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Abstract

The.eddy current nondestructive testing method has
traditionally been used for the detection of surface and
Vsﬁbsurféfe flaws in conducting materials. The basic probl:
with insbection tc greater depths is shaliow skin depth or
lack of penetration at realistic operating frequencies. To
overcome this problem and the effect of lift-off, specially
designed through-transmission probes were used which operate
in the frequency range of 100 to 2000 Hz. By using a
conventional single-frequency impedance-plane analysis
technique, phase detector dircuitry and filters,’welds in
1/2" (12.7 aw} thick aluminum alloy plate were inspected to
detect flaws within the welds.

Different operating and material cohditions, such as
Aelectrical conductivity; magnetic permeability, lift-off,
dimgnsional changes and cracks produce their own unique
impedance-plane ‘plots. This thesis describes and illustratés
how the "signatures" of various test object conditions may
be used to characterize the flaws present within the welds.
By using an X-Y storage oscilloséopé to record the
signatures, fléwé such as incomplete penetration, cluster
porosity and large isolated pores were easily identified.
Future considerations extend to the inspection of ofher

metals, including steel, using a conventional differential

probe configuration.
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1. General Introduction

Electromagnetic nondestructive test methods are widely
used in the metals industry to inspect and evaluate metals
for quality control. Because the tests are nondestructive,
they can be used to inspect an entire production output if
desired. The basic principle of the electromagnetic test 1is
that electromagnetic field perturbations caused by the
presence of a test object in the field are measured and used
~indirectly to evaluate conditiqns of interest in the test
object. The correlation between the instrument readings and
the structural charécteristics and‘serviceability of the
‘test object must be carefully and repeatedly established for
these methods to be reliable. ;

Electromagnetic nondestructive test methods use the
effects of electromagnetic inductioh, electromagnetic
fields, or varying currents for pfobing, measuring, or
inspecting. The most commonly used electromagnetic
nondestructive test is the eddy current test, and is the
subject of this thesis. It will be shown that eddy current
testing is based on the principles of electromagnetic
induction and that the main operational functions common to
the eddy current test are: 1)the excitation of one or more
test coils to produce an electromagnetic field within the
test object, é)the modulation of the electromagnetic field
quantities by the test object, 3)the conversion of test coil
output signals for analysis, 4)the detection or demodulation

of the test coil output signals, 5)the analysis of the test



coil output signals, 6)the display or indication of -results,
and 7)the handling of the test object being inspected.

A umber of eddy current testing methods are available,
but the most common eddy current test method is the vector-
point or impedance-plane analysis method, where impedance
changes in the test coil representing changes in the test
object are monitored using an X-Y storage oscifioscope. This.
eddy current testing method may be usgd to identify and
differentiate between a wide /ariety‘of physical, “structural
and metallurgical conditions in electrically conductive N
ferromagnetic and nonferromagnetic metal parts. This testing
method may be used to: i)measure or identify such properti;§
and conditions as electrical condﬁctivit&, magnetic
permeability, physical dimensions, grain size, hardness and.
heat ﬁreatment, 2)detect'seams, laps, cracks, voids and
inclusions, 3)sort dissimilar metals by ‘detecting
differences in their composition, microstructure and other
properties and 4)measure the thickness of a nonconductive
c?ating on a conductive metal, or fﬁe thickness of a
condﬁctive coating on a dissimilar conductive metal. Because
of 1ts versatility, the impedancé—plane analysis technigue
was used for this study. |

Eddy current testing may be used to inspect and
evaluate a wide variety of metal materials and products.
This is trué; provided that the physical requirements of the

material are compatible with the inspection method. In many

cases, however, the method may be sensitive to a number of
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““which would bPenetrate weld beads in thick plates of aluminum

unimportant properties and/or characteristics inherent

*within a material which may result in misleading instrument

signals or instrument signals that mask critical variables.
This may occur if both a conductivity change and flaw are
detected at the same time.,This ﬁay also occur if the ,
coil-to-object distance or lift-off varies during the test,
as would occur during the inspection of a weld bead.

The purpose of this thesis project was to develop a

suitdale test coil capable of proaucing a magnetic field

alloy, yet still maintain a suitable degree of sensitivity
to flaws within the weld. To ‘achieve the tequired
pPenetration, testing equipment capa.le of cperating at low
frequencies (eg. 100 to 2000 Hz) was used. The equipment was
also phase selective to provide a means of discfiminating
against any undesirable variables associated with the eddy
current test. Another requirement of this project was the
development of a suitable system to overcome the effects of
lift-off associated with the crown of a weld bead

A su1table choice of testing equ1pment and probe design
allowed a variety‘of flaws to be detected and characterized
esing the impedance-plane analysis method of eddy current |
inspection. Incomplete penetration, cluster porosity and
large isolated pores present w1th1n welds made in aluminum
alloy plate were identified using this method. The results
were verified using both ultrasonic and radiographic

nondestructive tests,



The theory of eddy current nondestructive testing is
presented in the literature survey. The development of the
eddy current test system and testing technique, conclusions
and recommendations for future work, including éractical
applications of this system, are presented in the

exPerimental section of this thesis.



2. Literature Survey

2.1 Survey Introduction

h; Developme.it of the eddy current method of inspection
was,based dn early discoveries in the field of
electromagnetism and technological advances in the areas -of
metallurgy, metals fabrication and instrumentation. It will
be shown that electromagnetic induction is one oéﬁ&hg‘key
principles of the eddy current test and that electromagnetic
effects are caused within a conductive test object as a
result of varying electromagnetc fields. These fields result
in eddy current flow within a conductive material. A
secondary electromagnetic field is set up as a result of
this eddy current flow, which creates electrical signals
within the test coil that are related to the electrical
conditions of the test object. The basic principles of
electromagnetism will be presented as a historical
development.

With the basic electrdmaghetié principles realized, the
two major functionsLof the eddy current test method will be
studied. These functiéns include the excitation of the test
coil with a sinusoidal'signal and the modulation of the test
coil output signals, as represented by changés in the
impedance-plane diagram. The principle operating variables
of thé eddy current inspectioﬁ‘method will be investigated,

as well as impedance concepts and the phase discrimination

technique.

.



2.2 Basic 'Electromagnetic Principles

2.2.1 Early Discoveries

The principles of the eddy current method of inspection
are founded on early discoveries in the field of
electromagnetism. In 1820 Oersted' * discovered the magnetic
effect of electric current. He showed that a magnetic
needle, when placed uﬁde: a current-carrying wire, takes up
a direction perpendicular to that of the current. He also
found that the effect was passed from the wire to the needle
through materials such as brass, glass, wood and water.
These were simple, yet important observations, since they
illustrated the presence of a magnetic field and initiated
the subject of electromagﬁetism.

Figuré'1é illustrates the magnetic field around a Qire.
Oersted's examination of the field at any point P, at the .
end of radius vector r, showed that the direction of the
hagnetizing force was always at right angles to both the
direction of current flow ané the direction of the radius
vector. The result is a circhlar magnetic field around the
wire.

Oersted's ppservations were soon confirmed by Ampere?:?
who took the experiment one step fhrther,Ae¥amining the
reaétion of the magnet upon the current. He showed that the

direction of the force exerted upon a current by the earth's

magnetic field was consistent with Newton's thirgd law, which
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Figure 1. Magnetic field around a wire: a)direction of the
magnetic field; b)contribution to the magnetic field at
point P. ' P

J



states that, for every act ion there is always an opposed
equal reaction. Ampére then étudied the action of one
electric current upon another. He discovered that two
parallel wires carrying currents werémahtually attractive
when the currents flowed in the same direction and repulsive
when the currents flowed in the opposite directions.

Two of Ampere's contemporaries, Biot and‘Savart‘,
repeated Oersted's experiment and discovered a léw :
describing the magnetic effect. They found that the
direction of'férce on the hagnetic pole was perpendicular to
the wire and circumferential with respect to the wire. They
also found that the, force was proporﬁional to the reciprocal
of the distance from the pole to the wire. With their
findings, Biot developea an equation which states that the
field, of any point, is the integrated sum of the field
effects of the individual contributions of all differeﬁtial
current elements in the system. Although credited to Biot,
this equation is ¢§mmonly known as Ampere's law.

- To illustrate Ampéré's law, the origin of the field at
point P is considered, as in Figure la. The field at point P
is actually made up of the combined contributions of the
field effect from the current-carrying wire. This is
illustrated in Fiqure 1b. In this case, the current flow [
through- the wire is made up of a serieé of elemental
currents IA{. Ampére's law states that the contribution of
the field, at point P, by the elemental current IAZ, is.

directly proportional to the strength of the current element



and to the sine of the angle'O between the_direcfion.of the
elemental current flow and the line connecting the elemental
current with pointrP, where the, direction of the field
contribution at point P is perpendicular to both the
difection of the current elément flow and the line o
connecting the current element flbw with point P. The law
also states that the contribution of the field, at point P,
by the elemental current, is inversely proportional‘to the

square of the distance from the current element to point P;

thus, the equation reads:

AH= JA{sin6/r? _ ' (1)

-~

This is the'field contribution from a singlé'current element
(N.B.: bold-face type indicateés a vector qﬁantity). The
quantity IA< should remain constanthﬁwhile the angle 6 aﬁd
distance r have different yalues.for each éufrent eiehéht.
All the ébntributions may be summed to give the.tqtal value -
of the magnetizing force H at point P. |

In this example, it was assumed that the current had
the same value along the wire. If the current varies with
time or distance along the wire, the contributions to H will
also vary. In addition, all of the lines from P to the
current elements lie in a single‘plane'(i.e., the straight
current path or wire); therefore, all of the elemental AH

values lie in the same direction. If the wire were curved,
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the elemental values would not have the same directions;
therefore, all of the contributions would have to be added
as vectors. Further complicationé result if mgnycwires are
present and oriented in different directions. As simple as
the equation might appear, these complications may still be
handled by applying Ampére's law.

