow of current within the

coil,

When a2 specimen is placed in a test coil, the coil's magnetic field is changed. Would

you say that the specimen affects the coil's:
Induetance . ... i ittt it i i e e e et e e e e Page 5-21

Registance ......cciev e e st s e e s .. Page 5-22
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From page 5-20 5-21
Yes, that's right. The specimen affects the coil through the coil’s inductance. This
is true because inductance is a magnetic effect.

Inductance (L) is a particular property of the coil and is determined by the number of
turns, the spacing between furns, coil diameter, kind of material, type of coil winding,

and the overall shape of the coil. Each coil bas a unigue value of inductance (L).

-

oo K
Y

=7
foen}
VIEWA

In eddy current testing, we are not directly interested in the coil's inductance. What
we are interested in is something called the inductive reactance X1)- This is the
coil's opposition to current flow based on the coil's inductance and is determined by‘

the coil's inductance and the frequency applied to the coil. Xj, = 6.28fL; where f = the'
frequency of the alternating current applied to the coil and 1L, = the coil's inductance.

It is not important that you remember the formula for the inductive reactance and that
6.28 = 2x, Just remember that the inductive reactance is determined by the frequency

as well as by the coil's Inductance.

View A above shows the coil's inductance; view B shows the coil's inductive reactance
Xy The inductive reactance and the coil's resistance determine the total impedance

of the circuit.

In view B, a certain amount of current will flow when the generator frequency is
1,000 c.p.s. If the frequency is changed to 50, 000 c.p.s. the amount of current will

change. The factor that is causing the change in current is the coil's:
Inducta.nce L R L I P T I A S ] L I N S Page5-23

Inductive reactance .. ... e e e e e et et e e Page 5-24
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From page 5~20 5-22

Incorrect. The specimen is affecting the coil's inductance, not its resistance.

Inductance is a magnetic property; resistance is not. As you saw, a straight piece of
wire has resistance, and this atill exists when the wire is formed into a coil. Induct-
ance, on the other hand, only exists when the wire is formed into a coil. Under this

condition, a magnetic field is established and is related to the coil's inductance, The

specimen, through the coil's field affects this inductance.

Turn to page 5-21.
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From page 5-21 5-23

You said that the factor that is causing the change in current is the coil's inductance.
You should have said the inductive reactance.

A current change is caused by a change in the opposition to current flow. There are
two sources of opposition: the coil's resistance and the coil's inductive reactance.
This reactance is determined by the coil's inductance and by the frequency applied to

the coil.

Note that for a given coil, the coil's resistance is constant, This is also true for the
«coil's inductance. What changes is the coil's inductive reactance Xy). Anmd Xy =
6.28 fL.

Turn to page 5-24.
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From page 5-21 5-24

Right! The factor that is causing the current change is the coil's inductive reactance.
The coil's inductance is a constant. It's the coill's inductive reactance that varies with

frequency.

Xy e

| GEN

However, the coil's inductance is not always constant. It depends upon what's
happening in the coil's magnetic field, For example, if a specimen is placed in the
coil the current flow will be changed. Note we didn't change the frequency so this

means the inductance must have changed.

Now let's add up our facts. To learn something about a specimen, we need a current
change. A change in the coil's impedance will cause a change in current, The coil's
impedance consists of two parts. One part is the coil's resistance; the other part is
the coil's inductive reactance. If this inductive reactance (X;) changes, the current
changes. The inductive reactance has two variables of interest {o us. Either one can
cause a change in impedance. One variable is the frequency applied to the coil; the -

other variable is the coil's:

ReSiStaI].Ce. ----- R S A I R I T T T S I SRS SR R O R I T I I ] Pag35"25

In-d-uCtance D e A T R N I P&ges-ze
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From page 5-24 5-25

Perhaps you misunderstood the question. You said "resistance.!" The correct answer

is "Inductance.

We were talking about the inductive reactance and said that it had two variables of
interest to us. One variable is the frequency applied to the coil; the other variable is

the coil's inductance. Resistanee is not a part of the inductive reactance.

Turn to page 5-26.
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From page 5-24 5-26

You said "inductance'' rather than "resistance' and you are right. The inductive
reactance has two variables (inductance and frequency) and either one can change the

inductive reactance which in turn will change the impedance.

BACKGROUND INFORMATION

It's not necessary for you to remember formulas; however, it might help you under-

stand where we are by noting the following relationships.

SN N N

Z = IMPEDANCE v
@ I=7

on
)

GEN

f = FREQUEKCY
When an alternating voltage (V) from the generator is applied across a coil, an

alternating current (I) will flow through the coil. The coil's opposition to this current
flow is called impedance (Z}, If you knew the value of Z and the voltage (V), the
actual current value could be calculated by the formula shown above. (I = V/Z). The

impedance can also be calculated by the formula shown above.

COiL L R L R
W = A rfA = TTO—ri
‘ L = INDUCTANCE Xp = INDUCTIVE REACTANCE
R = RESISTANCE Xy = 6,281
f = FREQUENCY

Impedance, we have seen is made up of two factors: the coil's resistance (R) and the
coil's inductive reactance (X;,). The inductive reactance, in turn, is determined by
two variables: frequency and the coil's inductance. Changing either the frequency or

the coil's inductance (L) will change the inductive reactance.

And finally, we have learned that the inductance (L) will change if the magnetic field

around the coil is changed.

Turn to page 5-27.
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From page 5-26 5~27

When the impedance method of eddy current testing is used, three variables can appear
in the output indication and it is not possible to know which variable is causing a change

in indication.

L~
~ ~ [

5 / / / / ~———— COHDUCTIVITY —— -

I/ PERMEARILITY —

- FILL-FACTOR
i {DIMENSIONAL GEN
‘_@ CHANGES)
- LIFT-OFF EFFECT ——=

SPECIMEN

GEN

For example, when the specimen is placed within the coil, three variahles can cause a
change in the current through the coil. If fwo variables are constant, then we can
assume that the third variable is causing the change. If the specimen is non-magnetic,
the permeability variable is eliminated or can be considered to be a constant and only
conductivity and the fill-factor (dimensional changes) can affect the output indication.
When the surface coil system is used, the lift-off effect takes the place of the fill-

factor. -
In making the decision to use impedance testing, one must realize that:

Impedance‘testing can separate the variables ... .... teesessaese. . Pageb-28

Impedance testing cannot separate the variables ..., ....... s esess. Pageb-29
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From page 5-27 5-28

You missed that one when you said that impedance {esting can separate the variables,
That's the limitation on impedance testing. Impedance testing cannot separate the
variables of conductivity, permeability, and coupling factors such as fill-factor and

lift-off effects.

Impedance testing is a gross approach. You only know one thing. The impedance has
changed. You don't know what has caused that change unless you assume that certain

variables are constant.

Turn to page 5-29.
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From page 5-27 5-29

We agree. Impedance testing cannot separate the variables. This may or may noi be
a problem. It depends upon the test situation.

I we are inspecting a nonmagnetic specimen, permeability is not a factor; therefore,
we reduce our variables to two: conductivity and dimensional changes for a specimen

in a coil; and conductivity and 1ift-off for a surface coil arrangement.

Of course, if we are using a specimen within 2 test coil, we use guides fo keep the
fill-factor constant; but this does not cover actual changes in the dimension of the rod
(specimen). Under some condifions, the dimensional changes may be so small com-
pared to conductivity changes that we can disregard the dimensional changes. In other
cases, the discontinuifies may be so small that the resulting change is small., I the
dimensional change is also present, this may override and mask the discontinuity ’
change. Under such a condition, impedance testing would not provide adequate inspec-

tion results.

Since impedance testing does not separate the variables, zlternate methods must be

used, As you recall, we have three methods or approaches.

1. Impedance testing
2. Phase analysis

. 3. Modulation analysis

Let's look into the phase analysis approach.

Turn to page 5-30,
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From page 5-29 5~-30

We started this chapter with a generator which supplied an alternating voltage and
current. Then we learned that this current (I) will flow through an external circuit at
a rate that is determined by the external circuit. I the external circuit is a coil, then
the opposition to current flow will be an impedance (Z) which will change if the genera-
tor's frequency is changed or if the magnetic field around the coil is changed. Testing

through a change in impedance we have called impedance testing.

P
n
Nj<

i

VOLTAGE
EEH I Z = IMPEDANCE

| eEN v
I 1 CURRENT

You have learned that the disadvantage of impedance testing lies in the fact that it can't
separate the variables. All we get is a change in current (I) as the impedance changes,
Since we are measuring a quantity (current) and getting specific values of current,

impedance testing is sometimes called impedance-magnitude testing.

To separate the variables, we need to find another relationship. Such 2 relationship

exists between the voltage (V) and the current {I), Our original relationship was be-
tween the current (I} and the impedance (Z) and we saw that the current changed as

the tmpedance changed.

alad

At the beginning of this chapter we learned that the voltage (V) alternates above and

below a center value and this occurs over a period of time. As the voltage changes,
the current also changes. If the current rises and falls with the voltage over equal

increments of time, we say that the current is:
In phase with the voltage . . ... . e e e s e e e e e e e Page 5-31

Out of phase with the voltage .. .......... G h et ¢++. Pagej5-32
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From page 5-30 5-31

Right! When the current (I) rises and falls in time with the voltage (V), we say that

the current is in phase with the voltage.

v
9 “%
W 3 - - .
. d A
™™E . TieE
Y AND | N PHASE V AKD | DUT OF PSMSE

Phase analysis is based on the fact that the current (I) is out of phase with the voltage
(V) when a coil is connecled across a generator. This phase relationship will change
as the specimen's properties change. To understand how phase changes can be used

in eddy current testing, let's start with a resistor across the generator.

—"\IJ ,\iJ - f VEY, 4V

GEX | "\ v $ R = RESISTOR e \Uv .._.# -
‘ 5

When 2 resistor is used across the generator, the current will be in pnasé with the

voltage. It can be shown that this relationship also is true when two resistors (R, and
Ry) are used in place of only one resistor. Current flowing through a resistor causes
a voltage to appear across the resistor. Thus resistor Ry will have a voltage (V)
across it; the same is true for resistor Rp. The sum of the two voltages (V1 a.nd Vo)
will equal the voltage of the generator. These two voltages will also be in phase with
the current. It is also true that these two voltages will be in phase with the generator's

voltage.

Befcre we consider the phase relationships in a coil, it's important to recognize that

when only resistance is in the circuit, the current will be:
Out ¢f phase withthevoltage . . .. .. ... . ... ... ... 0.0 u... .. Page 5-38

Inprzse withthevoltage . . . .. .................... be e e Page 5-34
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From page 5-30 5-32

You're wrong when you say that the current is out of phase with the voltage when the
current rises and falls with the voltage over equal increments of time. Actually the

current is in phase with the voltage. Let's look at the idea together,
v
1

aY, Y\ N
GEN | T\ VY l \_/

The generator produces a voltage that rises above and below a center value. This

VALIJES
VALUES

T TIME

occurs over a period of time. One complete rise and fall sequence is called a cycle.
The time required to perform the cycle is the period. And the number of cycles per

second is called the frequency.

As the generator voltage changes, the current changes. Like the voltage, the current
will rise and fall over a period of time. If the current rises as the voltage rises and
falls as the voltage fallg, then the possibility exists that they are in phase. This is
true if they both rise and fall in the same increments of time. Thus we get a picture

that looks like this.

v
Vv AND I
- X - — Bl PHASE
And if they are not in phase, we get a picture like this.
v
! vV a1

‘ v e

Do you think you have the idea now? Good! Turn to page 5-31.
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From page 5-31 5-33

No, you are wrong. When a resistor is connected across a generator, the current will

be in phase with the voltage. You said that it wili be out of phase.

Our problem is to get more information about the Specime:; through the test coil.”
Initially, we used impedance and found that this did not separate the variables. So we
tried to find another relationship., This we find exists between the current (I) and the
voltage (V). When a resistor is connected across the generator, we find that the cur-
rent is in phase with the voltage; this is not the case when we use a coil. And that's
why we have a means of learning more about the variables. The phase relationship

will do something the impedance relationship can't do.

Let's look at this. Turn to page 5-34.
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From page 5-31 5-34

Certainly frue. When a resistor is connected across the generator, the current will

be in phase with the voltage.

Now let's replace the resistor with a coil. And for our purposes, let's also assume”

that the coil does not have any resistance, only the inductance (L).

\J
ColL
- L
0*  90° 270°
[ RESISTANCE
VIEEW A

Inductance has a unique property that opposes a change in current. For example, if a

sudden change in voltage is applied to a coil, the current will not immediately change.

Instead, it lags the voltage. To get a better feel for this, visualize that the voltage
rises above and below a center value as shown in view A. To give us a time base,
let's use a circle with 360 degrees. Then let's agree that the voltage first rises to a
maximum value in one direction. At this point we have used 90 degrees of "our time., "
Now let the voltage fall to the cenfer value (180 degrees) and rise to 2 maximum value
in the opposite direction (270 degrees). And finally let's let the voltage return to the
center value (360 degrees). Visualize that this 360 degree cycle is repeated again and

again, The result is an alternating voltage. —

If we have a means of measuring how the current (I) varies as the voliage (V) varies,
and if we plot this on our tirrne base (360 degrees}), we get the following result, This
shows us that the current (I) is lagging the voltage (V) by 90 degrees. Keep in mind
that the sequence from 0 degrees to 360 degrees is time, Note that as the voltage rises

to a maximum at 90 degrees, the current is decreasing to the center value.

- s //
I Lassvy —-" -
BY

90°

Turn to page 5-33.
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From page 5-34 5~-35

v v
1
— . I LGS v
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VEW 8
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When a resistor is connected across a generator, the current (I) will be in phase with
the voltage (V) as shown in view A. If the resistor is now replaced by a coil, the
current will nc longer be in phase with the voltage. The coil as you have seen has
both resistance and inductance (L). The inductance in turn is expressed as the
inductive reactance (XL) which you have learned is determined by the inductance (L)

and by the frequency applied to the coil. (X1, = 6.28 L)

In some cases, the inductive reactance (XL) is so much greater than the coil's resist-
ance that we can disregard the resistance. Under these conditions, it can be shown
that the current (I) lags the voltage (V) by 90 degrees as shown in view B. It can also
be shown that when the resistance is a significant value (views C and D) the current will
lag the voltage by a value less than 90 degrees. The current lag shown in view D
represents the effect of both the coil's inductance reactance and the resistance. A

change in either value will change the lag between the current and the voltage.

If a change in the coil's magnetic field is made by the presence of a specimen, will the

lag between the current and the voltage:
Change ooooooooooo L I L R I I L R Y T T A LI I T R IR Page5—36

------- L I R I T R T Pag95—37
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From page 5-35 5-36

Fine! You have the idea. If the coil's magnetic field is changed by the presence of a
specimen, then the coil's inductance changes. This, in turn, changes the lag between

the current and the voltage.

In eddy current testing, our problem is to get more information out of the test coil.
You have seen that with impedance testing, all we get is a change in current. This
change is based on the fact that the coil's impedance varies and this causes the current

to change.

-/

I V, = R
Ry vlr}_, 1 1

————d
GEM AW,

- T

|
R v
A 2(-|\J VZR‘RZ
e o e

To see how we can get more information from a test coil, let's return to the case where
we have two resistors connected across a generator. We learned that the current flow
through a resistor will cause a voltage to exist across the resistor. The actual voltage
across the resistor is the product of the specific value of the resistor and the current
flowing through the resistor. Or we can say that Vy = IR; and Vo = IRg. The sum of
the two voltages (V, + Vy) will equal the applied voltage., Also note that the two
voltages will be in phase with the applied voltage (V).