The effect of using a loop of wire is illustrated in
Figure 2. The lines of magnetic force, B, tend to be
stréight near the center of the l&op and gradually approéch
a circular pattern near the wire. For points closé to the
wire, a lengfh of wire that is very shoff compared.to the’
radius will closely approximate a straight line; therefore,
the wire behaves magnetically like a long ‘straight wire,
resulting in concentric circles oﬁ-magnetic‘forée. In this’
case, the amplitude varies i%versely with the square of the
distance<from the current™€lement and directly as a function
of the angle between"the;direction of the current element
anq the radius vectﬁr between the current element at point
P. Each contributfén to the field is at right angles to the
\plane containing botﬁ the radius vector and the direction of
the current_ element. Reversing the direction of the current
will result in the reversal of the direction of the magnetic
field.

Going one step furthef, a multi-turn coil or solenoid
may be analyzed in a similar fashion. The coil's fieid is
the vector sum of the fields set up by all of thé turns that

make up the coil. Figure 3, which illustrates a coil with



n

Figure 3. Coil with widely spaced.turns.‘

11
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widely spaced turné, suggests that the fields tend to cancel
between the wires. It also suggests that, at points inside
the coil and reascnably far from the wires, B is parallel to
the coil'§ axis. In the limiging case of adjacent tightly
packed square wires, the coil becomes essentially a
cylindrical‘sheet and the requirements of symmetry confirm
the previous statement. i
For a point P outside the coil, such asﬂin Figure 3,
the field set up by the upper part of thg‘cbél turns tends

to cancel the field set up by the lower part of the coil

h)

turns. As the coil approaches/fhe ;imiting case, the
magnetic field at boints outside the coil approach zero.
Taking the external_field to be zero is not a bad assumption
for a practical coil, if its length is much greater than its
diameter and if only external points near the central region
of the coil are considered. Figure 4 shows the lines of
maénetizing force for a real coil. Aithough thié coil is far
from ideal, the spacing of the lines of B in the central
pléne illustrate how the external field is much weaker than
the internal field. | /‘

Oersked's discovery of the magnetic fiela associated
with an electrié current suggested to several other
investigators the possibility that magnetism could in some
way give rise to-electricity. This oéposite'effect was not
demonstrated untii 1831 when Faraday®:'* diséovered

electromagnetic induction, one of the key principles of the

electromagnetic test. Joseph Henry, in 1830, was the first
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Figure 4. Lines of magnetizing force for a real coil.
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to observe such a phenomenon, but Faraday published his
independent discovery first and is therefore credited with
the discovery.

In these early studies, coils were wound on a soft iron
ring, as illustrated in Figure 5. In this arrangement, one
of the coils was connectéd through a switch to a battery.
The circuit of the other coil W, included a wire which
passed over a magnetic needle three feet from the iron ring.
fa;aday discovered that by connecting the battery to winding
W, the magnetic needle Toved, oscillated and ..turned to its
original position, and £hen by disconnecting -he battery,
6scillations were again produced. These results showed that
a current was generated in coil Wz; given a change :n
.chrfent fhfougp coil W,. By adding a coil in the W, circuit,
éaﬂqcent to the magnetic néedle, Faraday was able -0 make
some addiﬁioqal observations. He observed that the neecle
moved’initially in one direction when the battery was
connected and initially inithe opposite direction when
disconnected. In both cases, after the initial movement, the.
magnetic needle oscillated and returned to its original
position.

?araday repeatéd this experiment using a wooden core
instead of én iron core. He obtained results similar to
those with the soft iron ring.core, but the current was
lower. A galvanometer was required to measure this low

current. In later experiments, Faraday discovered that the

mere approach or removal of a current-carrying conductor
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Figure 6. Illustgétion of Lenz's law.
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inauced a current in a neighbouring'coil and théf the motion-
of magnets produced similar effects.

Although Faraday was able to predict the direction of
an induced current, he did not state his >rinciple as
succinctly as Lenz’, In 1834, Lenz conduc-.ed a series of
experiments which led him to his rule for predlctlng the
direction of an induced current:

"the dirjection of the induced current is always such that
its electromagnetic action tends to oppose the change which
pnoduqes it."” |

Lenz's law is illustrated in Figure 6. As a bar magnet
approaches the top of the coil,‘as in Figure 6a, the current
induced in the coil gives rise to an induction that opposes
the approach of the magnet. Likewise, as the magnet is
withdrawn, as in Figure 6b, its motion is again opposed by
the magnetic field arising from the current induced in the
coil.

An important concept to bé learned from Faraday's
experiment is that of magnetic flux or magnetic induction.
The magnetic field intensity H produces a magnetic flux B in
the direction of H and its value is proportional to the
product of the permeability and the magnetic force
(i.e., B=uH);K?his leads to the concept of total flux. The
tofal flux ¢ is obtained by summing up the flux over a given
area. As an example, the total flux for a given coil, such

as Figure 2, would be equivalent to

-

"



¢= B,, XA ' : (2)

whefe ﬁ" is the average magnetiq flux and A is the
cross-sectional area of the coil. The flux ¢ is given in
units of webers, named in honor of W.E. Weber, German
phfsicist. The magnetic flux density is the total £1ux per

unit area (¢/A). If B is oblique to the plane of area, then

¢= B,, A cos® ‘ . . (3)

where 6 is the angle between B and the normal to the area,
as Ellustrated in Figqure 7.
s

2.252 Induced Emf

Although induced current has been mentioned, it sh;uld
be realized that the primary effect is the induced emf. This
gives rise to a current, provided the circuit is complete.
Figure 8 shows a single-turn loop placed in a magn- :ic field
having a flux density B and a total flux ¢ threading the
;oop. Earaday found expegimentally that the ﬁagnitude of the
induced emf in a sinéle loop was directly proportional to |

the time rate of change of the total magnetic flux enclosed

by the loop:



Figure 7. Oblique magnetic flux lines.

Figure 8. Faraday's induced emf law.
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E= -A¢/At (4)

where A¢ is the change in flux and At is the.change in time.
E is given in volts when A¢/At ig given in webers per
second.

“An emf (A¢/At) is induced in each turn of a coil;
therefore, if N turns are connected in series, the total emf

in the coil is N times that induced in a single loop:-:

E= -NA¢ /At (5)

ff'the flux varies at a sinusoidal rate (i.e., if
alternating current is used), the induced voltage at the
terminals of the loop would vary as fhe cosine function,
..because the time rate of change of a sine function is a
cosine function. Applicatioﬁ of the negative sign results in
a 90° shift between the output voltage and the total
‘magnetic flux threading the loop, where the output voltage
leads the total magnetic flux.

The induced voltage, by Ohm's léw', wili cause a
current to flow arQund the loop. The amount of current which
flows in the loop depends on the electrical resiétance of
the loop and, in accordance with Ampéré's laQ, the cﬁrrentv
will make new cbntributions to the existing field which, in

turn, will affect‘the induced voltage around the loop. These:
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contributions will be discussed in section 2.3.

2.2.3 Maxwell's Contributions

| The years from 1831 to 1931 were a time for development
of basic mathematical and.electrical analyses, as well as
relgctrical techniques. The mogf important contributions to
the development were made by Maxwell’. Maxwell was greatly
influenced by Faradéy's experimental results and ideas about
magnetic lines of force. In 1864, he presented his classical
dissertation on a dynamic theory of the electromagnetic
field. Maxwell skillfully modified the existing equations
developed through the contributions of Oersted, Coulomb'®,
Ampére, Biot, Savart, Gauss'' and Faraday to develop his
four renowned equations''. |

The scope of Maxweil's equations is remarkable,
including as it does the principles of all large scale
electromagnetic and optical devices such as motors,
cyclotrons, electronic‘computers, radio, television, radér
and optical instruments. These principles include the
~ generation and flow of eddy currents in conduétors and the
associated electromagnetic fields;‘thus, all the
electromagnetic induction effects that are baéic to the eddy
current inspection method are descfibéd, in principle, by
Maxwell's equations for the appropriate boundary values for
practical applications.
Maxwell's first equation, derived by applying the

. divergence theorem to Gauss' theorem for electricity, takes
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the differential form:

VD= p ‘ ’ ’ | (6)

w 2V is cne v. . -or differential operator, D is the
clectri. 1l dicplacement and p is the volume density of frée.
charge. 1ais ec ration rel&tes“the electric field to the
charge enclosed within a surface.

Maxwell's second equation, an extension of Ampére's

law, relates the magnetic effect to a change in the electric

field or current by:
UxH= J+8D/6t B | (7

[

- ‘ P . ’
where H is the magnetic intensity, J is the current density

.and 6D/8t is the density of displacemeht current. The

‘displacement current may exist if the electric field is

changing. In a conductor, the &D/&§t term vanishes, while in

A . . . C T, (N
a dielectric it is the J term which vanishes.

Maxwell's third equation, derived from Faraday's law of
electromagnetic induction, relates the rate of change of
magnetic induction to the resulting electric field. The

differential form of Maxwell's third equation may be
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written as:

VxE= -6B/§t \5 (8)

where E is the intensity of the field associated‘with the
induced emf (force per unit charge) and 8B/6t is the fate of
change of magnetic induction. L2

Finally, Maxwell's fourth equation, derived by applying
thé divergence theorem to Gauss' theorem for magnetism,
shows that the total flux;df magnbtic induction throughvany
closed surface is equal to.zero. His fourth equation may be

written as:

VeB="0 (9)

where B is the magnetic flux density. Maxwell's fourth
equati&i;is a direct consequence of the fact that the
induction is the curl of a vector.

The récognition to include a displacement current to
account for electromagnetic evenfs in space where no
conduction cufrents exist,las in the space between the
plates of a éépacitor, was one of Maxwell's major
contributions to physics. This single diécovery led to his

conclusions that electromagnetic waves could be propagated
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in free space and that visible light was such an
electromagnetic radiation. Maxwell also predicted the
presence of lower frequency waves, called Hertzian or radio
waves. His work was also an important foundation for the
works of Lorentz and Einstein in the development of the

theory of special relativity.

2.2.4 Modern Developments

.In 1879, Hughes detected differences in electrical
conductivity, magnetic pérmeability and temperature in metal
using an eddy current method. Further developmenf of the
electromagnetic theory was.necessary before eddy current
" methods could be uSed‘in practical applications. Since
;onéestructive testing techniques‘were no£ common in the
1800}5, much of the analytical work and measurements were
accomplished in connection w@th other electrical problems
and were later appliedﬁ%p nondestructive testing.
Calculation of the flo%ﬁof induced current in>metals was
later possible by the solution of Maxwell's equagions for -
symmetrical coﬁfigu;ationé using specific boundafy
conditions.‘TheSe mathematical techniques were important in
the electric power generation and transmission industry, as
well as in the methods of induction heating and-eddy.current
inspection. ' '

With the advent of Worla War 11 came a rapid growth in
the metals industry and a need for improved nondestructive

testing techniques to meet the new requirements of the
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metals industry. The earliest advances in the development of
a practical eddy current technique were made by Vigness,
J..ger and Gunn'? in 1942. An early, well documented work
was presented by Farrow'® in 1943. He pioneered'the
development and application.of an eddy current system for
the 1nspect10n of welded steel tubing. His system included a
separate prlmary exc1tat10n coil, dlfferentlal secondary
detector coils and a direct current magnetic saturating
coil. The inspection 5ysten"also included a balancing |
network, high freqguency amplifier, frequency discriminator-
demodulator,'iow frequency pulse‘amplifier and filter. These
are the same basic elemenrs preSent in a modern eddy.current
inspection system. In the same year, Zuschlag‘; also made

some major contributions in the design, development and

' appllcat1on of eddy current nondestructive testlng

equipment.

Probably ‘the most tnorough work done‘on the theory and
application of eddy current testing methods was‘made by
Forster and his associates'®-'7, During the past 25 years
they applied all of the basic principles of eddy currents
and a combination of the results of detailed analytical
studies and measurements made with models representing
various test objects (i.e., mercury models:with artificial

flaws and specimens with varying conductivities and

diameters) to develop their eddy current testing systems.

An excellent survey of electromagnetic nondestructive .

tests, prior tv 1950, was presented by McMaster and Wenk'®

v
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in 1956. Their publication gives a list of related patents
and operational features coﬁmon to each of the methods
listed. Another excellent contribution to the field was made
by Libby"‘i’. He presented many papers on the topic of
multifrequehcy eddy current testing and has given an
excellent introduction to the eddy current nondestructive
test method in his book entitled "ILntrodyction to
" Electromagnetic Nondestructive Test Methods"*# ., In this
book, Libby describes the basic principles, techniques and
applications of eddy current testing in great depth, with
the pfinciples emphasized, making this book an excellent
reference source for this thesis. Some other general purpose
reference sources include papers by Forster'’, Libby?* and
Hochschild? ¢, \ |

The remainder of this literature survey will be devoced
to detailed studies of the basic eddy current principles.

The electromagnetic field, flow of currents and formation of .

signals will be investigated.

2.3 Basic Eddy Current Principles ‘ ' N

i
|

2.3.1 Electrom;gnetic Induction |
It has already been shown that the main p%inciple of

the eddy current test method is electromagnetic induction.

The principle of electromagnetic induction will now be

discussed in greater detail.
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By placing an electrically conductive test object
adjacent to a test coil, vafying currents may be induced
N
into the object by the varying magnetic‘field created as a
result of current flow through the test Eoil. In the same -
manner, the induced currents produce a varying magnetic
field. The field associated with the test coil is commonly

called the primary field, while the field éssociated with

.the test object is called the secondary field. In the case
of nonmagentic test objects, this‘secondary field opposes
the primary field to an extent that depends on the
conductivity, size of the.object and the operating test
frequency. The electrical phase angle of the induced eddy
curfents vary according to the test obje;t parametefs and
the test frequency. The phase angie of the secondary fielq/
varies in the same manner.

In pra;tice, the secondary field is monitored by
observing its effects on the current or voltagé of the
primary test coil, or upon currents or voltages induced lin
secondary test coils placed neaf tﬁe primary test coil. The
primary and secéndary coils are commdnly wound as a pair, as
illustrated- in Flgure 9a for a 51mple two loop case. An “
alternating current I, is applled to the primary loop,
producing a primary magnetic field which induces an
alternating emf in the secondary loop. This emf causes a
current to flow in the secondary loop (I,). This éurrent may
be determined using Ohm's law, which states thét the cprreﬁt

is equal to the ratio of the final induced emf to the



y

(b)

Figure 9. Induced currents: a)simple ‘two loop case;

b)spatjal flow of currents in a test object.

o
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resistance R, of the secondary loop (i.e., I,= E,/R.,). As

indicated earlier, the secondary field opposes the primary
field, thus the final induced emf will be consistent with
tﬁe/final existing magnetic field and secondary resistance.

Given the situation in Figure 9b, where the secondary
coil is replaced with a solid test object, the same basic
events occur, but thé currents flow over a larger volume.
This large amount of current flow interacts, by

electromagnetic induction, with its various parts, as well

as with the current in the primary coil. As with the

°

situation in Fiqure 9a, the final induced emf will be

consistent with the final existing magnetic field. Given a

A

+fixed excitation current, the total effect of the field

conditions may be monitofed by measuring the final voltage
existing across the excitation coil. Variétions in the test
object (i.e., voids,vcracks, inclusions, etc.) which affect
the flow of eddy currents within the test object may be
detected by observing their effect upon the voltage.

To illustrate the amplitude and phase relationshfps of
a.c. signals with the same test frequehcy, phasor diagrams
are commonly used. Figures 10a and 10b illustrate thev ‘
relationship between the excitation current, magneﬁ%c flux
and coil véltage in a singlé test coil, with and wifhout a
test obﬁect present. Without a test object preseht, as in
Figure 10a, the primary magnetic flux ¢, 1s in phase with

the excitation current. No secondary magnetic flux is shown,

(h
LY
i

since only a single coil is used and no test object is

<

0



{a)

Figure 10. Current and magnetic field phase angles:

a)without test object; b)with test object.

.29



30

present within the field of the coil. A very small secondary
magnetic flux is present due to eddy current flow through
the wire itself; howéver, the magnitude of this flux shall
be considered negligible. With a fixed alternating current

I applied to the test coil, a voltage is developed across

the test coil which lags the excitation current by an angle

" of 90 electrical degrees.

When a test object is placed within the test coil, as

~in Figure 10b, eddy currents are set up within the test

object and a'secondary magnetic flux ¢, is established.
Vector addition of the secondary flux to the péi;;ry flux
gives a new total fluﬁ ¢,. This total flux produces a new
test coil voltage E, which lags ¢, by 90°. The same result
may be obtained by considering the fluxes;éeparateiy,
producing their own induced voltaées. Tﬁg\;ctual test coil
signél vol£age is E,; however, this voltage is not direcfly
availablé. E; may only be obtained by subtracting a fixed
voltage, equivalent in phase and amplitude to the primafy
voltage £,. . : &

With the principle of electromagnetic induction more
fully understood, the principle operating variables of the
eddy current inspection method may be examined. These
variables include: a)coil impedance, b)electrical
conductivity, c)magnetic permeability, d)skin effect,
e5lift—off factor,,f)fill faétor and gledge effect. Each of

these variables will be considered in the following section.
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2.3.2 Operating Variables

2.3.2.1 Coil Impédance

When alternating current is flowing in a test coil, two
limitations are imposed to the flow of cﬁrrent. These
limitations include the aiternating current resistance R of
the wire and the inductive reactance X, of the coil. The
alternating current resistance of an empty coil at low
frequencies or having a small Qire diameter is very nearly
the same as the direct current reéistance of the wire used
for the coil. As either the frequency or the wireAdiameter
increases, the ratio of the élternating current resistance
to direct current resistance increases. The resistance
componeﬁt is proportional to the energy dissipated in the
magnetic field 6f the coil. Inductive reactan¢e, on the
other hand, is the combined effect of inductance and
frequency. The inductive&reactance component is proportional
to the energy stored in the magnétic field.