V.
1 Vl ?
———
. -

| 2 Vo BVOLTS
R

GEH | 10 YOLTS

In the above figure, 10 volts is applied across resistors R; and Ry and a voltage of

8 volts is measured across resistor R,. The voltage across Ry is:
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From page 5-35 5-37

Sorry, but you are not right, You said that the 1ag between the current and the voltage
will remain the same when the coil's magnetic field ié changed by the presence of a
specimen. This is not true. If the field changes, the coil's inductance will change.
This change will also cause the inductive reactance (Xp) to assume a new value. Since
the current l1ag is determined by the coil's inductive reactance and the coil's resistance,

the current lag will change if the inductive reactance changes.

The fact that the lag between the current and the voltage changes as the magnetic field
around the coil changes provides a basis for separafing the variables in an eddy current

testing system.

Turn to page 5-36.
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When you said '"18 volis' you missed the concept. Let's take another look at the

concept.

GEN 10 VOLTS vV, = 10-8=2

In the above figure, 10 volts is applied across resistors Rl and Rz and a voltage of

8 volis is measured across resistor R,. The voltage across R, is 2 volts (not 18 volts).

When the circuit connected across the generator contains only resistors, then the-
voltages across the resistors will add up to the voltage applied across the circuit.
This means that the voltage across R, must be the applied voltage (10 volts) less the

voltage (8 volts) across resistors Rz‘ That leaves 2 volts, doesn't it?

Turn to page 5-39.
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Your answer of 2 volts is correct. The voltages across the resistors must add up to

the value of the applied voltage; thus, we get 10 ~ 8 = 2 volts,

Now consider the case where a coil replaces one of the resistors. Again we get two
voltages; one across the;, resistor (R) and one across the coil, This time, however, the
voltages do not add up to the applied voltage. And the reason for this lies in the fact

that the voltage across the coil leads (not lags) the voltage across the resistor. Or we

can say that the two voltages are out of phase.

“ 7 -
l1 Vl L Vl
GEHN v :::: GEN v ..Z::
S| s
XGTE
VRV +V, . VEY, +V, ¢ <
KOV EGuAL

The fact that the voltage across a coil (or the inductance within the coil) is out of phase
with the voltage across a resistor provides the basis for phase analysis and also pro-
vides 2 meansa of separating the variables. Before we get into this, -let's stop for a

moment and look at a cathode ray tube (CRT).

SCREEW
YATH
WAVEF OR1

CATHOGE RAY TUEE

ot

In eddy current testing, you will frequently be using a cathode ray tube and will see a
waveform on the CRT screen. This waveform will change its shape' and will shift back
and forth, To properly interpret these indications, you need to understand how wave-

forms are changed. Many of these changes are based on the fact that the voltage across
a coil (L) is:

In phase with the voltage acrossaresisior . ... ... .vcveevsve v, Page 5-40

Out of phase with the voltage acrossaresistor ., .......v........, Page5-41
533012(Y 1)



From page 5-39 5-40

Not true. The volfage across a coil is not in phase with the voltage across the resis-
tor. You should have recognized the fact that the voliage across a coil is out of phase

with the voltage across the resistor.

[

You just saw that the voltage across the coil and the voltage across the resistor do not
add up to the voltage applied across the coil and the resisior. The reason for this lies

in the fact that the two voltages are out of phase, Let's logk into this a little further.

" Turn to page 5-41.
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Correct! The voltage across the coil is out of phase with the voltage across the

registor. Let's take a look at this.

Before we put the coil and the resistor together in the same circuit, let's recall thé
fact that the voltage and current are in phase when only a resistor is in the circuit.

This is shown in view A,

Vo . . VR = VOLTAGE ACROSS RESISTOR
(1)
vris T - r
Ki PHASE
o ~- >
“'IT N GEN !3 Va

VIEW A

Then let's look at the case where only a coil is in the circuit., We will assume that the
coil does not have any internal resistance. Earlier you learned that a coil causes the
current through the coil to lag the voitage applied across the coil. If no resistance is
present, the lag will be 80 degrees. This is shown in view B. Another way to say this
is to say that the current and the voltage are out of phase and the phase difference is
90 degrees. We can also use either the voltage or the current as a reference. For
example, we can gay that the current lags the voltage or we can say that the voltage
leads the current. View B illustrates the case where th=z current is the reference;
thus in looking at this view you would say that the voltage leads the current. Note that
the voltage is at a maximum value when the current is at the zero position at the start

of the current cycle. Vi = YOLTAGE ACROSS COIL

VL 1S }_

ouT OF GEN L L
PHASE _L
WITH -

I
g 4——/
L ]
360 VIEW B

Turn to page 5-42.
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From page 5-41 - 5-42

The following figure shows a c¢oil with no resistance connected in series with a
resistor which is external to the coil. Note that the voltage across the coil (represented
by L) leads the current through the coil by 90 degrees while the voltage across the

resigtor (R) is in phase with the current.

NO RESISTANCE

W COiL VL LEADS 1 BY 90°*
(D— / vy
_..__T I /
L L N—— o
}_ 90°
- 1
GEN ___T V‘
3 %\
\ EXTERHAL
RESISTANCE

Since the current is common 1o both the coil and the resistor, it 18 possible to use the
current as a point of reference. I we do this, and if we show both voltage waveforms
on the same graph, then we can see that the voltage across the coil leads the voltage

across the resistor by 90 degrees.

*

Vi LEADS Vg
BY
90°

Turn to page 5-43.

5330.12(V 1)



From page 5-42 5-43

You have just learned that the voltage across a coil leads the voltage across a resistor
by 90 degrees. We assumed that the coil did not have any resistance. Now let's throw

away the external resistor and recognize that a coil does have resistance (R).

T Fan
3r COML WTH W= cowL's
%0 IADUCTIVE
RESISTANCE X REACTANCE
GEN GEN
EXTERMAL coiL's
RESISTOR K RESISTANCE
VIEW A VIEW B

In view B, a coil and a resistance {(R) are shown, The coil represents only the coil's
inductive reactance (XL). Recall that XL = 6,28 fL; where f is the frequency of the
generator voltage; and where L is the inductance of the coil. Inductance, as you learned,

is the property.of the coil which opposes a current change and causes the voltage to lead

the current.

Visunalize that it is possible to measure or ohserve the voltage across the coil's
resistance separately from the voltage across the coil's induetive reactance ('XL). It
this is done, you would find that the voltage acts just like the voltage across a resistor
outgide the coil. In like manner, if the voltage across the inductive reactance (XL) were
measured separately from the coil's resistance, you would find that this voltage acts
like the voltage across a coil with no resistance. Because this is true, we can say that

the voltage across the inductive reactance (XL) is:
Out of phase with the current flowing through the coil. . ... ..

In phase waith the current flowing throughthecoil ........ ]
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From page 5-43 5-44

Good! You got the point. The voltage across the coil's inductive reactance (XL) is out
of phage with the current flowing through the coil. Actually, the voltage leads the

current by 80 degrees. A lead of 90 degrees only occurs, however, if no resistance is
in the circuit. In the practical situation, resistance is always present; so the lead will

be less than 90 degrees. We will get to this in a2 moment.

@

N2/ ___r-—.
COIL'S INDUCTIVE XL Vi | VOLTAGE LEADS CURRENT
REACTANCE h
GEN :*::."_‘ =
COIL'S RESISTANCE . , z vmo%;zs{; ‘I!SE" mr PHASE
S

In the above view, the coil is shown as an inductive reactance (XL) and a resistance
(coil's resistance). Note that the current flows through both values, You have just
seen that the voltage across the inductive reactance (XL) leads the current (I). And
previously you learned that the voltage across the resistance is in phase with the
current, Since the current is common to both values, this means that the voltage

across the inductive reactance (XL):
Is in phase with the voltage across the resistance . ................ Page 5-46

Leads the voltage across the.resistance. . . . .. v o v r v v it er v evnnnn . Page 5-47
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From page 5-43 5-45

Your answer is wrong. You said that the voltage across the inductive reactance (XL)
is in phase with the current flowing through the coil. The opposite is true. The voltage
across the inductive reactance (XL) is out of phase with the current by 90 degrees and

actually leads the current.

The inductive reactance (XL) of the coil acts like a coil without resistance. And such
a coil, you just saw, has a voltage that leads the current by 90 degrees. Or we can say
the current lags the voltage by 90 degrees. The following figure applies to both a coil

without resistance and the inductive reactance (XL).

CoH.
WITHOUT
RESISTANCE

COiL'S
RESISTARCE

Turn to page 5-44.
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Incorrect! The voltage across the inductive (XL) leads the voltage across the coil's

resistance. You said that the inductive voltage was in phase with the resistance's

voltage.
Vl LEADS \I’2

1)

-
ng V1
.
GEN _
]
Ré Vz
__ i

XL = COIL'S INDUCTIVE REACTANCE

R =COIL'S RESISTANCE

The above figure illustrates the voltage conditions. Note that the current (I) is common
to both the inductive reactance (XL) and the coil's resistance. As you remember, the
inductive reactance voltage leads the current while the voltage across the coil's resist-
ance is in phase with the current, Since the current is common t;th the inductive
reactance a.nd the resistance, it is possible to use the current as a point of reference
for both voltages. When this is done, you can see that the voltage across the coil's

inductive reactance (XL) leads the coil's resistance (R).

Turn to page 5-47.
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Right again! The voltage acrosgs the inductive reactance (XL) leads the voltage across

the coil's registance.

METER A

GEN 3 Z = IMPEDANCE METER GEN CHAMGES

METER

Before we move on with the idea of phase analysis, let's review your progress. We
started with impedance testing and learned that impedance was the coil's opposition to
current flow. Since the coil's impedance is affected by a specimen, it is possible to
learn something about the specimen through changes in impedance. These impedance
changes produce current changes which can be indicated on a meter. Unfortunately,

since the three variables of permeabilily, dimensional changes (or lift-off effects), and

conductivity all affect the impedance, it is not possible to determine which variable is
producing a change in a given test situation. A change min meter indication simply means

that the impedance has changed.

To get more information from the test coil, we use a cathode ray tube (CRT) zind
observe an indication on the CRT screen. This indication will change if the impedance
changes. What's important to us, is thaf through the CRT indication it is possible to
separate the varisbles. This is based on something called the impedance phase angle,
If this angle changes, the waveform moves and that's the basis for phase analysis.

Let's see what this means.

Turn to page 5-48.
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From page 5-47 5-48

Jl\

A\
COIL'S
IHDUCTIVE
REACTANCE L g ViTIX
GEN —_— _..l
COIL'S R V. =1
RESISTANCE f
360°

P VIEW A

In a practical circuit, impedance is a combination of both the inductive reactance and
the coil's resistance. A circuit with only the inductiv_e reaciance and with no resistance
does not exist., This means that the waveforms shown in view A are nol co1:rect. R is
true that the voltage V 1 will lead the voltage Vz but this lead will be less than 90
degrees because resistance also exists in the circuit.

v
1 :
VOLTAGE IMPEDANCE

GRAPH p  GRAPH

X

90°

i
1
I
i
2 o X R
VIEW B
This can best he understood by using a graph which shows voltage V1 perpendicular

R

{90 degrees) to Vz. The voliage V1 is the voltage acrose the inductive reactance and is

obtained by inultiplying XL by the current (I). In like mamner, V2 =IR. Since the

current (I) is common to both terms, this can be removed and the graph can present
only the inductive reactance (XL) and the resistance (R). Note that these would be

shown as 90 degrees apart.

In a practical circuit, both XL and R would have real values., For a given circuit, the

values for XL and R can be located on a graph and these two points extended to a point
of intersection as shown 1n view B. This point defines the impedance of the circuit.
The length of OP is the actual value of the circuit's 1mpedance (Z). This could also

have been calculated as follows:

2 2
= XL + R

Turn to page 5-49.
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From page 5-48 5-49

We have moved rapidly over severzl ideas so that you could see how these ideas are
interrelated. Now let's break these ideas info smaller pieces. As we do so, keep in

mind that our objective is fo understand what we see on the cathode ray tube.

L v
2 2
X + R
=V X

I P z

| X 4 y=X

L.
v ! L PHASE

| ANGLE

0 L R

Impeda.nceais the total opposition to the flow of current and is composed of two values:
the coil's resistance (R} and the coil's inductive reactance (XL). Because of the
voltage relationships of these two values, we can represent the two values in a graph
and show that they are 90 degrees apart. The actual impedance of a circuit is some

combination of these two values.

One way to determine the impedance is to calculate the value. This formula is based

on the relationships of the sides of a right triangle as shown above.

Another way 15 to locate the given value of the inductive reactance on the vertical scale
of the graph and the given value of the resistance on the horizontal scale, The value on
the vertical scale is then extended to the right while the value on the horizontal scale
is extended upwards. The intersection of the two extensions gives us 4 point. A line
drawn from this point to the start of the vertical and horizontal scales (point O) gives
us the actual value of the impedance. This line can be related to a scale that gives us

the real value in the same way that the caleulated value was a real value.

Note in the above figure that the three values form =2 triangle with angles. Also note
which angle is called the phase angle., Do you think this angle will change if the

impedance changes?
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From page 5-49 5-50

Sorry. You don't quite have the feel for the phase angle. You said that you didn't think
the phase angle would change if the impedance changes.

L 4 X
A m .

R R R

Impedance is a combination of the inductive reactance (XL) and the resistance (R).

Either of these two values can have many specific values., For example, X_ may be

L
high, while R is low. Or, on the other hand, the inductive reactance (XL) may be low

and the resistance (R} can be high. For each set of X_ and R values, a unigque phase

L
angle will exist. Note the three examples shown above,
That's why you should have recognized that the phase angle will change if the impedance

changes. After all, impedance is a unique combination of XL and R,

Of course, you might feel that both XL and R could change at the same time and the
specific values might keep the phase angle unchanged. You would be right; however,
in a practical circuit this is very uncommon. For example, if R is the coll's re-

sistance, this is 2 fixed value; thus the phase angle must change since only XL will

change.

Turn to page 5-51.
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From page 5-49 5-51

Very good., You recognized that when the coil's impedance changes, the phase angle
changes.

X X
GEN
PHASE
ANGLE
R
R

H's important for you to get a feel for how this phase angle can be changed. For a
given value of XL and R, a definite phase angle will exist. X the inductive reactance
(XL) increases, the phase angle increases. In fact if we didn't have any resistance,
this phase angle would be 90 degrees, wouldn't it? Of course, since resistance is

always present, the phase angle will be something less than 90 degrees.

Naturally, some test coils may not have very much inductive reactance (XL) so this
means that XL is small, The result is a small phase angle. Or one can say that the
current lag in the circuit is small, Recall that it is the coil's Inductive reaciance which

causes a current lag.

Visualize that a specimen is passing through a test coil. Do you think that the .

specimen's properties:
Will not affect thephaseangle .. ...... ... v teteaseaes.. Pageb-52

Will affect the phase angle. .. ...... .. C ot e et e e e «+.. Pageb5-53
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You seem to have forgotien an important point when you said that the specimen's

properties will not affect the phase angle.

The phase angle depends upon the ceoil's inductive reactance (XL). This reactance, in
turn, is changed by the properties of a specimen, So if the specimen's properties
change, then the inductive reactance (XL) will change. And you just learned that a

change in the inductive reactance will change the phase angle.

You should have said that the épecimen‘s properties will affect the phase angle.