Both the resistance and inductive reactance make up the
total resistance to flow of alternating current in a coil.

The total resistance may be represented by the following

equation:

Z= R+jX, ., (10)

where X = wl= 27fL (w is the angular frequency; f is the
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frequency in Hz and [ is the inductance of the coil). The

total resistance Z is commonly referred to as the impedancé
and‘is expressed in ohms. The complex term,>jkl, indicafés

~ that the alternating current and voltade in the system do
not have the same phase angle. The complex operator | is
replaced with J to avoid possible confusion with the/symbol
I sometimes used to represent electrié current.'Equation
(10) may be represented by a phasor diagram, as described in
the following paragraph.

The voltage drop across a coil is dirgctly proportional
to the impedance of the coil, in accordancé with Ohm'%s law
(E==~IZ); thus, a phasor diagram representing the voltage
drop acrosé the éircuit aléo represents the impedance of the
circuit, where the horizontal axis repreéénts the resistive
or energy loss axis, and the vertical axis represents the
energy storage or reactance axis, as shown in Figure 11,
Such a phasor diagram is called an impedance-plane diagram.
Because each specific condition in the test object .may
result in a specific coil impedance, each Eonditioh may

- correspond to a particular point on the impedance-plane

diagram. Impedance-plane diagrams have been studied

v

o
extensively by such investigators as Forster and Stambke'*,

_Hochschild?’ and Hagemaier?®.

Consider a circuitvdescribed by Libby”,VZOnsiéﬁing of
a primary excitation circuit and a secondary detection |
circuit, as shown in Figure 12, An impedance-plane diégram

may be constructed which closely represents the condition
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Figure 11. Impedance-plane diagram.

Figure 12.. Coupled circuit (simple conducting loop).
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existing in a practical eddy current test. Both the prlmary
and secondary”€1rcu1ts have an 1nductance and resistance
component. The resistanoe in the secondary loop is variable.
With R2=; (i.e., the loop is open) the voltage drop across
the primary loop is equal to.the product of,the current and
impedance (E=IZ); thus, -the phasor 04 represents the input
impedance of the circuit for the open loop condition.

| If R, is varied froh its infinite position toward zero,
the input impedance will also vary until point B is reached
(see Figure 12). The re51stance component of the input
impedance will then be the same as it was when R; was set at
its infinite position. The reactance component, however, is
greatly‘decreased as a resultvof the secondary maénetic
field. The current flowing'in the secondary loop sets up a
secondary field.whieh opposes the primary field, resulting
in a net decrease in the flux of the primary loop, thus .
lon;ring the apparent inductive reactance of the circuit.
This example illustrates what mightnhappen to the test coil
input impedance if the test object resistivity is varied.

.dImpedance—plane diagrams have been investigated

quantitatively as a conducting_cylindrical model by Forester
and Stambke“.and Hochschild?*¢, These authors presented the
solutlons for the total flux w1th1n a solenoid in a concise
manner using Maxwell's equatlons. By applying Faraday s law,
they then obtained the induced coilvvoltage, which
represents the coil impedance. The final equation for the

total flux threading the loop was derived as:



¢+= 2muHor/kl (bei'kr-jber'kr)/(berka+jbeika) ]
+muHo (b2-a2) ' (11)

where,
u=magnetic permeablllty
Ho=magnetic field intensity within a long
empty coil
a=radius of cylindrical specimen
b=radius of coil
k=propagation constant
r=radial distance from centerline of c01l
ber=Kelvin Bessel real function
ber’'=Kelvin Bessel real first derivative
bei=Kelvin Bessel imaginary function
bei'=Kelvin Bessel imaginary first derivative

Faraday's law for the induced voltagé around any circular

loop at radius r is:

e = -de/dt=" -d/dt B-ds ©(12)

Substituting (11) into (12) gives the equation for the

induced coil voltage:

ei= —wruHo2r2/krl (ber' kP+Jbe1 kr)/(berka+ jbeikal
—JwﬂuHo(bz—aZ) (13)

J

By application of Ampere s c1rcu1tal law, the magnetlc field
intensity within a long empty coil .was found to be equal to

_the current sheath strength_I. (1.e,, Ho=I,). Rearranging
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the terms in (13) and placing Ho=I, and r=a gives:

e, = —wﬁuI.[2az/ka((ber'kafjbei'ka)/(berka+jbeika))

+j(b2-a2)] (14)

[=4

This voltage represents the impedance by the following

equation (neglecting coil resistance and capacitance):

Z= -e;/I, ' (15)

Substituting (14) into (15) gives the impedance of a one
meter length section of an infinitely long, single-layer

coil 'encircling a conducting cylinder:
v
b

Z= wrua?2/ka [ (ber'ka+jbei'ka)/(berka+jbeika) ]
+jorn(b2-a2) » (16)

where w represents the angular frequency (w=2nf). Impedance
concepts will be discussed in more detail at the end of this

chapter.

2.3.2.2 Electrical Conductivity:

The effect of conductivity, o, on the impedahcefplane

diagram may be illustrated‘by replacing the secondary coil
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of Figure 12 with a solid test object, as in Figure 13.
Given the same primary coil, a specimen with zero
conductivity reésults in the same impedance as for the

infinite resistance case in Figure 12, since conductivity is .

»

merely the reciprocal of resistivity. As the conductivity i;
ihcreased, the impedance begins to change in the same manner
as Figure 12, although at the higher conductivities the
locus departs sharply from the circular path and approaches
the limiting resistance R, at a 45° angle. The locus |
approaches R, at:a 45° angle because the effective
conductance and.suscéptance (i.e., the imaginary or complex
term assocféted with Conductance) of the metal vary due to
the skin effect aHE the effective coupling between the
exciting coil and the metal varies due té the redistribution
of eddy currents. - ‘ |

Several common nonmagnetic materials have been plotted
on a conductivity locus in Figure 14. Point A fepresents the
reactance of an empty coil and the impedance points for the
various materials appear as a series of dots along a smooth
curve, according to their respective conductivities. The
lower conductivity materials typically have higher reactance
values than the higher conductivity materials. As the
cohductivity is ingreased the test coil resistance'appearé

to pass through a maximum, which is normally not as great as

4
the corresponding maximum of an idealized curve. The reason

for this is that the test coil, for @n ideal case, is .

assumed to have infinite length, while a practiqal test coil

4



Figure 14. Conductivity locus.
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1s typically very short.

For a given metal, many factors influence the
conductivity, notably temperature, composition, heat
treatment and resulting microstructure, grain size, hardness
and residual stresses. Since the test coil impedance changes
with a change in conductivity, eddy currents may be used to
monitor the composition and metallurgical characteristics of
a metal. The use of eddy currents in this cabacity will be

discussed in greater detail in section 2.3.3.

2.3.2.3 Magnetic Permeability

The basic theory of magnetism and the modern theory of
magnetism may be found in a number of sources?®’'~?*', The
basic principles of magnetism were first introduced by -
‘Faraday®® who, in 1845, discovered differences in the
magnetization of materials, which later led to the-
~classification of magnetic materials into three groups
called diamagnetic, paramagnetic and ferromagnetic. Two

additional classifications.have‘been added since this

—
ot ——

- discovery and are desighated ferrimagne;ic and
antiferrimagnetic.

Maxwell also contributed to the study of magnetism and
has supplied an equation relating magnetic'flux density B

and magnetic field intensity or magnetizing force H:

B= uH | | (17)



40

where‘L is the magnetic permeability of the material. In.
free space the value of the magnetic p: .meability wo is
47x10°7 H/m. In ferromagnetic metals u varies-as a.function
of the degree of magnetization; thus, the relaéionship
bétween B and.Hvdiffers f}om linearity.

Ferromagnetic metals and alloys, includinglirdh,
nickel, cobalt and some of their alloys, act to concentrate
the flux of a magnetic field. The presence of a magnetizing
‘force causes atomic maanetic elements of the magnetic
material to becéme aﬁlgned with the field, increasing the
magnetic flux density. Maxwellff/islggiggsﬁ/p describes this
effect on a macroécoplc scale An increase in flux density
gives a greater induced voltage in the test coil, thus
raising its impedance. Tﬁe increase in impedance is
primarily in the reactance direction, except for the effect
of a small amount‘of energy loss resulting from magnetic
hygferesis and conduction losses.