Turn to page 5-53.

5330 12 (V-1)



From page 5-51 5-53

Certainly true. I the specimen's properties change, the phase angle will change. Now

let's see what this means in terms of phase analysis.

v

)
4 1

SPECKMEN

N [ L. . R

Z
! ° L] L L]
u %0° lgo®*  270* 360"
VIEW A VIEW 8

View A shows a test coil connected across a generator, The voltage is across the
generator's alternating ocutput voltage. This voltage will cause an alternating current
to flow through the test coil, Since the coil has inductance, the current will lag the

generator voltage by some phase angle. It can be shown that this angle is the im-
pedance phase angle,

In view B, we see the generator voltage (V) and the current (I) flowing through the
circuit. Note that the current lags the voltage. let's say that this is 45 degrees,

This is the impedance phase angle.

VIEW C b

In view C, the current (I) which is shown in view B is shown on a cathode ray tube.

The waveform 1s positioned so that haif the waveform is on each side of a vertical line
on the cathode ray tube's screen. If we told you that this waveform will shift sideways
(either right or left) if the phase angle changes, then do you feel that the waveform will

also shift sideways if the specimen’'s properties change:

4T et et e e e e Page 5-54
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From page 5-53 5-54

Yes, you're right. If the specimen's properties change, the waveform on the cathode
ray tube (CRT) will change. |

T\
D 1 X,
GEN ‘
ﬁ' R
GEN

Ld

VIEW A

CRT
METER PHASE ANALYSIS

IMPEDANCE TESTING
Note that we now have two ways of observing changes in a specimen's properties.

View A illustrates the impedance testing approach. In this approach, we get a meter
indication which tells us how much current is flowing through the circuit. This value

will change as the coil's impedance changes.

In view B, we use the phase analysis approach. Here we are not interested in the value
of the current. Instead, we are concerned with the shift in the waveform for this tells

us that the phase angle has changed.

Perhaps you are wondering why you need to understand the phase analysis approach. ¥
you recall, our problem was to separate the variables; permeability, dimensional
changes (or lift-off), and conductivity. And we could not sclve our problem with
impedance testing, With phase analysis, we can solve this problem and the solution is-
based on the fact that conductivity changes parallel resistance in the coil while perme-

ability and dimensional changes parallel the inductive reactance (XL).

PERMEABILITY {a
X, DISEHSIONAL CHAKGES
APPROXISATELY
990* 90°
P\ DEGREES

CO R SPECHY CEREDUCTIVITY (@)

Turn to page 56.
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You said "No." The correct answer is "Yes" o the question do you feel that the

waveform will also shift sideways if the specimen's properties change.

View A shows an impedance angle of 45 degrees. This angle will change if the
inductive reactance (XL) changes. Earlier you learned that XL can be changed if the

specimen's properties change,

In view B, you see the current (I} lagging the voltage (V) by 45 degrees and, of course,
this is the Impedance phase angle. The waveform will shift to the right or to the left
as the phase angle changes.

View C puts the current waveform in view B on a cathode ray tube (CRT). CRT circuits
permit us to position this waveform so that the center of the wave (180 degree position)
is aligned with a vertical mark on the CRT screen. As you recall, you learned that
this waveform will shift to the right or to the left on the screen if the phase angle

changes.

Since you know that the phase angle will change if the specimen's properties change,
you should also realize that the waveform on the CRT will change if the specimen's
properties change.

Turn o page 5-54.
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From page 5-54 5-56

In phase analysis, the output indication is often taken from the secondary coil as shown

below,

GEN d PRMARY COIL (Py)

p

‘ SECONDARY 4
| con. oUTPUT
(sy)

The primary coil (P 1) is used to apply a magnetic field to the rod. This field will

induce eddy currents into the rod and wili also induce currents into the secondary

coil (S 1). The flow of eddy currents in the rod will generate a magnetic field which
will affect both the primary and secondary coils. The resulting current flow in the
secondary coil (S 1) is therefore the result of the primary coil field, the eddy currenis,

and the impedance of the secondary coil.

)

GEN g Py

A
15 ¥ {
S3CE
A *

|

In the above view, the secondary coil's current is passed through a resistor. You havei
learned that a current flow through a resistor will generate a voltage across the resistor.
This voltage (V) will be the product of the current (I) and the value of the resistor {R).

Or V =1IR. The voltage across the resistor can be applied to a cathode ray tube (CRT)

for observation. Is this voltage:
Out of phase with the current through the resistor

In phase with the current throughthe resistor. . ... ... ... v v vt v v Page 5-58
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From page 5-56 5-57

You have forgotten a point that you learned previously. You said that the voltage across

a resistor is out of phase with the current flowing through the resistor. Look at the

following figure.
NO RESISTANCE Vi LEADS | BY 90°
L
) W oL v {OUT OF PHASE)
g e
. 90°
GEN Vo
__..1. Vi IS W PHASE WITH §
>
'3 !A
< _L - - P
\EXTERHAL :
RESISTANCE

Note that a generator is applying a voltage through a coil with an external resistor.
The voltage across the coil leads the current by 90 degrees (out of phase with the

current), The voltage across the resistor is in phase with the current. That't why
you should have said that the voltage in the previous question was in phase with the

+

current through the resistor.

Turn fo page 5-58.
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From page 5-56 5-58

That's right. The voltage across the resistor is in phase with the current flowing
through the resistor. And the voltage waveform shown on the CRT can be viewed as

the current waveform flowing through the resistor.

3
GEN (____)P.1
' (T s
'~| h LY, )\ i ¥ <
s VOLTAGE 2. VOLTAGEE:
r, 1 ACROSS CO.S ™ ATCRT ] CRT

In the above circuif, the voltage across the resistor (R) is the voltage applied to the
cathode ray tube {CRT). Note that the secondary test coil (S 1) is also connected
across the resistor. This means that the voltage across the coil is the same as the

voltage applied to the CRT.

You have learned that a coil consists of an inductive reactance (XL) and a resistance
(RL = ¢oil's resistance). And we have seen that when a current flows through either

the inductive reactance (X L) or the coil's resistance (RL) a voltage is developed. For

the inductive reactance, this voltage {V 1) is equal to the product of the current and the

inductive reactance. Or we can say that V 1 =IX In the same way, we can say the

L

voltage across the coil's resistance is V2 =1R Since these two voltage are out of

L’
phase by 90 degrees, it is not possible to simply add the two voltages to obtain the
total voltage across the coil. Instead, a special method must be used to add these

voltages (we cover this in a moment).

{1)
I =&/
XL VI = le
s VOLTAGE
1 - r AT CRT
Ry Vo =Ry l

Turn to page 5-59.
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g N
é I —¥
A v?-%
5 Y vevEev2
.L§ Vo=
VIEWA

Since the voliage across the coil is the voltage applied fo the cathode ray tube (CRT), it
is interesting to see how this voltage is obtained. View A shows that this voltage (V)
consists of two values (which are out of phase by 90 degrees). The actual voltage
across the coil can be calculated by the formula shown above. Of course, you would

need to know the amount of current (I) and the values XL and R

. L.
Vi
Vi
eV

t_-, viEw 8 ¥ ! vizw e
3L oo |
v 1

SCALE 2 0 X Y2

An alternate way would be to use two scales positioned as shown in view B. For a
given current (I), V 1 and V2 would have specific values. For example, Vl could have
a value that could be the distance OY on the scale shown in view C. In like manner,
V2 could have the value shown by distance OX. If these two values were extended as
shown in view C, the point of intersection (point V) would represent the combination
of the two voltages. The distance OV could then be compared to a scale to determine

its actual voltage.
Would you say that the voltage V (distance OV) in view C:
Is the voltage applied to the cathode ray tube

Is not the voltage applied to the cathode ray tube ... .. .
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From page 5-69

5-60

Of course, you're right. The voltage V (distance OV) in view C ig the voltage applied
to the cathode ray tube.

HAC)
T
B V1 .
__,t_ a?
RL Vz .

VIEW A

Q

Since the current in the secondary coil is an alternating current (AC), the voltage

developed across the resistor is an alternating voltage. Thai's why you see an

alternating voltage in the CRT shown view A, In the example we used, a2 single point

on the waveform shown on the CRT was selected as illustrated in view B.

Ancther way we can look at this concept of showing a point on a waveform as two

separate voltages is described as follows:

Or we can work the other way. I we knew every voltage value for X

Select a point on the waveform.
Show this point on a graph with

Vl and V2 scales,

Extend the point horizentally to

get the value of Vl'

Extend the point vertically to

get the value of V2'

The value OY is the voliage across
the inauctive reactance (XL).

The value OX is the voltage across

the coil's resistance.

and R ve e
LO T On

complete cycle of alternating current, we could plot the curve shown on the cathode

ray tube,

Turn to page 5-62.

3330 12¢v 1)



From page 5-59 5-61

Something happened that time for you should have recognized that the voltage V
(distance OV) in view C is the voltage applied to the cathode ray tube.

The distance OV in view C is the result of adding the voltages across the coil's
inductive reactance (XL) and the coil's resistance (R, ). The fotal voltage (V) added in
this special way (through view C) is the voltage applied to the cathode ray tube.

Return to page 59, read the page, and fry the question again.
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From page 5-60 5-82

A cathode ray tube (CRT) is a device which displays dots of light when particles of
electricity (electrons) strike the CRT's screen. The elecirons are generated at one
end of the fube and pass through the tube fo the screen. The material on the screen will
display a dotf of light when the electron strikes the screen and the display will continue

for a short period of time before it disappears. Thus it is possible to get a pattern of

and to see a waveform_. VERTICAL PLATE
HORIZOMTAL
- PLATE HORIZOWTAL PLATE
CRT VERTICAL PLATE

The position of a dot of light is changed by vertical and horizontal plates within the tube.
These plates affect the electrons as they pass through the tube. The vertical plates
move the dot up and down while the horizontal plates move the dot sideways (left to

right as you observe the screen).

2

N
o 3
ZCRT
TIRANG
ONE _ -
CYCLE B e B VOLTAGE
If one cycle of alternating voltage is applied to the CRT, a vertical line will appear on

the screen. To get the dots to move across the screen, a second voltage is applied to
the horizontal plates. This voliage will move the dots across the screen at a steady rate.
The voltage i normally called a timing voltage or sweep and can be set to have a time
perlod which is the same as the period of the alternating voltage applied to the vertical
plates. Aperiodis thetimerequired to complete one eycle, Circunits within the CRT pro-
vide 2 means of blanking out the screenafter one cycle so that the cycle can startagainat

the left side of the screen. In this way you canget a continuons picture of one waveform.
The input to a CRT is a series of identical cycles. What you see on the CRT:
Is one cycle of the alternating voltage applied to the vertical plates ., ... .. Page 5-63

Is an alternating voltage applied to the vertical plates and displayed

as one complete cycle of the allernating voltage .. ............. .... Page 5-64
® 533012(V1)



From page 5-62 5-63

You are not right, The input to the CRT is a series of identical cycles. You said that
you would see one cycle of the alternating voltage applied to the vertical plates. This is
not true. What you actually see is an alternating voltage applied to the vertical plates
and displayed as one complete cycle of the alternating voltage.

Look at it this way. A series of identical cycles is being applied to the vertical plates.
When the first cycle is applied, this is displayed on the screen. Remember that the
horizontal plates through the timing voltage move this pattern of dots across the
screen. After one complete cycle, the timing voltage jumps back to the left side of
the screen and starts a second movement across the screen at the same time as the
second cycle is applied to the vertical plate. This happens again and again. That's

why : : one complete waveform continuously displayed on the screen.

Tur se 5-64.
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From page 5-62 5-64

Again you're right. The input to the CRT vertical plates is a series of identical
voltage cycles; however, you only see one complete cycle on the CRT screen because
the timing voltage is set to show only one complete cycle. After one complete cyctle,
the timing voltage returns to the left side of the screen and repeats the display. Thus

you see only one cycle at a time.

; v
GEN
GEN o Veen R § Y CRT
r e’ IS ' |

. ! I
r . A A | 8
f"\-J GEN c | {
T C

\.g"l_'ffcg THAING VOLTAGE

APPLED TO
HORIZONTAL PLATES

Let's get a better feel for bow we can use the cathode ray tube. In the above figure,
a CRT is connected to an AC generator. The CRT's vertical plates will receive the
alternating voltage appearing across a resistor. This voltage will be the same as the

generator's voltage (V o ). The CRT's horizontal plates are comnected through a

E
timing voltage circuit to the generator. The purpose of the timing voltage circuit is to

convert the generator voltage (V )} to a voltage that rises at a steady rate to a

specific value (A to B} and then fc:.lElS to zero (C). The voltage rise (A to B) causes the
dot on the CRT to move horizontally across the screen. The voltage from B to C is
used to return to the dot to the left side of the screen. BSince the timing voltage cycle
is the same as the cycle for the generator's voltage, the display on the CRT's screen

will be the same as the waveform produced by the generator. Under these conditions,

one can say that the generator's voltage is in phase with the timing voltage.

Turn to page 5-65.
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From page 5-64 5-65

1t is important to know that the CRT display may change as a result of changes in the

testing circuits.

A B
A cF | -
v TESTING ‘
Gen | T\ TeEN CIRCUITS ”\
25 PHASE
SHIFT

r\_’ /\ TIMWNG VOLTAGE

e OME CYCLE ————f

TIMNG
YOLTAGE

In the above figure, the timing voltage is adjusted to the same period as the generator's
voltage (waveform A). Waveform A will appear on the CRT's screen. Now consider
that the testing’ circuits cause a phase shift. This means that waveform A will now
become something else (example: waveform B). Note that this waveform B still has
the same period as waveform A; but it is lagging waveform A, The entire waveform B
will appear on the screen. I will now look differently than waveform A, One form of

eddy current testing is based on this change in display as a result of a phase shift.

View A illustrates a typical display as a series of identical specimens are passed
through a test coil. If the display suddenly changed to that shown in view B, would you
say that the phase of the voltage applied to the vertical plates:

Hasnot changed . . .. o v i v i i it e et i it it e e e e s s s s s saenseens Page 5-66

Has changed . .. v v vt it v it ittt ittt it et et n s e s o sannsneenss Page 5-67
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From page 5-65 5-66

Let's try it again for you selected the wrong answer. You said that the phase of the

voltage applied to the vertical plates has not changed.

As a series of identical specimens are passed through a test coil, we get the display

shown in view A, Suddenly the display changes to that shown in view B.

WAVEFORM WAVEFORM
: A B
N N
CRT & VIEW C

VIEW C

A change in the display tells us that the properties of one of the specimens passing
through the test coil is not the same as the other specimens. What has happened is
that the non-normal specimen has caused a phase shift. This means that the voltage
applied to the vertical plates of the cathode ray tube has shifted its phase. The period
of the voltage is unchanged; however, the phase has changed.

A B
WAVEFORM B
REPRESEMTS
& A SHIFT B PHASE
PHASE SHIFT FROM WAVEFOE A
NEWC

In view C, the original voltage waveform 1s shown by waveform A, This is the wave-
form shown in view A. When a phase shift occurs, a new dispiay appears on the
cathode ray tube. This 1s shown as waveform B in view C and displayed in view B,
Since the timing voltage cycle is the same as the voltage applied to the vertical plates,
the entire waveform B will be displayed; however, it will not appear the same as

waveform A. This is caused by the fact that the waveform starts and stops af a

different point because of the timing voltage,

Now let's move on. Turn to page 5-67.
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From page 5-65 5-67

Fine! You have seen that the testing circuits may cause a phase shift and the waveform

display on the CRT will show this change.

’Qr’/
GEN f':\JvGEN (:_j /51
{
~
.

—

TIMING VOLTAGE

The above figure illustrates a typical testing arrangement. The generator voltage
(VGEN) is applied to a primary coil (Pl) and to a timing voltage circuif. The voltage
applied to tl}e primary coil causes a current to flow through the coil. This current
establishes a magnetic field which induces eddy currents into the specimen and also

induces currents into the secondary coil (S 1).

The current in the secondary coil is an alternating current and the resulting voltage
across the secondary coil will be an alternating voltage. This voltage will have the

same frequency and period (time required for one cycle) as the generator voltage

(VGEN) ’

When the secoxlldary coil (Sl) is connected to a CRT, a display will appear on the CRT.
This display will be an alternating voltage. If the timing voltage is adjusted to show
one complete cycle, will the waveform on the CRT have the same period as the period

of the generator's voltage (V ):

GEN
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From page 5-67 5-68

Your answer "No™" is not correct. You should have said '"Yes." The question was
"I the timing voltage is adjusted to show one complete cycle, will the waveform on the
) ? "

CRT have the same period as the period of the generator's voltage (VGEN

The generator voltage is an alternating voltage. This means that the voltage rises and
falls above arnd below a center value. One complefe sequence as shown below is a

cycle,

GENR

* U
ONE CYCLE
TIME

The time required to complete one cycle is called the period. Frequency is the number
of eycles per second. The generator voltage is applied to the primary coil and the
resulting current in the coil will be an alternating current. This too will have a cycle
and a period which will be the same as the voltage. The magnetic field in the primary
coil induces eddy currents into the specimen and also induces currents into the
secondary coil, The alternating current in the secondary coil will have the same
period as the generator voltage. The current flowing through the secondary coil will
generate a voltage in the secondary coil and this voltage will have the same frequency
and period as the current. Since this is the voltage applied to the CRT, we can say
that the CRT waveform will have the same pericd as the period of the generator's
voltage (VGEN)' That's why you should have said "Yes."

Turn to page 5-69.
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From page 5-67 5-69

Correct! The waveiorm on the CRT will have the same period as the period of the
generator's voltage. Now let's see why the waveform on the CRT will not have the

same phase as the phase of the generator's voltage.

~Q Py
i

—"
Vv S
GENX ’}J GEN C.____) / 1
A
i

1

—\

TIMING YOLTAGE

Previously you learned that a coil has inductance (L) and this causes the current through
the coil to lag the voltage applied to the coil. Thus we can say that the current is out of

phase with the voltage. In the above figure, the generator's voltage (V ) is applied

GEN
to the primary coll; however, the resulting current in the primary coil lags the voltage.
Since this current, through the primary coil's magnetic field, induces currents intc the
secondary coil (81) we can also say that the secondary coil's current lags the generator
voltage. And finally, since the secondary coil's voltage depends on the current in

the secondary coil, we can say that the coil's voltage is out of phase with the generator

voltage.

In the above view, the CRT display represents the voltage from the secondary coil.
Through the timing voltage, the display is adjusted to show one complete cycle. As
various specimens are passed through the coil, the waveform will shift phase if the
specimen properties change. Initially, a group of acceptable specimens are passed
through the coil and controls on the CRT are adjusted to display this normal waveform.
Will this CRT waveform:

Be in phase with the generator voltage ............ f e e e e e e Page 5-70

Be out of phase with the generator voltage . ........... .. ... ¢« +... Page5-71
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From page 5-69 5-70

You missed the point when you s8aid that the CRT waveform will be in phase with the

generator voltage. The CRT waveform will be out of phase. ILet's look at it again.

When the gederator's voltage (V

GEN) is applied to a coil, the coll's current (I) will lag

the voltage as shown below.

VeEN
1
o
PHASE
LAG

The current lag is caused by the inductance (L) of the coil, Since this current gener-
etes a magnetic field which causes a current to flow in the secondary coil, we can say
that the current in the secondary coil also lags the generator voltage. In turn, the
secondary coil current generates a voltage which is applied to the CRT. Because this
voltage depends upon the secondary current (which is out of phase), this voltage will
be out of phase with the generator voltage, That's why we can say that the CRT wave-

form will be out of phase with the generator voltage.

Turn to page 5-71.
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From page 5-69 5-71

Certainly true! The CRT waveform will be out of phase with the generator voltage.
This, however, is not a problem for we are really interested in a shift in phase at the

CRT after the waveform has been established at the CRT. -

SLIT INOICATOR
GEN

SLIT IEDSCATOR
HAS SCALE To
MEASURE CHAMCE'S
AT SUIT

PHASE

CONTROL —

TIMING VOLTAGE
To help you detect a phase change by observing the CRT, the CRT is equipped with

special features. One of these is a vertical "line" on the front of the CRT screen.
This is normally a piece of transparent material with a slit and has a scale to measure

the height of the waveform at the slit.

To position the waveform on the CRT screen, the CRT is equipped with a2 phase con-
trol {(generally on the front panel). In the above view this is shown outside the CRT.
Note that the phase control (also called s phase shifter) is positioned befween the gen-
erator and the timing voltage circuit. The purpose of this control is to shift the phase
of the waveform on the CRT so that the waveform can be positioned properly with re-
spect to the slit. How this is done by the circuits is not important to us., I is only
necessary to know that by using the phase contrel, you can position the waveform side-
ways. You can move it to the left or to the right. In the above view it is centered so

that the middle (180 degree position) is at the center of the slit.

Imagine that you have an acceptable specimen in the test coil and have adjusted the
phase control so that you have the display shown above. Now you place an-unaccept-
able specimen in the test coil. Will an indication appear at the slit:

XS tivrsrnreneasiinsensiinsasaan cessacnaas cestansaannaen tesssanssss Page 572

No L Y se e -..-..-.--..----.-.c--......---.------.Pag35“'"73
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From page 5-7T1 5-72

Good! You recognize how the slit can be used to sense a change in phase. You also
recalled that the specimen's properties affect the phase of the voltage applied to the
CRT. If the properties change, the phase of the waveform on the CRT will change,

2 SLIT MDICATOR
]
PHASE
CONTROL —

TIMING VOLTAGE
VIEW A

It is equally important to know that the initial waveform on the CRT can take many
shapes. For example, the initial waveform can be as shown mn view A, A phase
change can then cause this waveform to appear as shown in view B. Of course, it can
also work the other way. View B can be the initial waveform as set by the phase con-
trol. A change in the specimen's properties can cause this waveform to change to that

shown 1n view A. It's all a question of how you establish your initial waveform.

If a series of acceptable specimens are passed through a test coil, it can be shown that
some variation will still exist. For this reason, it is necessary to establish upper and
lower slit value limits at the slit. As long as the waveform remains within the foler-

ances at the slit, one can say that the specimen's are acceptable.

Oftentimes eddy current testing is performed by watching the value at the CRT slit.

For a series of specimens passing through the test coil, will the slit value:

Be constant .............. teciisennanas T Page 5-74
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From page 5-T1 5-73

The question was "Will an indication appear at the slit?" You said "No." You should

have said "Yes.!

GEN

PHASE
CONTROL ~

TIMING YOLTAGE
VIEW A

A change in the specimen'’s properties will change the phase of the voltage across the
secondary coil (S 1) . Initially an acceptable specimen was placed in the test coil and

through the phase control the phase was adjusted to show the display in view A, The

value at the center of the slit is zero.

I an unacceptable specimen is now placed in the test coil, the phase of the voltage
across the secondary will change. View B shows this new waveform. Note that the
value at the slit has some value other than that shown 1in view A. That's why you should

have recognized that the indication will appear at the slit.

1t

You should keep in mind the fact that the specimen's properties change the impedance
of the coils (both the primary and the secondary coilsg). This means that the phase will

change as the specimen properties vary. Such a phase change will cause the display on

the CRT to change. This is the basis for phase analysis.

Turn to page 5-72.
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From page 5-72 5-74

Perhaps you misread the question for yon are wrong. The question was "For a series
of specimens passing through the test coil, will the slit value: (Be constant) or (Vary)."

You said "Be constant' and you should have said "Vary."

A change in the value at the slit denotes a change in phase. Since all acceptable spec-
imens have some variability, we can expect that the slit value (value at the slif) will
not be constant. That's why a slit value tolerance must be included in the inspection
procedure. The value at the slit can be expectied to vary. What's important is that the

variability remain within acceptable tolerances.

Turn to page 5-75.
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From page 5-7T2 5-75

Right! If you were watching the slit, you could expect that the slit value will vary.
And this variation is caused by property variations in the specimens passing through

the test coil.

GEK {

—

{
b
q 15 R%
M
s&cmm*s/ﬂ

VARIABLES
£,

The phase analysis method of eddy current testing provides a means of separating the
conductivity variable (o) [rom the permeability () and dimension (D) variables. For
example, through proper adjustments, the value af the slit ean represent only conductiv-
ity changes. Or the adjustments can be changed so that the slit value represents perme
ability and dimension changes, By saturating the specimen, the permeability variable

can be suppressed; thus, only the dimension changes are displayed at the slit,

The fact that the variables can be separated is based on how the specimen affects the
coil. You should keep in mind the idea that the specimen is seen through the coil and
it is the coil's voltage which is heing applied to the cathode ray tube (CRT).

Before you can understand how variables are separated, you need to briefly review the

nature of the voltages "generated within the secondary test coil"

Turn to page 5-76.
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From page 5-75 5-T6

v
GEN }1
______ _— VA
%
51 IxL i
PHASE |
ANGLE |
! v
Py 2
R
VIEW A VIEW B

In view A, an alternating current flows through the secondary coil (S l) as a result of
the primary coil and the specimen acting on the secondary coil. This current will
develop separate voltages (Vl and Vz) within the secondary coil and these two voltages
will be 90 degrees out of phase. View B illustrates this condition.

Imagine that a particular moment is selected during 2 cycle of alternating current. At
this moment, the current will have a specific value. Let's call this I. The voltage at
this moment can be determined by multiplying the current by the coil's inductive re-
actance (XL) and by the coil's resistance {RL) . These two values can be located on the
vertical and horizontal scales in view B. If these two values are then extended as
shown in view B, the actual voltage across the coil can be obtained. This is point V A
in view B. The distance OV, represents the volitage across the coil and the voltage

A
applied to the CRT.

In view B, a phase angle 1s shown. This is the angle by which the voltage will lead the
current flowing through the resistor (R). Note that this phase angle will ckange if the
value of the inductive reactance (XL) changes. The angle will also change if the value

of the coil's resistance (RL) were to change. Recallthat V 1= IX_ and V2 =IR_.

L

L
A specimen in a fest coil will change the secondary coil's inductive reactance (XL) .
If the specimen’s properties changed, would you expect the phase angle in view B:

To remain unchanged .....cvvveenen tetesseasaanns teeesssarsaesanas «+. Page 5-77

B T e - ¢ - Page 5~78
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From page 5-76 5-77

No, youarenot correct. You said that the phase angle would remain unchanged if the
specimen's properties changed. Just the opposite is frue. If the specimen's proper-

ties change, the phase angle will change.

VIEW A VIEW B
As shown above, the phase angle depends upon the value of the coil's inductive re-

actance (XL) and the coil's resistance. If either of these values change, the phase
angle will change. In the example we used, the specimen's properties changed the

coil's inductive reactance (XL) . View B illustrates this condition. As you can see,

this will change the phase angle.

Turn to page 5-78.

5330 12 (V-1



From page 5-76 5-78

Fine! You recognize that the phase angle varies if the coil's inductive reactance (XL)

or the coil's resistance (RL) varies. You're ready to separate the variables.

X DIMENSION (D)
L CHANGES
X VIEW A VIEW B
A Y2

In view A, you see the two voltages (V 1 and Vz) again, This time, however, you see
five different voltages (V A through VE). These voltages were obtained from five spec~
imens with the same permeability and dimension values. The only difference between
the samples is the conductivity (g). V A represents the specimen with the lowest con-
ductivity. The specimen with the highest conductivity is represented by VE. Note
that for each specimen a distinct phase angle exxsts. Thus we can say that the phase

angle varies as the specimen's conductivity varies.

View B illustrates another set of five specimens. In this case all specimens have the
same conductivity and all specimens are saturated to make permeability a constant.
Under these conditions, the only variable is the specimen'’s dimension. View B shows

five voltages, one for each change in dimension.

vy D, x
( # 1S PERPEXNDICULAR

X TO

VIEW C L D, x
¢

v
2
IR, )

If we now compare view A with view B (as shown in view C), an interesting fact arises.
Note that the conductivity variable is perpendicular (20 degrees out of phase) to the
dimension variable. It can also be shown that permeability and dimension move in the
same direction; therefore, we can say that the permeability and dimension variables

are perpendicular to the conductivity variable, Let's look at this further,

Turn to page 5-79. .
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From page 5-78 5-79

This concept of the conductivity variable being perpendicular to the permeability and
dimension variables ig difficult to see.

You should realize that the specimen is seen through the coil and that the coil has two
voltages which are perpendicular. The actual voltage across the coil is some combi-
nation of these two voltages (V’1 and V2) View B illustrates these two voltages and the
combination voltage (V) for a specific current through the coil. You should reecall that

the current is an alternating current and that we are only considering one value of the

current during the complete current cycle. v,
(S #, 0, . D
L 4
Y2
VIEW A VIEW C

In view C, we see that variations in conductivity (o) cause the voltage {V) to change.
This voltage change has a direction, In like manner, variations in permeability (u)
or dimension (D) also cause the voliage (V) to change. The direction of this voltage
change is perpendicular (90 degrees out of phase) with the direction of voltage change

caused by conductivity variations, For this reason, we say that the conductivity

variable is perpendicular to the permeability and dimension variables,

Throughout this book, we have been talking in terms of three variables: conductivity,
permeability, and dimension. In impedance testing, you have seen that it is not pos-
sible to separate these variables. On the other hand, phase analysis provides a means

of separating the variables. This separation is based on the fact that:

The permeability variable 1s 90 degrees out of phase with the conductivity and dimension

variables ..eveecrnarrnccns e e Crhssaassrrearsraranaaren ... Page 5-80

The conductivity variable is 90 degrees out of phase with the permeability and _

dimension variables . ou i ittt it ittt ettt eae Page 5-81
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From page 5-79 5-80

Wrong! You said that the permeability variable is 80 degrees out of phase with the

conductivity and dimension variables. This is not true.

& D

90* QUT OF PHASE

¥ Vz

In the above view, you can see that the conductivity variable is perpendicular (80 de-
grees out of phase) to the permeability and dimension changes. Note that permeability

(p) and dimension (D) changes move in the same direction.

Return to page 5-79, review the page, and select another answer.
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From page 5-79 5-81

Good! You recognize that the conductivity variable (o) is 90 degrees out of phase

{perpendicular) with the permeability ( 1) and dimension (D) variables.,
A B

)
| GE C~._|> CHANGE ews
1.b s !
q b R ? 1’ vl
E ) V CHANGE
VEW A AN
PHASE v
CHANGE v,
VIEW C

View A illustrates a specimen in a test coil and the resulting display on the CRT.
The uming voltage circuits aad the phase control are not shown. The CRT display is

the waveform A in view B.

View C illustrates how the phase angle changes as the conductivity of the specimen
changes (only two values are shown). Note that the volfage (V) changes as the con-
ductivity changes. For each voltage change, there is a corresponding phase angle
change. View B illustrates how the phase angle changes from waveform A to waveform

B as the conductivity changes.