The increase in reactance obtained by placing a
magnetic material in a previously empty coii, as illustrated
in Figure 15, is the distance between point 0 and point A. A
- material with a rélative permeability or permeability factor
of 2 would double the length of the reactance component 0A.
Permeability factors of 100 or more are not uncommon: thus
the impedance of the test coil may be greatly increased.

Impedance plots for relative permeability values of 1, 5 and
10 are illustfated in- Figure 15. Test objects also have an

associated conductivity that makes the 1mpedance change S
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Figure 15. Magnetic permeability effects on test coil
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resulting froﬁ permeability occu; in a different direction,
as shown by the small arrows in Figure 15. .

The eddy current test is very sensitive to test object
magnetic permeability variations. This often results in
misleading test signéls; however, the magnetic effects may H

be reduced by use of a magnetic saturation technique,

discussed later in this thesis.

2.3.2.4 Skin Effect

Another”phenqménon of the flow of eddiiéurrents in a
test objeét is the "skin effect”, perhaps gne 6f the most
outstand;ng characteristics of eady current flow. As eddy
currents flow in a qénducting material, the currents become
concentrated.near‘the surface of the material adjacent to
the excitation coil. This effect increases with an increése
in either the test‘éperatihg frequency, test object .
conductivity, or magnetic permeability. As the depth below
the surface is ingreased, the current amplitude decreases
exponentially and the phase angle bf the current becomes
increasingly Iaggingﬂ

The skin effect phenomenon'may be explained in a number
of ways. In one explénation, eddy currents flowing in a test
object at a given‘depth ar< shown to produce magnetic fields
:at a grecter depth.wﬁich oppose the primary field, thus
\‘réducing its effect and causing a decrease ih eddy current

. flow as depth.increaSes. In another explanation, the skin
g -

effect is caused by the absorption of energy from an

electrémagnétic'wave as it progrgsges into the test object.
’ ' : 1'?{‘. “r ;\' ;. ’
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The change, of current density with depth, or skin
effect, has also been described quantitatively by use of
Maxwell's second equation, which relates current density‘to

magnetic field intensity:

—

VxH= J (18)

. |
or dH,/dx= -J, "~ (19)

Libby**® derived the equation for Hz:'

H.= Ho expl-({1+]) //Z)amox] ' (20)

[4

Now substituting (20) into (19) gives:

Jdy= -d/dx[Hb exp{-((1+j) /V2Z)vVwuox]] (21)
J,= (1fj)(wuo/2)"2 Ho e;pf7(1+j)(wua/2)"2x] . (22)

The surface .current density Jo, may be found by placfng x=0

in (22):

Jo= (14)) (wuo/2)"'% Hy - (23)
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Combining (22) and (23) gives:

Jy= Joexpl-(1+j)(wuo/2) '/ 2x] (24)

With this equation, the current density may be determined

for any depth x from the surface of a test object. The valuév
of x for which the exponential component is equal to unity

is called the skin depth, standard depth of penetration, or
depth of eddy current penetration under plane wave
conditions. The standard depth or penetration is usually

fepresented by the symbol §, so that
(wwo/2) 72 8=1 (25)

-

for the above statement.
| The standard depth of penetration may also be defined,
as the depth at which the density of eddy currents is
reduced to 1/e times its value at the surface. Equation (24)
may be illustrated graphically, as in Figure 16a.

Solving for & in (25), th~ standard depth of

- penetration equation may be found:

§= (2/wuo) /2= (1/nfuo)'’? L, (26)

g7
w_L:
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Figure 16. The skin effect: a)variation of eddy current
density as a function of depth; b)variation of eddy current

‘phase angle as a function of depth.
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where, f= frequency
u= magnetic permeability (=4wx10-" H/m for
nonmagnetic materials)

For magnetic materials:
TEI TRy TR

where, M, = relative permeability
o= 4mx10°7 H/m, the magnetic permeability
of free space ’

The phase angle lag, using the phase angle of the
current density at the surface as a reference angle, is

given by:

9¥ x(#fua)'/2= x/ & l . | (27)

where 6 is the phase angle lag, .in radians. Equation (27) is:
illustrated graphically in Figure 16b.

The standard depth of pénetration is normally used if!
it is desired that eddy currents are to penetrate an upper
layer, through a faying surface for example, to detect
anomalies in a second layer. If, howéver, thickness
variations of the part are not to influence the test, the
effective depth of penetration is used. The effective depth
is defined as the depth at which the eddy current density is

reduced to 5% of its value at the surface and, hence,

thiékness effects are no longer noticed. The effective depth
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is calculated as follows:
6,= 2.6/(nfuo)'’?
or b,= 2.66 - (28)

The skin effect may be troublesome in app%;cations
where a large amount of penetration is desired. The skin
effect may also be useful. By properly calibratingAan eddy
current instrument, it is possible to measure material
thicknesslbecause of the Varying reponse to thickness.
Figure.17killustrates the effect of changing material
thickness on»the impedance—plane diagram. As indicatéd_by
the curves, measurements of thicknesé by the eddyAcurrent
method are more accurate on thin materials than on thick
materials. .The obposite is true of thickness measurements
made by the ultrésonic nondestructive testing method; thus;

the two methods complement each other here.

2.3.2.5 Lift-off and:Fill Factors

When alternating éurrent is applied to a probe
inspection coil the inspection instrument will give some
indication even if there is no conductive matefial in the
vicinity of the_co&l,.és shown in Figure 18. As the coil ie
~moved cioser to the material, thé impedance will chénge
until the probe makes contact with the materéal, as éhown by

the lift-off loci in Figure 18. At this point, the impedance
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Lift-off loci on the impedance plane.
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correspohds to the conductivity of the specimen. The change
in indication with changes in the spacing between the coil
and test object is known as "lift-off". Normally the changes
along the lift-off loci are logérithmic; where the largest
change in impedance occurs when the probe‘is near the test
object. |

The lift-off effect is so pronounced that small
variations in spacing may ?ask the indicatidns resulting
from the cohditions of pfimary interest (i.e., cracks,
inclusions, etc.); conéequently, it is usualiy necessary to
maintain a constant spacing between the test object and
inspection coil.rThe lift—off effect also causes

difficulties when inspeéting a‘complex shape. Although

.lift-off may be troublesome in many applications, it may

also be useful. By utilizing the lift-off effect, the
thlckness of nonconductive coatings on metals, such as paint
or anodlzed coatings, may be measured.

When an ' encircling inspection coil is used for eddy

_current testing, a condition comparable to lift-off exists

:and is known as "fill factor". Fill factor is the measure of

how well the part being inspected fills the coil (i.e., the

ratio of coil diameter to specimen diameter). As with

lift-off, the fill factor is pronounced, making it necessary

N~

to maintain a constant fill factor to avoid maskihg of

signals. Impedance changes which occur due to a change in

fill factor are very similar to those which occur due to

lift-off. Fill factor may be used as a rapid method for
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monitoring variations in the outside diameter of rods and

tubes.

2.3.2.6 Edge Effect

When a test coil is moved near the edge of a test
object, the eddy currents become distorted, as they are
-unable to flow beyond the edge of the object. The distortien
of eddy currents results in an 1nd1catlon known as "edge
effect”. ThlS effect produces a response 51m11ar to the
lift-off response, but unlike lift-off, little can be done-
to eliminate edge effect. The magnitude of the effect is
very large, thus limiting inspection near the edges of a -
test object. A reduction in coil d1ameter may lessen the
effect somewhat but there are practlcal 11m1ts to the size
of coil which may'be used for a given application.

3

2.3.3 Impedance Concepts

it is immediately recognized, from the previous
section, that the impedance:blane diagram is a useful teol
in eddy cutrent test&ng. The impedance-plane diagram may be

used to monltor a number of test and test ob]ect conditions,

T — — —

t1nclud1ng electrlcal conauct1v1ty, magnetlc permeablllty,
speeimen thlckness, coating thickness and the presence of
inclusions, voidS‘or'crackst By utilizing the phase
relations and amplitudes of the test responses obtained from
such conditions, two or more of these conditions may be
separated from one another or characterized. Hagemaier®®

presented a good overview of impedance;plane'ahalyses, while
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Férsterfs"G described, in detail, the effect of
conductivify changes, thickness changes, lift-off and edge
effect on the impedance-plane diagram in sections one, two
and three of his articles. Hochschild®’ also presented a
summary cf eddy current testing by impedance'analysis.

Figcre 18 may be used as a'simple illustration of
lift-off versus conductivity on thelimpedance—plane diagram.
This ffgure shows the change in separation angle 6 befween
the conductivity locus and lift-off locus with a change in
conductivity; High conductivify materials, such as copper,
“have a larger separation angle than lower conductivity
materials, such as titanium. As a result, the lift-off and
conductivity variables'may be separated with greater ease
when inspectingrmaterials of high conductivity.