Imagine that you have a specimen with 2 specific conductivity in the test coil shown in
view A. You have adjusted the CRT phase control so that a zero (minimum) indication
appears at the CRT slit, If you now replace the specimen with one that has a different

conductivity, would you expect the value at the slit to:

Change-... --------- R Y] RN N N I I A A I SR resesss e .-.-:Page5"'82

Remaim unchanged......... it ceineeneneseraenias sericeescisssssseses. PAgE 5~83
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From page 5-81 5-82

Yes, you're right. If you replace the specimen with one that has a different condueti--
vity, you would expect the value at the slit to change. After all, if the specimen's

properties change, the phase changes and this will change the value at the CRT slit,
A

A\ P SUIT g
f , VIEW C
[ \ VIEW A
; N

" \/ jd %0 \X/
- 90 v

B i YiEW B

2 Va
YIiEW D YIEWE VIEW F
To understand how the variables are separated, you need to recognize the meaning be-

hind the change in waveforms from view A to view B. The change from view A to view

B is a 90 degree phase change. View C shows this on a common scale.

To get a 90 degree phase change, either V 101' Vz (the voltages in the coil} must change
(view D). Note how the phase angle changes in views E and F when different voltages

exist.

(\n‘2 CHANGE)
VIEW G
In view G, you can see what happens when V. 1 remains unchanged while V2 increases.
The phase angle becomes smaller, doesn't it? Another way to say this is to say that
some property of the specimen which is perpendiculartovoltage V 1 has produced a

change in Vz.

Turn to page 5-84.
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From page 5-81 5-83

Not right! You said that the value at the slit would remain unchanged. You should
have recognized that the slit value would change.

As the specimen's properties change, the voltage across the secondary coil will chiange
and this will cause a shift in the waveform displayed on the CRT. itially, through

the phase control, you had adjusted the control so that the waveform was positioned with
a minimum (zero) value at the CRT slit. When a second specimen with different con-
ductivity is placed in the test coil, a shift in phase will occur at the CRT display. This
will change the value at the slit, Remember that a change in the slit value means a
change in phase angle,

Turn to page 5-82,
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From page 5~82 5-84

v Vl
1 &, D
v X
PHASE
ANGLE a
Vz 1 —,
2
VIEW A VIEW B

In looking at view A, you should realize that the voltage V is one point on the waveform
you see on the CRT. The phase angle you see is the angle by which the voltage leads
the current through the coil. If the value of voltage V changes, the waveform on the

CRT will move sideways. This movement will change the value at the CRT slit.

You should also realize that the three variables (o, y, D) will change the value of

voltage V. In view B, you see how the three variables can change the value of voltage

V.
By now, you should realize that:
Only the conductivity variable produces a phase change ...... veeesssasaes. PAge 5-85

Any one of the three variables (¢, p, D) can produce a phase change....... Page 5-86
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From page 5-84 5-85

Perhaps you should look at the following view for you are wrong.

v v
1 1 », D
% D
>< PHASE CHANGE.
.
v
2 Vz

VIEW A VIEW 8

You said that only the conductivity variable produces a phase change. This is not {rue.
Permeability and dimension changes also produce phase changes. Note in view B that

a change in either the permeability or the dimension can change the phase angle.

In view B, the direction of the permeability and dimension changes has been rotated
from that shown in view A. This has been done to help you see that a phase angle does
occur. The actual position of the two perpendicular directions in view A varies with

the specific material of the specimen, the fill-factor, and the test coil frequency.

Turn to page 5-86.
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From page 5~-84 5-86
That's right. Any one of the three variables (¢, yu, D) can produce a phase change.
And all three variables can be producing phase changes at the same time.

Two of the three variables produce phase changes in the same direction, These ftwo

variables are:
Pemeability (P) and dimension (D) .-----------o--....-c--------o.o.e..Page 5-87

Permeability (4) and conductivity (¢) .......... cerssaasss svesssesasesss Page 5-88
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From page 5-86 b-87

Fine! You remembered that permeability and dimension changes produce phase changes

in the same direction. Now let's get back io the CRT slit and put these facts to work.

A /s“"
ha
I

In view A, the generator voliage is applied directly to the vertical plates of the CRT

and to a timing voltage that converts the generator voltage to a straight line voltage
which moves the vertical plate dots horizontally across the CRT screen. Keep in mind
that the CRT plates are perpendicular to each other (90 degrees apart). Because no
phase changes exist, the CRT waveform will be the same as the generator voltage wave-

form and the CRT waveform il be tred at the slit as shown In view A.

=

Y SRS
e 3

TEST - JeRr

GEN coiL VIEW € / H \
TIMING suIT
L VOLTAGE «
gﬂoﬁgm —\| VIEW B VEEW D

View B illustrates the condit‘ion of a test coil with a specimen placed between the gen-
erator and the CRT. Under this condition the CRT waveform will change to that shown
in view C. This means the voltage applied to the vertical plates bas shified phase—and,
of course, this phase shift has been caused by the test coil and the specimen. Since
the timing voltage is now out of phase with the voltage applied to the vertical plates,

the display will be as shown in view C rather than like the display shown in view A. By
operating the phase control which controls the timing voltage, the CRT display can be

changed to that shown in view D. Note that view D is now the same as view A.

Turn fo page 5-89
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From page 5-86 5-88

No, you're wrong. Look at the illustration below. Note that the variables perme-
ability () and dimenslon (D) are in the same direction while conductivity (o) is
nearly perpendicular (90 degrees out of phase) to the other two variables.

Now you can see why your statement that permeability (1) and conductivity (o ) produce
phase changes in the same direction is wrong. Permeability produces phase changes

in the same direction as dimension changes. Got it? Good! Let's move on.

Turn to page 5-87.
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From page 5-87 5-89

ou have just seen that the phase control provides a means for changing the display on

the CRT. SuT

yd ST
AN A~

=<l - I

VIEW A YiEW B

For example, view A illustrates a typical CRT display. View B illustrates a change
_in display which was obiained by operating the phase control. Both views represent

-the same waveform. The difference between the two displays lies in the fact that the

-waveform is starting and stopping at different points on the CRT.
_The phase control changed the CRT display: -
=By changing the phase to the vertical plafes ......... cernrerns

=By changing the phase of the timing voltage applied to the CRT's horizontal

::p‘],a-teSo---Oo.o ----- Per e s D R R R KN IR I I R sem smsan ....-.PagES"gl
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From page 5-89 5-90

Not correct! You said that the phase control changed the CRT display by changing the
phase to the vertical plates. This is not true. The vertical plates are connecied to the

test coils. The test coils and the specimen change the phase to the vertical plates.

The phase control affects the phase of the timing voltage which is applied to the hori-
zontal plates. Thus, when you operate this control, you change the timing voltage
phase. This, in turn, changes the display on the CRT. Remember, it's still the same

waveform on the CRT. You just see a different form of the same wave.

Tuxrn to page 5-91.
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From page 5-89 5-91

Right again! When you operate the phase control, you change the phase of the timing
voltage applied to the CRT's horizontal plates.

suT v

[ 4
90° ,
v,

VIEW A VIEW B VIEW C

:
2
Es

A change in display from view A to view B represents a 90 degree phase shift, Now
note in view C that the permeability (1) and dimension (D) variables are 90 degrees
out of phase with the conductivity variable. And then recall that any of these three

variables can cause a phase shift,

By the use of the phase control it is possible to shift the phase so that the direction of
phase change for the permeability and dimension variables is the same as the timing
voltage applied to the horizontal plates of the CRT. If this is done, permeability and
dimension changes would not appear on the CRT at the slit and only the conductivity
variable would be indicated at the slit. Such a condition is shown in view A. If now a
conductivity change occurs, then a value is obtained ai the slit. This is represented

by a change in display from view A to view B. -

Actually what has happened is that a conductivity change has caused a phase shift from
the waveform shown in view A to the waveform shown in view B. In the views shown
above, a phase shift of 90 degrees has taken place; however, in normal testing the

phase shift can be less than 90 degrees.

Under the above conditions, we can say that a change in the slit value represents:
A change in conductivity . ............. e f e e e Page 5-92

A change in permeability or dimension ....... ... vvv v e e e e e, Page 5-93
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From page 5-91 5-92

Correct! Under the conditions we established, the slit value represents a change in

conductivity, Now watch this.

TEST CoIL
: AND SPECIMEN
b
#,D
GEN
[}
Y2
TIMING
PHASE
CONTROL VOLTAGE

The value at the slit depends on how we establish our initial condiiions. For example,

it may be desirable to have the slit represent changes in dimension. We will assume

that the specimen is a nonmagnetic material. Under these conditions, the phase control
would be changed so that the direction of phase change for the conductivity variable is )
in the same direction as the timing voltage applied to the CRT's horizontal plates. If

we did this, then only changes in dimension would be represented at the CRT's slit.

~

We will assume that permeability is a constant.

From what you have learned, would you say that the value at the slit depends on how you
establish the initial conditions for the variable which is in the same direction as the

timing voltage applied to the CRT's horizontal plates:

NO ..o i v i v i ensns Gt s et e et e et s e e Page 5-94
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From page 5-91 5~-93

No, you are not right when you say that a change in the slit value represents a change

in permeability or dimension.

Under the conditions we established the slit value represented a change in conductivity.
Recall that the phase control was adjusted so that the direction of permeability and
dimension phase changes was the same as the direction of the timing voltage. This
means that these changes will not appear at the slit. On the other hand, conductivity
changes will appear at the slit because the conductivity phase direction is 90 degrees
out of phase with phase direction for the permeability and dimension variables.

Turn to page 9-92.
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From page 5-92 5-94

You said "No." You should have said "Yes." We asked if you would say that the value at
the slit depends on how you establish the initial conditions for the variable which is in

the same direction as the timing voltage apphed to the CRT's horizontal plates.

The inifial conditions established for the slit determine what you will see at the slit.
If you want to see the conductivity variable, then you must make the permeability and
dimension variables cause phase changes in the same direction as the timing voltage.
That way you will not see these changes at the glit. On the other hand, if you want to
see the dimension changes at the slit, then you must make the conductivity variable
move in the same direction as the timing voltage. In both cases, this is done by

operating the phase control.

Turn to page 5-95.
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From page 5-92 5-95

Perfectly true. The value at the slit depends on how you establish the initial conditions.

The process of learning something about the specimen through a phase change is called
phase analysis. There are several forms of phase analysis. The form we have been
covering is called the linear time-base method. The timing voltage is the time base.
Since the timing voltage moves the CRT dot across the screen at a steady rate, the
voltage is called a linear voltage. The idea of time we get from the fact that time is
required to move the dot across the CRT screen. This time is the period for one com-
plete cycle and is the same period as the period of the voltage cycle applied to the CRT's

vertical plates.

1
F=y o, o Y S——
STANDARD 6— \ \ / 3 E
SPECIMEN \—\r o ¥

el ) TN \S
I— 2

GEN

PHASE TIMING
CONTROL VOLTAGE

LINEAR TIRME-BASE METHOD

The above figure illustrates a typical linear time-base method using two sets of test
coils. Notice that the secondary coils are connected together. Under this coil ar-
rangement, the voltage developed by coil S, opposes the veltage developed by coil Sz.'

This means that no output voltage will be developed across the secondary coils S, and

52 when the test specimen has properties identical to the properties of the standard

specimen. For this case, the CRT display will be a straight horizontal line which is

the timing voltage. No voltage will be applied to the vertical plates.

In the above figure, if the properties of the test specimen are not the same as the

properties of the standard specimen, will the CRT display be:
A straight horizontal line. .. o v v vt it it ot st e ettt et e s ann e Page 5-96

A waveform like the waveform of the generator voltage ............. Page 5-97
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From page 5-95 5-96

You have missed a point when you say that the CRT display will be a straight horizontal

line.

Recall that a straight horizontal line is obtained when no voltage is applied to the

vertical plates of the CRT. This condition exists when the test specimen's properties

are the same as the properties of the standard specimen. Under this condition, the

voltage of secondary coil S, opposes and cancels the voltage of secondary coil Sy.

In the case we were considering, the test specimen's properties were not the same

as the properties of the test specimen. This means that the voltage from coil 5, will
not cancel the voltage from coil S5, The result will be an output voltage which is
applied to the CRT's vertical plates. The display on the CRT will be a waveform
which will be similar fo the waveform from the generator. Note: The waveform may
not be identical because the specimen's properties may change the waveform. This is

particularly true if the specimen is magnetic.

Turn to page 5-97.
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From page 5-95 5-97
You have the idea. If the test specimen’s properties are not the same as the properties

of the standard specimen, then the CRT display will be a waveform rather than a
straight line.

Py
STANDARD f \
SPECIMEN -
P s ¥
TEST /
SPECIMEN E /
—C

GEN

i PHASE TIMING
CONTROL VOLTAGE

VIEW A

In view A, imagine that the test specimen has the same permeability and conductivity
properties as the standard specimen. The only difference between the two specimens
is a change in dimension. Under these conditions a waveform will appear on the CRT

screen. The CRT display can be any of a number of different displays; however, by

-using the phase control the waveform is adjusted as shown in view A.

View B illustrafes the voltage waveform applied to the CRT's vertical plates. You
have learned that any point on this waveform can be shown to be two voltages (Vl and

t Yz) which are 90 degrees apart. For any point on the waveform, Vl and Vy will have
dparticular set of values.

Now look at view A and notice that the maximum value of V, is 90 degrees from the

slit and that the value of V, is zero at the slit. Would you say that V; in view A:

Bepresents the dimension variable in the test specimen

éaepul'esents the conductivity variable in the test specimen

83012 (v



From page 5-97 5-98

That's right. The value ’V’1 in the CRT display represents the dimension variable,
After all that is the variable that caused the waveform to appear on the CRT.

SHIFTED 90°

‘ P1

STANDARD6_\ \

SPECIMEN o\ _(3
TEST /” /“ '\ _B
SPECIMENE

’PZ\J s

GEN

PHASE TIMING
CONTROL VOLTAGE

VIEW A

View A indicates the display we obtained when a dimension difference exists., Visualize
that the test specimen is now removed and a test specimen is used in which the per-
meability and dimension variables are the same for both specimens; however, the

conductivity of the test specimen is not the same as that of the standard specimen.

Under these conditions a new display will appear on the CRT screen, This is shown

in view B. Now let's see what has happened. Since conductivity causes a change in
phase that is 90 degrees out of phase with the permeability and dimension changes, the
phase of the voltage applied to the CRT's vertical plates will be 90 degrees out of

phase with the initial setling of the phase control. Recall that the original setting

made a zero value at the slit (view A). Because a 90 degree phase change has occurred,

a maximum value will appear at the slit as shown In view B.
The value at the slit in view B:
Represents the permeability and dimension variables ., . .... . ¢ 0o vv v, Page 5-100

Represents the conductivity variable . ... ... ... .. i i Page 5-101
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From page 5-97 5~99

Sorry, but you are wrong. The voltage value V1 represents the dimension variable,

not the conductivity variable,

WAVEFORM REPRESENTS
DIMENSION VARIABLE .

The waveform on the CRT is the result obtained when the dimension property of the
test specimen is not the same as that of the standard specimen. Recall that all other

variables are identical for both specimens. Also recall that the display would be a

straight line if all variables in the test specimen were the same as those in the

standard sp‘ecimen.

The fact that the dimension properties are not the same is the reason why a waveform
appears on the CRT. When the phase control is operated so that the value at the slit
is zero, the maximum value of the waveform is shown 90 degrees out of phase from
the slit, The maximum value is the voltage value V. Since the dimension variable

caused the waveform to appear on the CRT, V, represenis the dimension variable.

Turn to page 5-98.
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From page 5-98 5-100

No! That's not right. The value at the slit represents the conductivity variable, not

the permeability and dimension variables.

Let's review the procedure. First a test specimen was used which had a dimension
property that was not the same as the standard specimen. This gave us an ocutput
voltage from the secondary coils. When this voltage was applied fo the CRT's
vertical plates, we got a waveform. Using the phase control, the waveform was
changed so that the maximum value of the waveform was 90 degrees out of phase with

the slit.

Next we replaced the test specimen with one that had a conductivity property that was
not the same as the standard. This means that the voltage applied to the CRT's
vertical plates is 20 degrees out of phase with the original voltage applied to the
vertical plates. Under this condition, the new waveform on the CRT will have a
maximum value at the slit. Thus the value at the slit represents the conductivity

variable.

Turn to page 5-101.
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From page 98 5-101

Correct. The value at the slit represents the conductivity variable.

Py PP TP
STANDARDf \r\ [ ‘/ 3 :
SPECIMEN :
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VIEW A

Now let's review the procedure. To indicate a change in conductivity at the CRT slit,

a test specimen is selected with a dimension property that is not the same as the dimen-
sion property of the standard specimen. All other variables are the same for both
specimens. Under these conditions, an output voltage will appear across the secondary
coils S1 and S 9 and this will cause a waveform to appear on the CRT secreen. This
waveform can be any of a number of different displays, depending upon the setting of

the phase control.

Using the phase control, the waveform is adjusted sco that a zero value appears at the
slit. This means that the maximum value of the waveform is 90 degrees out of phase
with the slit. To cause this maximum value to appear at the slit will now require a
voltage that is 90 degrees out of phase with the voltage being applied to the CRT's

vertical plates.

The test specimen 1s now removed from the test coil. X a test specimen with identical

properties to the standard specimen 1s placed in the test coil, the CRT display will be

a straight line., On the other hand if a specimen with a difference in conductivity is

placed in the test coil, the waveform in view B will be obtained. This represents a

90 degree phase shift and the slit value is now indicating a change in conductivity,

Turn to page 5-102,
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From page 5-101 5~102

The linear time-base method has the ability to separate the conductivity variable from
the permeability and dimension variables, Let's consider the case where both the con-
ductivity and dimension of the test specimen are not the same as the standard specimen,

In other words, two variables are changing and are affecting the CRT display.

i

VIEW A VIEW B

View A shows the display caused by the dimension variable. We will assume that the
permeability is the same for both specimens. Note that the slit value is zero. View B
illustrates the condition that is obtamed when only the conductivity variable is present.
Recall that the phase control is adjusted to obtain the display shown in view A, Under
these conditions, view A will be obtained if only the dimension variable is present (not
the same as the standard specimen) and view B will be obtained if only the conductivity

variable is present.

View C illustrated a typical display that is obtained when both the conductivity and
dimension variables are present. As you can see, the display is very nearly the
same as view B. What's important to us is the value at the glit. Does it represent
the conductivity variable or the dimension variable? The answer is that the slit value
indicates the conductivity variable. Because the phase control was Initially set as

shown in view A to obtain a zero value at the glit for changes in dimension, we get

only conductivity changes at the slit.
Based on what you have just learned, you can now say that the linear time-base method:
Can separate the dimension variable from the permeability variable. . ... Page 5-103

Can separate the conductivity variable from the dimension variable .. ... Page 5-104
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¢ £Om page 5-102 5-103

uwt right! You said that the linear {ime-base method can separate the dimension

o ,,xri:able from the permeability variable., This is not true. Recall that the dimension
yariable and the permeability variable produce phase changes in the same direction.
cince the linear time-base method is a phase-sensitive method, it is not possible to

spparate two variables that produce phase changes m the same direction.

¢t the other hand, the linear time-base method can separate the conductivity variable
tenm the dimension variable (or from the permesability variable). This can be done
pecause the conductivity variable produces a phase change that is 90 degrees out of

;,j;ase with the phase change produced by the dimension and permeability variables.

4 40 to page 5-104,
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From page 5-102 5-104

Fine! You have the idea, The linear fime-base method can separate the conductivity
variable from the dimension variable because the linear time-base method is a phase-

sensitive method.

It's important to keep in mind that the display on the CRT screen will be a straight
horizontal line when the properties of the test specimen are the same as the properties
of the standard. It's also necessary to realize that when the properties of the two speci-
mens are not the same, the CR'I‘_display may be any of a number of displays, depending
upon the nature of the variation. ¥or example, the value at the slit may be 2 maximum
value or a minimum value. It all depends upon the property in the test specimen that

is not the same as the similar property in the standard specimen.

The following figure illustrates the use of the Imear time-base method of phase
analysis. I the properties of the test specimen are not the same as the properties
of the standard specimen, the resulting indication on the CRT screen will be as

illustrated in:

] 3
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Either view A or View B . . .. . ittt ittt i st s v s anncnnns .+ ... Page 5-105
Y - Page 5-106
T = Page 5-107
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From page 5-102 5-105

Excellent! You got the idea and it's an important one too. As an operator, you will

be looking at the CRT display. Your task will be to interpret the display. E's impor-

tant to realize that this display will change as changes take place in the tesf specimens
passing through the test coil. You have just seen that the display may be centered with
a minimum value at the slit or a maximum value at the slit. I can also he some value

in between these two values,

A change in the CRT display can be changed by either the specimen or by the phase
control. Either one will change the display. Once the phase control is initially set,
changes are normally caused by the specimen. Such specimen changes produce a phase
change which is applied to the CRT's vertical plates. The resulf is a phase change in
the CRT display.

Views A and B illustrate two possible displays on the CRT screen, using the linear
time-base method of phase analysis. The display can be changed from view A to view

B by:

VIEW B

Changing the phase control on the CRT equipment . ................ Page 5-108
Changing the phase of the voltage applied to the CRT'svertical plates . . . ., Page 5-109

By changing either the phase control on the CRT equipment or the phase of the voltage
applied to the CRT's vertical plates .. ... e s Gt e e e ‘Page 5-110
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From page 5-104 5-106

You have missed a concept. .Your selection of view A means that you have failed to
realize that the resulting indication on the CRT screen can be any waveform. You

should have said that the indication could be either view A or view B.

When the properties of the two specimens are not the same, a waveform will be dis-
played on the CRT screen. This waveform may be positioned so that the value at the
slit is a minimum value (view A) or a maximum value (view B). The specific display
depends upon the specific property. For example, view A might mean that the
dimensional variable is present and the test specimen's dimension is not the same

as that of the standard specimen., And view B could represent the fact that the con-

ductivity of the two specimens is not the same.

The important fact to keep in mind is that the waveform can be as shown in view A or
view B or even some other display. It all depends upon which variable is present and

where the phase control has been positioned. Turn to page 5-105.
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From page 5-102 5-107

You have migsed a concept. Your selection of view B jreans that you have failed to.
realize that the resulting indication on the CRT screen can be any waveform, You.

should have said that the indication could be either view A or view B.

When the properties of the two specimens are not the same, a waveform will be dis-
played on the CRT screen. This waveform may be positioned go that the value at the
glit is 2 minimum value (view A}or a maximum value (view B). The specific display
depends upon the specific property. For example, view A might mean that the dimen-
si_ona.l variable is present and the test specimen's dimension is not the same as that of
the standard specimen. A;nd view B could represent the fact that the”conductivity of

the two specimens is not the same.

The important fact to keep in mind is that the waveform can be as shown in view A or
view B or even some other display. It all depends upon which variasble is present and -

where the phase control has been positioned. -

Turn to page 5-105.
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From page 5-105 5-168

You did not select the best angwer. You are correct when you say that the display can
be changed by repositioning the phase control on the CRT equipment; however, you
should also realize that the display can be changed by the phase of the voltage applied

to the CRT's vertical plates. This phase change is being caused by the specimen. Thus
there are two ways to produce a change in CRT display. That's why you should have
selected the answer which said that the display change can be accomplished by changing
either the phase control on the CRT equipment or the phase of the voltage applied to

the CRT's vertical plates,

Turn to page 5~110.
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From page 5-105 5-109

You did not select the best answer. You are correct when you say that the display
can be changed by changing the phase of the voltage applied to the CRT's vertical
plates; however, you should also realize that the display can be changed by the phase
control on the CRT equipment, That's why you should have selected the answer which
saljd that the display change can be accomplished by changing either the phase control
on the CRT equipment or the phase of the voltage applied to the CRT's vertical plates.

Of course, the specimen causes the phase change applied to the CRT's vertical plaies.

Turn to page 5-110.
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From page 5-105 5-110

You are correct! The display on the CRT can be changed by changing either the phase
control on the CRT equipment or the phase of the voltage applied to the CRT!s vertical

plates.

Earlier you learned that the conductivity variable produces a phase change that is 90
degrees out of phase with the phase change produced by the dimension and permeability

variables. Now let's see if you can apply this fact.

In the following figure, imagine that a test specimen with a dimension property that is
not the same as the standard specimen is placed in the test coil., Through the opera-
tion of the phase control, the display is adjusted to provide the indication in view A.
If the test specimen is now replaced by one that has permeability and conductivity

properties that differ from those of the standard specimen, the value at the slit:

GEN
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Will represent the permeability variable, . ... ... e e Page 5-111
Will represent the conductinty variable. .. .. s e et e et e Page 5-112

Will represent both the permeability and conductivity variables ,...... Page 5-113
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From page 5-110 5-111

Incorrect! You said that the value at the slit will represent the permeability variable.

You should have said that the value at the slit will represent the conductivity variable.

Recall that the dimension and the permeability variables produce phase changes in the
same direction and that we used the dimension variable to obtain our initial display.
This display, through the phase control, was positioned so that the maximum value of
the waveform was 90 degrees from the slit value. This means that any dimension or
permeability change will not appear at the slit. If now a test specimen with perme-
ability and conductivity properties that differ from those of the standard specimen is
used in the test coil, the permeability change will not appear at the slit. Only the

conductivity variable will appear at the slit, even though both variables are present.

Turn to page 5-112.
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From page 5-110 5-112

Certainly true! Even though we have a test specimen with two variables (conductivity
and permeability) only the conductivity variable will appear at the slit, This ability

to separate two variables is one of the advantages of phase analysis,

You should also realize that a similar condition exists when the test specimen has
dimension and conductfvity variables that are not the same as the standard specimen.

Again, only the conductivity variable will appear at the slit.

In this chapter, we have been emphagizing the linear time-base method of phase
analysis. The linear time-base method can separate the dimension variable from

the permeability variable:

True . . oo vt v v vt v nonnos e e e e ey e we s o ascasss . Pageb-114 -
False. . vt ivs s e vt snenoasnsonnonss e e e et e e it e Page 5-115
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From page 5-110 5-113

Incorrect! You said that the value at the slit will represent both the permeability and
the conduetivity variable. You should have said that the value 2t the slit will represent

the conductivity variable.

Recall that the dimension and permeabilily variables produce phase changes in the same
direction and that we used the dimension variable to obtain our initial display. This
display, through the phase control, was positioned so that the maximum value of the
waveform was 90 degrees from the slit value. This means that any dimension or
permeability change will not appear at the slit. Only the conductivity variable will
appear at the siit. If now a test specimen with permeability and conductivity properties
that differ from those of the standard specimen is used in the test coil, the permeability
change will not appear at the slit, Only the conductivity variable will appear at the

slit, even though both variables are present.

Turn to page 5-112,
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From page 5-112 5-114

Stop! Perhaps you read the question too quickly. The question was "The linear time-
base method can separate the dimension variable from the permeability variable," You
said that this statement was true. You should have recognized that this statement 1s
false.

The dimension and permeability variables produce phase changes in the same direction.
This means that it is not possible to separate these two variables by using the phase
analysis techniques of the linear time-base method. It is possible to separate the con-
ductivity variable from the other two variables, but it is not possible to separate the
dimension variable from the permeability variable by the linear time-base method.
Normally, separation 1s accomplished by using direct current saturahion to make the

permeability variable a constant,

Turn to page 5-115,
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From page 5-112 5-115

Fine! You recognized that the linear time-base method cannot separate the dimension
variable from the permeability variable. It takes direct current saturation to accom-
plish separation of these two variables. Now let's review cur facts, Recall that we
started with three methods:

1. Impedance testing

2. Phase analysis

3. Modulations analysis

You learned that the impedance testing method was based on the fact that the test coil's
impedance would vary as the specimen's properties varied. As the impedance varied,
the current flowing through the test coil would vary. This gave us a basis for getting
an indication. Unfortunately, this method could not separate the three variables con-

ductivity, permeability, and dimension. All we get 15 a gross change 1n impedance,

You then learned that the current through a coil was out of phase with the voltage across
the coil. This fact provided a basis for using a method based on phase changes. The
phase changes were based on characteristics of the coil. You saw that the voltage
across a coil was based on two voltages within the coil that were 90 degrees out of
phase. Next you picked up the idea that each of the three variables produced a phase
change; however, two of these variables (permeability and dimension) produced phase
changes in the same directioﬁ. The remaiming variable (conductivity) produced a phase

change that was 90 degrees out of phase with the other two variables.

Based on these facts, we covered the linear time-base method. Thisis a phase-
sensitive method, The process of interpreting the CRT display can be called one form

of phase analysis. The other forms will be covered in volume II of this handbook,

Using the linear time-base method, we finally learned that it is possible to separate the
conductivity variable from the permeability and dimension variables. It 1s not possible
to separate the permeability variable from the dimension variable because these two

variables produce phase changes in the same direction.

Now let's look at modulation analysis. Turn to page 5-1186.
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Modulation is the process of applying a variable effect to something that is constant.

We ecan use your antomobile as an example. Imaginethat you are riding along in your
automobile which is moving over a road with a constant surface. You, of course, feel
a certain amount of vibration which is caused by the automobile and by the road's sur-

face. This vibration is your constant and you are the indicating device.

Next imagine that your right front tire picks up a large stone. What happens? You get
a change in the vibration and this happens each time the tire rotates. One can say that
the tire with the stone is the modulating factor or device. If you like, we can call this

"stone modulation, "

GEN

[ 13

""uc

, - SECONDARY COIL

b !

Y INDICATOR

)

AN

In the above view, a generator is providing an alternating voltage to a test coil.
Through a secondary coil, this voltage is being applied to an indicating device. Now
fmagine that th[e specimen passing through the test coil is a long rod which has a con-
ductivity variation that occurs at regular intervals along the rod. Would you say that

the conductivity effect is modulating the voltage supplied by the secondary coil:
No ......... e e e e e e e e e e e Page 5-117

4= O Page 5-118
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Wrong. You said '"no.'" You should have said "Yes™ to the question "Would you say

that the conductivity effect is modulating the voltage supplied by the secondary coil."

The secondary coil contains the constant effect produced by the generator. The coil
also contains the effects produced by the specimen. The specimen is modulating the
secondary coil's voltage. In our example, the modulating factor was conductivity
which was periodically changing and causing a change in the secondary coil's output
voltage. That's why we can say that the conductivity effect is modulating the secondary
coil's voltage. Recall that modulation is the process of applying a variable effect to

something that is constant.

Turn to page 5-118,
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Good! You have the feel for modulation. A periodic change in conductivity is modula-

ting the secondary coil output voltage.