In all cases, it should be realized that frequency’
affects the, 1mpedance plane diagram. Flgure 19 1llustrates'
the effect of test frequency on the conduct1v1ty and
lift-off curves for nonmagnetic alloys. A change in

frequency results in a non11near shlft of the p01nts along

‘the conductivity- locus 'Thls phenomenon may be used

advantageously, since it allows the conductivity points to
be located for either oppihum fesponse or suppression. In a
specific application, a frequency is ﬁbosen that cauees the
conductivity points for the varlable to be measured to mové
in a substantlally dlfferent dlrectlon from those po1nts to

be suppressed. Figures 19a, 19b and 19c show hoé the angle

of separation between conductivityiand lift-off may be
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Figure 19. Frequency effects on the impedance plane.
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Figure 20. Metal thihning on the impedance plane.
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increased by increasing the frequency. In general, for
conductivity measurements and surface crack detection a
frequency is chosen;ﬁhich places the material or
conductivity point just be;ow the knee on the conductivity
curve. At this point a laras separation angle exists between
the lift-off and conductivity curves.

Metal thinning may also be analyzed using an
impedance-plane diagram. Figure 20 illPstratesithe thickness
curve for aluminum relative to the conductivity locus and
lift-off loci. Usihg an operating frequency of 20 kHz or
higher, the thickness locus cuts across the conducti;ity
locus ih two places. This occurs because the eddy currents
are penetrating the specimen at a value ofv6. At lower
frequencies (10 kHz or lower) the loop in the thickness loci
is less pronounced, since the depth of penetration (§) is
greater than at the higher4frequehcies. Because of the
nonlinearity of the thickness points on the locus,
measurements of thickness by the eddy current method are
more accurate on thin materials than thick materials.
Although more accurate measurements are obtained with thin
materiéls;\thexgngle of sebaration,between the lift-off loci

and thickness locus is 1ess~w1th thin materials; therefore,

Jift-off should be maintained constant when. testing thin

1}5 to avoid misinterpretation of the results.

FFigure® 18 illustrates the lift-off effect when a

bnductivegmaterial is coated with a nonconductive material.
: : - 8 !

Afégﬁduqtive coatings, on the other hand, result in a
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”w”Figure 21, Coating thickness on the impedance plane:
a)aluminum coating on thick copper pléte;WB)copper“coating

on thick aluminum plate.
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different impedance-plane diagram. Figure 21a shows the
impedance locus for a low conductivity coating on a high
coﬁhuctivity material. The mo?ement of the test coil
impedance is clockwise and approaches the point &6, on the
conducfivity locus corresponding’to thick aluminum. The
opposite is true when a low conductivity material is cbatedbl
with a high conductivify'material (Figure 21b). The movement _

of impedance with increasing\
i

the deflections for subsequent equal thickness changes

thickness is not linear, rather

become less as thé'thickness increases; thus, the
measurement of plating thickness by the eddy‘currenﬁ methéd
is more accurate on thin materials. In general, the -
thickness loci of Figures 21a and 21b spiral with increasing
cprvaturé‘in a clockwisé‘direction. The start of thé‘spiral
approximates a straighf line, but as the thickness increases
the spiral.becomes more prongunced. The degree of spiraling
and shape of the curve varies as the operating frequency is
changed, therefore an operatiﬁg frequency is selected to
obtain the maximum response to thickness changes. . e
Perhéps the most frequent use of'the eddyvcufrent
inspection method is finding surface cracks in aircraft
structufeé. The impedance-plane analysiévtechniﬁue is a
useiul toél'in such testing. It allows for the separation of °
variables én the impedance blgne. Figure 22 shows the crack
response relative to the lift-off and conductivity'loci for
aluminum alloys. Such a test response allows for quick |

detection of cracks in aircraft parts.
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Eddy current testing has also been used to detect

subsurface cracks in aircraft structures using low-frequency

techniques”. Hagemaier and Steinberg showed that subsurface
cracks in aluminum up to 0.35" (8.9 mm) in thickness could
be detected at 100 Hz and showed methods of determinlng the
length of these cracks. No reports of using conventional
eddy current techniques for inspection to greater depths
have been pdblished. o
Fiéure 23 shows how through—thicknes%iCracks in second-
and third-layer aluminum strhctures appeér on the
'impedance—plane'diagtam. The surface crack response runs
approximately parallel to. the lift-off locu$, the
second-layer crack response paralleg to the eonductivity
locds and the third-layer crack response to the right ot the
conduct1v1ty locus. The shift in phase of the Crack 51gnals
is assoc1ated with the skin effect and is to some degree
dependent on the probe de51gn,-as will be shown ih the
/}' experimagtal section of this thesis. .
in'each example, it was observed that linear material
\\xvalues~did not necessarily produce linear responses on the
impedance-plane diagram. Lift;bff edge effect and platlng
thickness changes produce logarithmic changes' metal
Jthinning and material spacing or separation produce SN
\.fexponential-chénges; conductivity and permeability changes |

vary with test frequency in a nonlinear fashion.

In general, test responses may be jmrroved by selecting

the optimum operating frequency?¢, by rdtating the results

i SR
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on the impedance plane and by increasing or decreasing the

vertical and/or horizontal gains on the cathode ray tube
v

used to display the test signal responses. The optimiiation'

of test coil responses is also dependent on the physical
characteristics of the test coil. Smith and~Dodd3‘ describe
a method of maximizing the lift-off effect by adjustingithe
physical dimensions of the test ceil. Dodd, Deeds-and
Spoeri?s descrig% seme methods for optimizing flaw detection
by changing the ceil configuration and dimensions, as well
as the operating frequency. Dodd, Deeds, et al.®*-?*® have

also presented some solutions for the test %hpedance

‘functions for various test object conditions. They have also

produced computer programs for the calculations used in
these solutions.. " s

The impedance-plane analysis techiique is clearly a

useful tool in eddy current.nondestructive testing It

clearl;/dellneates many of the test-and test object

\ o
condlﬁlons typlcal to the eddy current test, thus providing
for better interpretation of test coil responses.
2.4 Survey Summary and Ccncl:‘ions o

The basic pr1nc1ples dleUSSEd in this section of the

;;hESls prov1de the’ %bundatlon for developmen* in the field
}?ﬁof eddy current nondestructlve testlng It was shown that

f‘electromagnetlc 1nduct10n is one of the key pr1nc1p1es of

the eddy current;test method and that the fundamental system

variables wh{chﬁeffect the’induced emf include: 1)the test

i N

]
W
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object éonductivity, 2)the test object permeability, 3)the
skih effett, 4)lift-off and fill factors, s)the edge effect
and 6)the presence of test object flaws, suchtas_ptacks. It
was also shown that the test coil operating;ffequencyfhtest
coil configuration and test coil size affect the inducedkemt
and ultimately the test coil impedance. .
Although it has been shown that eddy current
‘impedance—plane analysis‘is a powerful means of evaluating a
wide variety of material conditions, the separation of
variables is not always simple. Unusual test object geometry
or test system requirements may Q&mlt the ability to
separate the test object variables using phase relations. As
a result, special electronic circuitry and coil designs are
used for special applications to maximize the response to,
and separation of, test object variables. Regardleés of the
complexities involved, eddy currentwtesting has become a
common nondestructive testing technique. In particular, the
'eﬂdf current testing method is used extensively in aircraft
maintenance inspection ahd tubular goods inspection
part  _Jl arly for the detection of surfa;e and subsurface

m?

date, no work has been publlsﬁghson the use of

cre-ks,

conventlonal eddy current nondestructlve testing technlques

PR NS

-
for the through “transmission 1nspect10n of thlck Sectxonak)

The SUb]eCt of this project is the 1nspectlon of. u@ld Qa§s :

.‘,'r)

in 1/2" (12.7 mm) thick aluminum alloy plate using a’
low-frequency eddy'current through-transmissjbn testing.

&
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technique. Several limi:ation. of cénventional eddy current
testing are encountered. The skin effect limits inspection
at high frequencies, thus limiting the sensitivity of the
test coil and separaE}on of the test coil responses.'The
effect of lift—off'iélalso_a prbblém, as the crown profile
‘of a weld bead véries along its lengt¥h. Edge effects, a
problem in most eddy current applicétions, ;re also
prevalent. |

The major‘goal of the féllowing experimental studies
was to overcome the adverse nature of these effects by coil
design and/or optimization of the coil's fesponse using
electronic phase discrimination circuitry and filters.
Characterization of the test coil‘fesponses using
impedance-plane analyses was another goal in thﬁs project.
The design, construction and operation of the eddy current

system (including the test coils) will be explored in the

remainder of this thesis.
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3. Experimental Procedure

3.1 Materials

Aluminum alloys were chosen as the test object material
for this project. Aluminum was chosen, since the depth of
penetration of eddy currents is high in aluminum and
magnetic permeability effects are not present‘ As a result

1t was possible to keep the number of operating varlables to

- a minimum. For example, if steels were used then the

penetration of eddy currents would be low, limiting the

“inspection to thin sheets,, rather than plates. In addition,

the effects of magnetic permeability would'complicate
impedance-planelanalyses.

Two types of aluminum alloys were used: t;pe 5083 in
the as-received (cold-rolled) condition and 6061 with a T6
temper. Two alloys'were-cnosen so that conductivity changes
on the impedance plane could be analyzed. In all cases,
1/2"Tx3"Wx12"L (12, 7mm x76.2mm'k305mm) plates of aluminum
were used to proéuce‘the test objects. The final dimensions

of the test object were governed by the size of the probe

since edge effects were unde51rable. The flller wire used

for all the welds was type 5356.

3.2 Spegﬂ@éh“ﬂteparation
To provide sufficient clearénce between the probe and
edge of the test object "two g%‘tes of aluminum were welded

together resulting.in the final dimensions of

61
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1/2“Tx6"Wx12"L (12.7mm x152mm x305mm) for each test object.
In all, three test objects were constructédf Ih each case,
tﬁe plates were restrained to provide minimal distortion of
the weldment.

In the first case; two 5083 biqtes were welded togétﬁer
using the gas metal-arc welding procegs (GMAW). A square
groove butt joint preparation with no root opening was used.
By running a single partially penetrating weld bead over.the
groove on each side of the plate, a test object containing
an incomplete penetration fiqw (I§3 was produced. To
i"complete the preparation, the crown of the weld‘bead was
removed from béth sides of the plate for half the %ength of
the weld by milling. The weld spec{men is illustrated in
Figure 24 (specimen 1). |

In the second ﬁasé, two 5083 plates were welded
together uSinérghe‘gas tungsten-érc welding p:oceés’(GTAWf
and a>double-v—groove butt joint preparation with no roogj;i
opening. The groove ahgle was 90° and th§%Y51d"was made
using a multi-pass technique. With one sidé of the plate
welded, holes of varying diameters were drilled into the
weld metal and covered by subsequent welas bn the oppogiﬁe
side of the plate. In this manner, voids resembling pofosity
were left near the center of the weld bead. To simulate |
large isolated pores (LIP) a 0.22" (5.6 mm) dlameter drill
bit was used. To 51mulate cluster porosity (CP) both a 1/16"
(1.6 mm) diameter and 5/64" (2.0 mm) diameterldrill bit were
used. The depths of all the holes were approxi ately‘1/4".

~

—
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(6.35 mm). The weld specimen is illustrated in Figure 25
(specimen 2). )

In the- third case, two 6061 plates were welded together
in a manner similar to that described for specimen é, excépt
thaﬁ the central portion of the plate did not have a 1/4"
(6.35 mm) V-preparation. In this case, a 1/8" (3.2 mm)
V-preparation was used for the central"é" (50.8 mm) of the
weldment. In this manner, a narrow gap, approximateiy 1/4",
(6.35 mm) deep, was obtained in the central portion éf the
weldment, simulating an incomplete penetration flaw. The
weld specimen is illustrated in Figure 26 (specimen 3).

3.3 Verification Tests ' - , s

A3.3.1 Radiogfaphic,Nondestructive Tests:

To support the.results‘obtained by these studies, an
alternate meaﬁs'of examining the test specimens’ was |
neceésary. The first and most idealvve}ificatiqn test for‘
this project was the fadiographic nondestructive inspection
technique.- It was most ideal, since the actual image of the
flaw is recorded on photographic film, thus résulting in
legs dispptable flaw indicati&ns. |

To obtain the.film records, a qonvéntional X-ray t;be
was used as the source of radiation.‘x—rays were chésen over
gamma rays, since they provide greater resolution when
examiﬁing 1/2" (12.7 mm) thick aluminum-plates. The

resolution obtained from gamma ray sources is poor, since
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the intensity of gamma radiation is far too great for
radiographing such thih\sections of aluminum. X-ray sources
also provide more flexibility, 51nci/phe penetr..tion of
X-rays can be varied by adjusting the tube voltage.

 Test specimen 1 was radioéraphed to an image quality.
level of 2~4T, specimen 2 to a level of 2-4T and specimen 3

. J
to a level of 5-1T. These image quality levels correspond to

anxequiﬁglent sensitivity of approximately 3%. Equivalent
sensiti;ity‘is based on the visibility of the 2T hole in an
ASTM or ASME plaque-type penetrameter. Positi&e prints were
made from the film records.

3.3.2 Ultrasoniww ondestructive Tests

Qhe sechd 'erification test used in this project was
14 u—ltrasoi}!/"

Ultrason;c tests were performed to determine the depth of

ondestructive inspection technique.

the ihcomplete penetration flaws in specimens 1 and 3. To
perform the tests, a Sonatest (Model UFD.1) ultrasonic‘flaw
detector was used in conjunction with‘a 60° aluminum angie,
~ probe. The sensitivity of khe instrument was aajusted by
‘monitoring reflections off a 0.060" (1.5 mm) diameter hole
drilled in- each plgte, Scanning was done mahually, using

methods prescribed for scanning weld beads in flat plate.
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3.4 The Eddy Current Test System

3.4.1 Basic Test System Configuration

The basic eddy_current test system, as illustrated by
the general line diagram in Fiqure 27, consists of :‘1)an
inspection coil or set of coils, 2)a test object placed
within or adjacent to the test coil, 3)an a.c. fundtlzn
generatof: 4)amplification'circuitry, 5)detector or <
aemodulatlon circuitry, 6)f11ter1ng c1rcu1try, 7)an output
display in-the form of an oscilloscope, chart recorder or
meter and S)material handling equipment. The test’system is

generally d1v1ded into Seven main operational functlons

‘ch 1nc1ude° 1)coil excitation, 2)signal modulat1on,

- <

3)signal ﬁreparation, 4)signal demodulation, 5)signal
analysis, 6)signal display and .7)test object handllng The
functions are related to one another as 1llustrated in
Figure 28. | |

.The signal genegatorfsupplies the excitatfon current to
the test coils. fhe test coils are labeled ftest coil.
aasembly" since a wide variety of test coil5configuratione
are available for eddy current testing. The signal generator
may be a single-frequency sinusoida; (a.c.) generator with
power ampl%fier, a multiple sinusoidal waveform generator
with-power,amplifiers, or a pulse generator with power
ampllfler. Normally a varlable frequency a.c. generator w1th
power ampllfler is used “or general purpose eddy current |

testing. Signal modula-i~n occurs as a result of the

L4
i
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Figure 28. Operational functions of the eddyvéurrent test

system.
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-coil assembly and the test object. ‘

¢

1nte;act1on betweén the electromagnetic fleld of the test

The signal preparat1un portlon of Qbe test system

con51sts of circuits wh1ch alter the 51gnal output of the
/

test coil assembly before apply1ng the 51gnal to ‘the

demodulatlon and ana1y51s funetlons. These c1rcu1ts con51st
e '

l‘of a.c. compensatlng or balanc1ng metworks wh1ch subtract“a

hmeters//;ecorders,‘cathode ray tubes, l1ght alarms,*%udlble*”

improve | the signal-to- noise ratio. - Ampl1f1ers are used zn

L " "(

steady a. c. component from the 1nput s1gna}“5§ tgatlthe

ampllflers do not need as large a dynamac range'as otherwlse

- ( ‘>

would be necessary. Fllters are 1nclud

< T

N

this stage to raise the s1gnal to the de51red level for Qhe “*;v‘ﬁ

LW

demodulatlon and analysis process.a'”"‘;g‘;gl «g~-v§ .

.o

The demodulation and analysis- stage comprises7of’a!

Ry

detector and an analyzer. The detector 1s usually e1ther a |

u51mple amplltude detector or an amplltude phase detector.w;f

an ampl1tude phase detector (oftFn termed phase selectlve

detector) 1s used a reference s1gnal must be furn1shed by

"the generator, as shown by the dashed l1ne in Flgure 27

Samplihg circuits and dlscrlmlnators may be 1ncluded at thlS

e

§tage,'as welgxas varlous types oﬁ summrng and compar1son

a

»circuits. Filters may also be 1ncluded at thlS stage for

f11ter1ng the demodulated 51gnal tOQ?ccentuate or"“ e

dlscr1m1nate aga1nst certaln characterlstlcs of the signal.’

. g ,f s

ﬁJ
The’ flnal dlsplay of. results 1s obta1hed at the olay’

Oﬁ\lndlcgtIOﬂ S e. The 51gnal may be dlsplayed by use o;;

s 4 - . . - )

'

(34
~
g

!

o o . . Lo . . H . L

d at thls stage to N

)

CH . S ) . 3 g;jz
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alarms, relay outputs, or automatic reject equipment.

L
o

' Test object handling demands may vary depending on the

nature of the test. The equ1pment requ1red for test object
"‘ I
handllng may be e1ther very 51mple or very complicated in
s
mechanlcal de51gn. In ‘'some tests, the test coil assembly is

Y s 3

designed so that it is p051tuoned and held manuvally. In this
case the test object handling demands are minimal. In other

cases, mechanlcal devices are used to feed the test object v

N

past the test ‘coil assembly so that the tests can be ma§e e

I‘

rapldly under unlform condltlons Such tests normally

"requ1reycomplete\automat;on, thus require:a mere complicated

mechanical design. ' , T
. M 5 . . . ij)

$ - >

3.4.2 Ampl1tude -Phase Defector System s T fﬁ

.‘,.-A

The 51ngle most ‘common detector system uséd 1n eddy

current testlng equ1pment 1s the ampl1tude phaSe type,‘whloh'

&

,prov1des both amplltude d15cr1m1nat1on .and phase 5 glrv 2
-.}dlscrlmlnatlon of the test coil output‘signalsfrsince both

- pamplltude and phase are monltored the output dls%}ay is 1n“'

u .
" ': 1" s,

\the form of an 1mpedance plane dlagram maklng thls type of
glsystem a loglcal ch01ce for multlpurpose ﬁ%e. Sudh a
/

‘detector system was used 1n thlS research progect. o _: g

The eddy current test ?ﬁstrument used‘for this progect

" "is shown in Plate 1. The instrument used, manufactured by

‘the Dr.lForster instztute, was the Defectomat (Model
F2.825. .03). A block dlagram for thls system is shown in

Figurer29.