AMPLITUDBE TIME - o
MODULATING  — INDICATING | ___ l { L |
GEN ~ DEVICE DEVICE
VERTICAL MARKS

( FIXED ) CN PAPER
FREQUENCY VIEW A

View A illustrates a typical arrangement for modulation analysis. A generator sup-
plies an alternating voltage with a fixed frequency to a modulating device. For our
case, this device is a test coil with a long rod passing through the coil. The output
indicating device is a strip of paper mo ving at a steady raie and a pen that provides a
means of marking indications on the paper. Circuits related to the indicating device
are arranged so that only the modulations from the standard output of the secondary
coil are shown 1n the paper. These modulations are also treated so that only verfical
marks in one direction are used. Thus we gef a series of vertical lines moving from

a baseline as shown in view A,

In view A, each vertical mark represenis something about the specimen that is causing
a4 variafion. For example, the marks in view A could repre.sent periodic changes in
conductivity. Note that these marks are evenly spaced. One can say that the distance
between two adjacent marks represents one cycle. Freguency is defined as the number
of times something happens in one second. The marks in our example thus represent
a frequency. If four marks appear in one second, we can say the frequency of the mod-

ulation is four cycles per second.

IR PR

TIME
VIEW B

View B illustrates a typical display. Note that two factors are causing modulafions.
Would you say that the indication shows:
TWOfreqUenCIes . ... v v i it it vttt o s s s amansae s e ensanansas Page 5-119

One frequency . ... cvv v vt vt v tonnannanesas -
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No problem! You're right. Two frequencies are shown in the display. If we assume
a time interval of one second, we can say that one frequency is four cycles per second

while the other frequency is six cycles per second.

A number of factors related to the coil and the specimen can modulate the test frequen-
cy applied to the testi. coil. These are listed as follows:
1., Chemical composition.
2. Changes in couplling between the specimen and the coil (fill~factor).
(Vibrations as the specimen passes through the test coil).
3. Dimension changes of the specimen.
4. Discontinuities (flaws, porosity, inclusions, etc.}.
5. Internal and applied stresses.
6. Heat treatment condition (phase, grain size, distribution of impurity atoms,
ete, ).
7. Crystal orientation.
8. Lattice dislocations {such as those due to heavy working).
9. Temperature.

10. Noise pick-up (electrical interference).

It is not necessary for you to remember these factors, however, it is important to

rezlize that many of these faétors can oceur permdicaily (at regular intervals).
Based on these facts, do you think the display on the paper would be:

Onefrequency-n--o -------- PR I T T R T R U I B S B RN SN ---.-....Pag35-121

A group of frequencies o ..o v .. e C e Page 5-122
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Your answer is not correct. Look at the following view again.

‘ 1 n_‘ | || L 1]

You said that this indication shows only one frequency. Actually two frequencies are

shown. One frequency is the four vertical marks. This is a frequency of four cycles
per second (we will assume the distance in the view represents one second). Now note
that you also have six other marks that are equally spaced., This shows that we have a )
frequency of six cycles per second. Thus there are two frequencies present in the

indication. Got it! Gocd! Turn to page 5-119.
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Let's look at the concept again. You don't quite have the idea. Apparently you feel
that the display on the paper would be one frequency.

The main problem in eddy current testing is that we have too many factors affecting
the test coil. You saw that we had three basic variables: conductivity, permeability,
dimension changes. Then you learned that we actually have a group of individual fac-

tors which can influence the coil.

When the modulation analysis method is used, many of these factors can appear
separately in the set of indications appearing on the paper. This means that we get a

group of frequencies, not just one frequency.

Let's see how we can separate these factors. Turn to page 5-122,
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You're right. We get a group of frequencies. For example, the display might look
like this,

/ CRACK

I

The main problem in eddy current testing lies in the fact that too many factors affect

VIEW A

the test eoul. Modulation analysis offers a solution to this problem by the use of elec-

tronic filters.

GEN MODULATING ELECTRONIC INDICATING
DEVYICE FILTERS DEVICE

VIEW B
View B shows electronic filters which provide a means of removing cerfain frequen-
cies or bands of frequencies from the indicating device. Using these filiers, it is pos-

sible to obtain an indication as shown in view C,

CRACK
/

VIEW C

Modulation analysis provides the means of removing unwanted variables from the output
display. It thus becomes possible to separate the desired variable from the unwanted
effects which are producing variations. An electronic filter will pass only certain fre-
quencies through the filter. Thus, by using the proper filter, one can suppress all
frequencies except those in a narrow band of frequencies, Using this techmque, the
display can then show only very low freguencies, low and very low frequencies, inter-
mediate frequencies, or very high frequencies. Turn to page 5-123 to see an example

of how filters have been used to 1solate a defect.

Turn to page 5-123.
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CRACK

VERY LOW FREQUENCIES ONLY

CRACK

LOW AND VERY LOW FREQUENCIES

CRACK

INTERMEDIATE FREQUENCIES

CRACK

VERY HIGH FREQUENCIES ONLY

5-123

In the last view, only very high frequencies are being displayed. Note that these have

very little height, thus, the line is alinost horizontal. Under these conditions, the

appearance of a crack can be clearly seen,

Turn {o page 5-124.
533012(v-1)
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You have just seen how the output changes when different electronic filters are used in
the modulation analysis method. In the first view, only very low frequencies were being
displayed. This meant that a crack could not be detected. The gradual change you.see
in the first view might represent a variation in the specimen as a result of a change in

heat treatment.

In the next view, a number of effects are seen and one of these is the crack. The pre-
sence of the other factors makes it impossible to detect the crack. In the last view,
all low and intermediate frequencies are filtered out and only high frequencies are being

displayed. Under this condition, the crack can be detected.

In the modulation analysis method, the specimen is moving through the coil at a con-
stant rate. A speed between 40 and 300 feet per minute is normally used. For a given

test, the speed must be constant.

Imagine that you are testing a specimen for cracks by using the modulation analysis
method. A slight wobble exists as the specimen passes through the test coil and this is
causing an output indication. Do you think that this wobble effect can be eliminated

from the output indication by the use of the proper electronic filter:
NO ------------- LI S I I N I ) LI O I T I R R S ..........Pag65—125

YeS-o-cn-ocao-cc ------- L ) L O T T e S S S Page5-126
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Sorry but you are wrong, You should have recognized that it is possible to eliminate

the wobble effect from the output indication by the use of an electronic filter.

Keep in mind that the modulation analysis method has the capability of eliminating -

unwanted effects from the output indication and this is done through filters.

The wobble effect in our example is modulating the coil's output voltage. Normally,
this is a constant effect which varies above and below a center value. The output indi-
cation will show this effect and will tend to make it impossible to see other effects

(for example, a crack)., That's why a filter is used to ehiminate the unwanted effect.

Turn to page 5-126.
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Of course you're right. That's the advantage of the modulation analysis method. By

the use of fulters, you can eliminate unwanted eifects in the output indication.

This chapter has covered three basic methods or approaches to the task of performing
eddy current testing., These are:

1. Impedance testing

2. Phase analysis (linear time-base method)

3. Modulation analysis

You learned that impedance testing is based on the fact that the current through a coil
will change if the coil's impedance changes and, of course, the specimen will change
the coil's impedance. Impedance was defined as the coil's opposition to a flow of elec~

trical current.

Next, we looked at phase analysis. In this method. you saw that the coil's properties
caused the current through the coil to be out of phase with the voltage applied across
the coil. You also learned that the voltage across a secondary coil will be out of phase
with the current induced 1nio the secondary coil by the primary coil and by the speci-

men. The phase changes as the specimen's properties change,

And finally, we examined the modulation analysis method. In this case, the coil's
fundamental frequency is being modulated by a number of effects. This means that the
output voltage is a family of frequencies. By the use of filters, we can separate the

variable we are interested in and eliminate the unwanted effects.

Turn to page 5-127,
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The purpose of this chapter has been fo establish the basic electrical concepts related
to eddy current testing. These concepts were presented in terms of three test methods

and only to the depth needed to understand the methods.

Before you close the cover on this volume, three facts must be reviewed. These are
directly related to the test methods. The three facts were covered in chapter two and
are summarized as follows:

1. Depth of eddy current penetration

2. Eifect of frequency on eddy current penetration

3. Effect of conductivity on eddy current penetration

When eddy currents are induced into a specimen, the amount (density) of eddy current
varies with the distance from the surface. The maximum value lies near the surface
and this value decreases with distance from the surface. Thus at a certain distance
from the specimen’s surface, the amount of eddy current present in the specimen will
be less than at the specimen's surface. The depth of penetration is defined as the dis-
tance from the specimen's surface where the amount of eddy current is only 37 per
cent of the value at the surface. It is not necessary to remember the value 37 per cent.
It is only necessary to realize that the density of the eddy current decreases with the

distance from the surface.

The depth of eddy current penetration can be changed by the test frequency or by the
conductivity of the specimen. As you learned in chapter two, the depth of penetration

decreases:
If the test frequency is decreased . . .......... vt e e a e e e Page 5-1238

If the test frequency 1sinereased .. .. .. .o vt vv v veveeneens.., Page5-129
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You have forgotten an important point when you said that the depth of eddy current

penetration decreases if the test frequency is decreased. Just the opposite is true.

High frequencies cause eddy currents fo stay near the specimen’s surface. Thus the

depth of eddy current penetration decreases if the test frequency is increased.

Since many pieces of eddy current test equipment have means of changing the test fre-
quency, it's important toc lmow how a change in frequency affects the depth of penetra-
tion. I you are looking for cracks near the specimen's surface, you use a high fre-
quency. This puts most of the eddy current near the surface, Ontheother hand, if
you are looking for cracks deep within the specimen then you use a low frequency.
This increases the depth of penetration and puts more eddy current deep within the

specimen.

So remember! THE DEPTH OF EDDY CURRENT PENETRATION DECREASES AS
YOU INCREASE THE TEST FREQUENCY,

Turn to page 5-129.
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Good! You have not forgotten an important point. The depth of eddy current penetra-
tion varies with the test frequency. High frequencies cause the eddy currents to stay
near the specimen's surface. Low frequencies make the eddy currents penetrate
deeper into the surface. Or we can summarize the fact by saying THE DEPTH OF
EDDY CURRENT PENETRATION DECREASES AS YOU INCREASE THE FREQUENCY.

Now, what about the specimen's conductivity. Can we use the rule THE DEPTH OF
EDDY CURRENT PENETRATION DECREASES AS THE CONDUCTIVITY INCREASES:

NO uc-sov--i-olo.oo-ocotooooﬁucot-t9:-01--‘..0....Page5-130

- Gt e s e erasarasassaessasss . Pageb-131
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Stop! You failed to recall an important idea. You said the following rule was not true.
THE DEPTH OF EDDY CURRENT PENETRATION DECREASES AS THE
CONDUCTIVITY INCREASES.

The rule is true.

Conductivity affects the depth of penetration. Let's see why the rule is true. Eddy
currents depend on the conductivity of the specimen. As the conductivity increases,
more eddy currents can be induced into the specimen. Recall that conductivity is the

specimen's willingness to conduct electrical currents,

Now realize that as more currents flow within the specimen, stronger magnetic fields
are generated by the eddy currents. These oppose the test coil's magnetic fleld and
thus make the {est coil's magnetic field less effective on the specimen. Or to put it
another way, as conductivily increases, the coil's magnetic field becomes weaker.
That means the depth of eddy current penetration decreases as the specimen's conduc-
tivity increases. Do you think you can remember the rule now? Fine! Turn to

page 5-131.
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Right! The rule is true. The depth of eddy current penetration decreases as the con-
ductivity increases. This means that if you are using a specific test frequency and you
switch from a rod with a low conductivity to a2 rod with a high conductivity, you will
need to change the test frequency, If you don't, then you will not be inspecting to the

same depth in both rods.

As you perform eddy current testing, you must constantly keep in mind the idea of how
deep you are penetrating into the specimen. Depth of penetration varies with the fre-
quency and the conductivity. The rule is:
THE DEPTH OF PENETRATION DECREASES:
1. If you increase the frequency
or

2. If you increase the conductivity

Turn to page 5-132.
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From page 5-131
1, In this chapter, we have covered three basic methods or approaches to eddy
current festing. These three methods are testing, phase analysis,
and modulation analysis.
e ra— C—
10. inductive
reactance
11. Impedance is a combination of the coil's resistance (Ry) and the coil's inductive
reactance (X1). It can be shown that separate voliages are developed across the
inductive reactance (X1) and the coil's resistance (Ry). These two voltages
are with each other,
Fa
20. period \
i AN J
—1 —
f ®
21. As shown above, any portion of a series of identical cycles can be selected
for display on the CRT. In the linear time~base method, the control used to
make this selection is called a control.
30. slit
31. View A represents a dimension variable. If the tes{ specimen is replaced by one
with a conductivity variable, the display shown in view will be obtained.
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1, impedance

2. Eddy current testing is based on the properties of the test coil. The coil's
opposition to the flow of an alternating electrical current is called i

D

11, out of phase

12. And you learned that these two voltages are 90 degrees out of phase.

Ay

21, phase

22. By using a phase control related to the
plates, any portion of one complete cycle can be selected for display. The
important fact to remember is that the display still represents one complete
¢ of the voltage applied to the vertical plates. ) %

31, C

32. The above view represents the display for a dimension variable. If a
test specimen with both conductivity and dimension properties that are
not the same as the standard specimen 1s used, the shit value will

display only the variable. @
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2. impedance

3. A test coil has a magnetic field and a specimen placed in the coil will

affect this field. Through this field, the specimen affects the coil's
i .

D

Jmer—— e -
Vl = IXL
12. no response is
required 8leeaae v
1
l
Vv, =IR
0 A 2 L

18. The above view shows the two voltages in the coil. V; =IXy and V, =1Ry.
The voltage V represents the addition of these two voltages. This voltage V
will lead the current (I} through the coil by some angle
which is represented by the angle AOV.

f

22. cycle GEN

~Q
s

1 b % : '
g «
O
23. The shape of the waveform shown on the CRT can be changed by the
specimen. This is based on the fact that the specimen causes p

changes. Thus we can expect the waveform shape to change as the
specimen's properties change.

32. conductivity

33. The linear time-base method is one form of phase analysis and can
separate the variable from the and
variable,
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3. impedance
4. As a specimen's properties change, the coil's impedance changes. This,
in turn, changes the flow of current through the coil. Testing based on
measuring or sensing this current change is called
A o
Vi
13. phase
PHASE
ANGLE
2

14. The phase angle in the above view represents the angle by which the
current () through the coil lags the voltage (V) across the coil or the
angle by which the voltage (V) across the coil ______ the current
(I) flowing through the coil.

23. phsase

24. The linear time-base method is based on the fact that the specimen
causes .

33. conductivity,
permeability,
dimension

34, The linear time-base method can not separate the

variable fromthe ____ ___ wvariable,
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4. impedance testing

5. The n;ain problem in eddy current testing is to separate the variables:
conductivity, permeability, and dimension changes. The method called
can not separate these three variables.

__-P1 (PRIMARY COIL)
14. leads GEN d_| S. (SECONDARY COIL)
15

r’ [ 1Y R (RESISTOR)

15. In the above view, the primary coil (Pl) and the specimen induce a current
(I) into the secondary coil (81). This current will generate an output
voltage (V) across the secondary coil. This voltage (V) will
the current (I) flowing through the coil.

24, phase changes

25, The phase changes caused by the specimen can be shown to have two
directions. Of the three variables conduchivity, permeab:lity, and
dimension it can be shown that the permeab:lity and
variables produce changes in the same direction.

34, permeahility,
dimension

- CRACK

35. The above view represents a display of indications over a period of time.
Certain indications occur over and over again and thus represent a
frequency. Since several frequencies are present, we can say that
several v are appearing in the output display. %
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5. 1impedance testing

6. Since impedance testing can not separate the three variables, another
method is needed. For help, we can turn to the fact that the current
flowing through a coil 1s with the voltage applied to
the coil.

D

P, (PRIMARY COIL)
15, lead GEN ¢ ?/ S1 (SECONDARY COIL)

-

q

v R (RESISTOR)

16. 'The specimen's properties affect the phase of the voltage (V) in the
above view. If the specimen's properties change, you can expect that

the phase angle will . %

25, dimension

26. It can also be shown that the conductivity variable 1s degrees
out of phase wiih the other two variables.

35, variables

36. A testing system which uses electronic filters to remove frequencies
that represent unwanted variables is called
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6. out of phase

7. It can be shown that the current through a coil lags the voltage across
the coil. This current lag is caused by something in the coil called

the coil's 1
N
N dm, SECONDARY
16, change GEN [ {P1 cOL
)/ (T
LT
ﬁ"] 51 R v
<t i
)

17. A cathode ray tube (CRT), which has both horizontal and vertical plates,
can be used to display the output voltage (V) from the secondary coil.
The voltage (V) is applied fo the CRT's plates.

26. 90 STANDARD
SPECIMEN

1 CRT

TEST
SPECIMEN

27. Secondary coils Slland Sy are connected so that the cutput of 8, opposes
the output of 85. If both specimens have the same properties, no voltage
will be apphed to the CRT's vertical plates. That means the CRT i
display will be a s A which represents the
timing voltage.

36. modulation
analysis

37, ‘The depth of eddy current penetration varies with {
and ¢
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7. inductance

8. Inducfance is a property that causes the current through the coil to
the voltage applied across the coil,

D

VERTICAL
PLATE

17. vertical

18. The secondary coil's output voltage is a voltage value that alternates above
and below a center value over a period of time. One complete
alternafion is called a ¢

27. straight hine STANDARD P
SPECIMEN /_J / 7)5

SPECMEN Y \ \ ?5
i

28. On the other hand, if we get a display as shown above, this means
that the specimen properties are not the s .

37. {requency,
conductivity

38. The depth of eddy current penetration varies with frequency and will
increase or decrease as the frequency 1s changed. If the frequency is
increased, the depth will
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9. A coil's inductance is related to the magnetic field established by the coil.
When we say that a specimen affects a coil's impedance, we realize that
this is being done through the coil's

18, cycle

19, The time required to complete one cycle 1s called the p .

28. same

i

29, If a test specimen with a dimension that 1s not the same as the standard
specimen dimension 1s used, a CRT display will be obtained. This can be
positioned as shown above by the use of the CRT's p C i

38. decrease

39, The depth of eddy current penetration also varies with conductivity, and will
increase or decrease as specimens with different conductivities are used in the
test coil, If the conductivity increases, the depth will

7
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inductance

10.

A coil can be shown to consist of two electrical values which combine to forimn the
coil's impedance. One value is the coil's resistance (RL), the other value is a
combination of the coil's induetance and the frequency applied to the coil. This

value is called the 1 T (X1)-

é Return to page 5-132, frame 11,

and continue with the review.

~
INPUT
19. pernod VOLTAGE { L
TIMING {F’
VOLTAGE }1
| -

20. To see one cycle of voltage (V) on the CRT's vertical plates, the voltage value must
be moved steadily across the CRT's screen. This 1s done by applying a timing
voltage to the horizontal plates. To see one cycle, the timing voltage must have
the same p as that of the voltage applied 1 Return to page 5-132, frame 21,
to the vertical plates. and continue with the review.

29. phase control

30. The above view represents a dimension variable, The maximum value of this
variable 1s shown to be 90 degrees out of phase with the CRT's s .

%— Return to page 5-132, frame 31,
% and continue with the review.
39, decrease
40. This completes your review of this chapter. Turn to page 5-142.
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You have just completed the first volume of the programmed instruction course on

eddy current.

Now you may want to evaluate your knowledge of the material presented in this hand-
book, A set of self-test questions are included at the back of the book. The answers

can be found at the end of the test.

We want to emphasize that the test is for your own evaluation of your knowledge of the
subject. If you elect to take the test, be honest with yourself - don't refer to the
answers unfil vou have finished. Then you will have a meaningful measure of your

knowledge.

Since it is a self evaluation, there is no grade - no passing score. If you find that you
have trouble in some part of the test, it is up to you to review the material until you

are satisfied that you know it.

Rotate the book 180° and flip to page T-1 at the back of the book.
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EDDY CURRENT TESTING - VOLUME I
Self Test

HOW TO USE THIS SELF TEST

Use this self test as follows: {1) read the guestion, (2) read all possible answers, and
(3) circle the letter preceding the answer you feel is the best answer for the quesiion.

1. An alternating current (ac) applied to a coll generates an alternating magnetic
field around the coil. If a conductor with an external efrcuit (view A) is placed
in the field, a current will flow within the conductor. If the external circuit is
Temoved {view B)

ONDUCTOR CONDUCTOR
WiTH WITH ND
EXTERHAL EXTERNAL
CIRCUIT CIRCUIT

VIEW A VIEW 8

a) alternating current will not flow within the conductor.
b) alternating current will still flow within the conductor.

2. Eddy currents generate a magnetic field
a} True b) False
3. Conductiviily can be defined as:

a) The willingness of a matexial to conduct an electrical current.
b) The unwillingness of a material to conduct an electrical current.

4. An eddy current can be defined as a circulating alternating current induced into
an isolated conductor by an alternating magnetic field.

a) True b) TFalse
5. Eddy currents generate a magnetic field that

a) opposes the coil's magnetic fleld,
b) aids the coil's magnetic field,

8. ‘'The flow of electrical current through a test coil

a) is affected by the magnetic field around the coll.

b) is not affected by the magnetic field around the coll.
| SSSUEERITEN
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7.

10,

11.

12,

13.

14,

In the following view, a test coil induces eddy currents into a test specimen. The
presence of eddy currents in the specimen

| EDDY
AC /\ \/ CURRENTS
I Yol ‘) SPECIMEN
\ *j

a) will not affect the current flowing through the test coil.
b) will affect the current flowing through the test coil.

Eddy currents exist

a) only conductive materials,
b) only nonconductive materials.
¢} both conductive and nonconductive materials.

A test coil's magnetic field will not pass through a nonconductive material {for
example, paint).

a) True by False

Changes in a material's chemical composition will affect the flow of eddy currents.
a) True b) False

An inclusion in a material will not affect the flow of eddy current.

a) True b) False

A crack within a material will affect the flow of eddy current.

a) True b) False

A test coil's magnetic field has an intensity. In eddy current testing (not magnetic
particle testing), this intensity is assumed to be constant across the.inside diame-
ter of the test colil,

a}) True b) False
A test coil's magnetic field intensity outside a test coil

a) increases with distance from the coil.
b) decreases with distance from the coll,
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15,

16,

17,

18.

T-3

The following figure shows two points in the magnetic field extending from the end

of the coil.

¢ =—-POINT A
* —~——POINT B

a) Point B has a greater magnetic field intensity than point A,
b) Point B has less magnetic fleld intensity than point A,

The path of eddy currents is related to the windings of a coil. For an encircling
test coil, the correct eddy current path is shown by

R
~~/ =

~ ~[
VIEW A VIEW B
~=—a— DENOTES PATH DIRECTION
a) view A
b) view B

In the following view, ac flowing through a primary coil establishes a magnetic
field and causes eddy currents to be induced into a rod. A secondary coll encircling

the rod . ,
PRIMARY SECONDARY

cou.\“ L R /COIL
S A A A A,

AC ?

a) will not be affected by the eddy current flow,
by will be affected by the eddy current flow.

When a rod is placed :n a test coil, the density of the induced eddy currents will
vary within the rod. The greatest density (the most current) will exist

a) near the surface of the rod.
b) near the center of the rod.
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19. When a rod is placed in a test coil, the density of the induced eddy currents will
vary within the rod. No eddy currents will exist

a) at the center of the rod,
b) near the surface of the rod.

20. When a surface test coil is placed on a specimen, the depth of eddy current pene-
tration into the specimen varies with

a) test frequency applied to the coil.
b) conductivity of specific specimen.
¢) both the test frequency and the conduetivity of the specimen,

21. The depth of eddy current penetration decreases as the test frequency

a) increases.
b) decreases.

22. The depth of eddy current penetration decreases as the conductivity

a) Increases.
b) decreases.

23. The term "lift-off" applies to

a) a surface colil,
b) an encircling coil.

24. The term "fill-factoxr" applies to

a) a surface coil,
b) an encircling coil,

25. In the following view, a surface coil is positioned above the surface of a specimen.
If the distance between the coil and the specimen's surface varies,
the output indication will

[ L ! SURFACE COIL
AC INDICATOR L—

l I %
—

| SPECIMEN |

DISTANCE

a) remain unchanged,
b} vary.
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26.

27.

28.

20.

30.

T-5

The following view shows a rod passing through a test coil. If the-diameter of the
rod varies, the indicating device output indication will

ST 1T

INDICATOR

AC

a) vary.
b) remain unchanged.

Lift-off is defined as a change in output indication as the distance between the coil
(surface coll} and the specimen's surface is varied.

a) True b) False

The following view shows a surface coil positioned on the surface of a nonconduc-
tive coating. Below the coating is a conductive material. If the surface coil 1s
moved across the surface and the thickness of the nonconductive coafing varies,

* the indicating device output indication wall

| T l /SURFACE coiL
Alc INDICATOR %
|

NONCONDUCTIVE COATING

IS, 3}:?;-15:-.\\1\&'#};'-',% VAN Ty ‘!{/} s
iéﬁ;ﬁﬁj éj CONDUCTIVE MATERIAL ’Zﬁ:‘f ..ej/,;’:

-

b

e A R A LY AR S

a) remain unchanged,
b) vary.

A specimen may be viewed in terms of three variables: conductivily, dimension,
and permeability. The conductivity variable appears in

a) only magnetic materials,
b) only nonmagnetic materials,
c¢) both magnetic and nomagnetic materials.

A specimen may be viewed in terms of electrical and magnehic effects,
Conductivity is

a) an electrical effect.
b) a magnetic effect,

® 533012(Y L)
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31. A specimen may be viewed in terms of three variables: conductivity, dimension,
and permeahihity. A specimen may also be viewed in terms of electrical and
magnetic effects. The dimension variable is

a) an electrical effect,
b} a magnetic effect

- -+ Permeability is

a) an electrical effect.
b} a magnetiec effect,

33. The ratio of the flux density {B) of a specimen to the magnetizing force (H) of the
test coil is called

a) residual magnetism.
b} permeability,
¢) hysteresis.
34. Permeability varies as the magnetizing force applied to the specimen is increases
a) True b) False

35. A substance which is characterized by an abnormally high permeability, definition
saturation point, and appreciable hysteresis is called

a) 2 magnetic substance.
b) 2 nonmagnetic substance.

36. The hysteresis loop for two specimens is shown below. The magnetic material is
B

1
B

/ MATERIAL X MATERIAL Y

a) material X,
b) material Y.

@ 5330 12 (V-1}



37.

38.

39.

40,

41.

42,

43,

44,

45,

T-7

The process of applying a direct current through a coil for magnetic saturation
of a specimen is related to

a) conductivity.
b) permeability.

A coil's opposition to the flow of an a:lternating current is called
a) impedance.

b) inductance.

¢) iInductive reactance.

A specimen's properties will not affect a test coil's impedance.
a) True b) False

If a coil's Impedance changes, the coil's current

a) remains unchanged.
b) changes.

Impedance testing can separate the conductivity variable from the dimension and
permeability variables,

a) True b} False
Current flowing through a test coil is

a) in phase with the volfage across the coil.
b) out of phase with the voltage across the coil,

Phase analysis is based on the fact that

a) a coil's impedance changes.

b) the current through a coil lags the voltage across the coil.
¢} the frequency response of the coil changes.

Phase analysis can separate the dimension variable from the

a) permeahility variable.
b) conductivity variable.

Each of the three variables (conductivity, permeability, and dimension) produce
phase changes in the test coil,

a) True b) False

®5330 12 (V-1}



46.

47.

43,

The two variables which produce phase changes in the same direction are

a) conductivity and dimension,
b} conductivity and permeability.
¢) dimension and permeability.

()

{787}
The permeability and dimension variables produce phase changes that are

a}) the same direction as the conductivity variable.
by 90 degrees out of phase with the direction of the phase change produced

by the conductivity variable.

The following figure illustrates the use of the linear time-base method of phase
analysis,

Does the display on the CRT Indicate

Py
. T ——
STANDARD \ \ j /
SPECIMEN 6 S;
o

Bued I TS N3 A
] 2 2 s, e S

GEN

PHASE TIMING
CONTROL VOLTAGE

a) the specimens are the same
b) the specimens are not the same
¢) one of the specimens has been removed,
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49, Views A and B illustrate two possible displays on the CRT screen, using the
linear time-base method of phase analysis., The display can be changed from
view A to view B by

VIEW

a) changing the phase control on the CRT equipment.
b) decreasing the amplitude of the signal,
¢) either "a' or "b,"

50. The following fipure illustrates the use of the linear time-base method of phase
analysis. If the two specimens are not the same the resulting indication on the
CRT screen will be as illustrated in either

SPECIMENS ARE NOT
THE SAME

Py 51

——" =
STANDARD 3
SPECIMEN (i o
TEST & /“ '\_‘\_9
SPECIMEN
p~ o T Nrre—
T Pa 32

GEN

PHASE TIMING
CONTROL VOLTAGE |

a) view A or view B
b) view B or view C
e) view A or view C

L
5330 12 (V-1}



T-10

51. In the following figure, imagine that a test specimen with a dimension property that

52.

53.

54,

55-

is not the same as the standard specimen 1s placed in the test coil, Through the
operation of the phase control, the display is adjusted to provide the indication in
view A. If the test specimen i{s now replaced by one that has conductivity properties
that differ from those of the standard specimen, the value at the slit will represent

-
STANDARD 6-_"_‘\\ ]
SPECIMEN \o—\o— /_:73 :§

-~ y . — P} £~ > .,
Ay R
P
| I 2 |

GEM

PHASE TIMING
CONTROL VOLTAGE

a) the permeability variable.
b) the conductivity variable,
¢) both the permeability and conductivity variables.

The value at the slit can represent either the conductivity variable or the dimension
variable, depending upon how the display is originally established on the screen.

a) True b) False

The Hnear time~base method can without magnetic saturation, separate the
dimension variable from the permeability variable.

a) True b) Fealse

The following view shows a series of indications on a chart recorder. These
indications represent changes In a test coil as a result of 2 rod passing through
a test coil, This type of indication is applicable to

_—CRACK

a) impedance testing,
b) phase analysis,
¢) modulation analysis.

Modulation analysis is based on

a) Impedance,
b) phase changes.
c) generation of frequencies.

® 5330 12(V-1)
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56. A testing system which uses electronic filters to remove frequencies that repre-
gent unwanted variables is called

a) modulation analysis.
b) impedance testing,
¢) phase analysis.

END OF SELF TEST

This completes the self test. Do not turn the page until you have completed the self
test. Then turn to page T-12 to evaiuate your performance.
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