15
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‘ The signal generator referred to as the transm1tter.1n
Forster literature, supplles the connected test éﬁﬁl
assembly with the excitation current which may be
preselected over a wide range of frequencies. The frequency
changeover'swftchtﬁermits reproducible frequency settings5
between 100 Hz and 1 MHz in 1% steps of:the-adjusted
exponent |

The voltage produced 1n the coil assembly is. oalled the
carr1er voltage. The amplltude an. p- -ase of ‘the carrier
voltage is modulated by the dat%iof the s1gnal produced by
- .an 1nhomogene1ty in the test object, as descrlbed in the .
theoret1cal sectlon of this thes1s. The 1nput stage or
recelver sect1on accepts‘tng’carr1er voltage and ampllfles
it, Ampllflcatlon is adjustable by means of a test c011‘.
level controld "This control permlts adlystment of the level
betweéen 0 and -24 dB in 6 4B 1n€%emen;§.. |

The heart of the eddy current testlng 1nstrument is the

2

demdﬁulat1on and analy51s stage The amplltude—phase

detector use an the Defectomat ‘allows for use of the’

Qe or phaSe d1scr1m1nat10n technlque to .-
e

‘e SRR U
‘1mpedanc~

dlscrlm nate agalnst unwanted test varlables. Demodulatlon

P

,”Js;accombliéﬁed by phase- selectlve rectification. “A
sensitivity changeover and compensatlon‘contrOI is also-
included at this stage. The: sensitivity changeover ‘control’

permits'changes in the amplification level ‘between 0°and
- 69.5 dB in 0 5 dB 1ncrements. A compensatlng or nu111ng

® &, ' "”"‘

.c1rcu1t is prov1ded to compensate for exce551vely hlgh 1nput
. Flsz Y

3 o N +

o x\@ L
ST, ‘
. . g

e
<
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signals which would normally exceed the dynamic range of the

display instrument. in this case, thedvoltage components

'representing the inductive reactance and resistance are
, L
‘-'automatically nulled or zeroed by this device. The .circuitry

ﬁjused for the nulllng is essentlally an advanced a.c. bridge

-

W After demodulat1ng and amplifying the carr1er voltage,

the X and Y components of the signal are fed into a serles_
of filters. Three filter modes are available for testing. A
low pass fllter is selected for purely static signal .
dlsplays a band pass filter is selected for scanning at
constant speeds and a high pass f1lter is selected for
scannlng at. varlable speeds. In each case, a fllter

frequency control is used to select the relemant limit and

\). [ d " Lo

center frequenc1es.

Before passing to the output display the conditioned'
signal is routed through a phase rotating device where the =
p051t10n of the complex output signal may be rotated tbrough
360° 1n¢10° stepsr Thls device enables the phase pos1t10n of

e

any ‘desired signal to be rotated to’ the most favourable .

direction for evaluatlon. At this stage, the signal is also

»prepared for display and recording. : \ e 3

AAt thlS po1nt, the 51gnal is ready to, be dlsplayed The

‘test system is equ1pped w1th an X-Y storage osc1lloscope,

.\x

'd1g1tal voltmeter str1p chart recorder for slow chang1ng

-

test s1gnals and analog outputs for. connectlng external

" signal recording and proce551ng dev1ces. The full scale.

B P - S

W

g
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output of all these devices i's +1V. The oscilloscope enahles
the operator to evaluate the data u51ng 1mpedan¢e plane
analyses, while the chart recorder allows for modulatlon
analyses. During modulation analysis the X1Y or vector sum
voltage output is’recorded on a'strlp chart which is

..~ synchronized to the speed of the mechanism handling the
probe assembly or test object.

In addit}on to the above, the test signals may be
analyzed using two adjustable trigger thresholds equipped
with‘signal lamps. Three methods of evaluating the test
signals exist. These methods‘are illustrated in Flgure 30.
The low-flaw threshold A can be adjusted between 10 and 100%
of the full CRT screen, which_represents +1V, in 10% stébs.
The flaw threshold B can be adjusted in the sahe manner. .If
the signal exceeds the preset trigger thresholds (1 e.,»the
cross- ~hatched area in each 1llustrat1on) a 'signal is glven't
.on the 1nd1cat1ng lamp In the case of the sector-amplltude

method, the evaluation sector can be'varied'from‘tJOP to,

-

/—\.\

+80° in 10° stepSusting‘any of these methods);tﬁoyteSt ey

T %
vag ables may be: monltored at the same time,’ alﬂhou the
}

N
\;N

sector amplitude method provides moreﬁflexlblllty than the’

other two methodsu “éigu

Afﬁv : L e

&

3 4 3 Test C011 Assembly Handlxng/C scan qu;pmenf
The test object handllng demands for thls pLOJect were'

‘m1n1mal Th%palum1num plates rema1ned scatlonary wh11e the
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" The equipment used to-move the test coil assembly was
elaborate, a system normally used for ultrasonic 1mmer51on
C-scans.. Plate 2 shows the overall C scan system consisting
of (from left to right): 1)a mechanical X-¥ scanner assembly

’ supportedrby an acrylic plastic tank (Techno Scientific ’

Inc.l, 2)aanjY chart recorder (Hewlett Packard, Model
.‘7041A) and 3)power supply/microcomputer<controller/X—Y
recorder interface (Techno Scientific Inc.). o
The X ¥ scanner prov1des 18" (457 mm) of travel along
the Y- axis and 16" (406 mm) along the X-axis and is equipped
with a scanning head wh1ch allows for +14° of rotatlon in
: the Y-2 plane and +20°'1n the X-2 plane. The X and Y
movements of the scann1ng head along a'preprogrammed
zig- zag pattern are mlcrocomputer controlled The scannlng
speed (up to 0.5" /s or 12, 7 mm/s), length of scan and number'
of scans are’ set by hexadec1mal programm1ng of the
controller. Manual control af the ;2;nn1ng head is also

‘:;“ p0551b1e. .

- The krY recorder interface and X-Y chart'recorder
prov1de a means‘of obtaining C:scans. By adjusting the
threshold on. theﬁ?nterface, the chart recorder pen is made
to. e1ther llft or drop if the .analog signal 1nput exceeds

'the preset threshold. The X<y 1nterface also prov1des

' ﬂsynchronlzatlon of the X and Y movements of both the chart
‘recorder and X-y scanner. By properly adjustlng the

controls, flaws detected by ultrasonlc or eddy turrent scans

are plotted on the X- Y chart recorder in map form The ..y S

e B
Sy - ¢

. gﬁ o
l»’aj ey VI
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Plate 2. Test coil assembly handling/C-scan equipment.
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‘recorder outpnt is actually an outline of the flaw, by line
shading or, alternatively, by the absence of line shading.
Such a scan is commonly referred to as a C-scan.

‘ Toﬁminimlze the possibility of any interfeérences to the
magnetic field_produced by the probes, the probes were
mounted to the scanning head via an acrylic plastic holder,
as shown in Plate 3..The holder allows for 5" (127 mm)
separation of the exc1?atlon and sensing coils .and keeps the

I

c01ls in constant ali@%ment Plate 4 shows the probe

assembly scanning’along the length of a weld bead.

3.4.4 Test Coil Configuratiohs
To complete the;eddy cdrrent test syStem, the test
' assembly must he included. The importance of the test coil

assembly cannot be overstated. The test coil assembly is the

'tlink between th@wgddy current test 1nstrument and the test

object Its desz Jﬁis*a maqpr factor in s1gnal modulation

\\

and, ultimatelégﬁin the performance of the\eddy current test
\"\

.:system.

The'orientation of the test coil assembly is'also
important 51nce it determines to a large extent, the
d1rection of flow of the eddy currents within the test

object It is essential that the flow of eddy currents bely

-

kept perpendicular to the flaw to obtaln a maximum response.
from the flaw. If the flow is parallel to the flaw there

will be 11ttle or no dlstortlon of the currents' hence, very

little response 1s obtained from ‘the flaw. As a consequence,
. g - oz

-

=
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Plate 4. de

f?@htal‘scanning of a weld bead,
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a large number of coil configurations age available for a,
variety of uses.
Among the large variety of testing coils .em
eddy current testing, three main prototypes exis are

illustrated in Figure 31, Figure 31a illustrates an
encircling coil used for testing bars and tubes. Figure 31b
illustratesign.inside coil used for inspecting the inside of
tubes -and Flgure 31c a probe coil used for 1nspect1ng sheet,
B o .

plate or surfaces of test objects. These coils are"

represented as single w1nd1ngs' however it is more common - “o

to find double c01l cy ;7gurat10ns, where one w1nd1ng is

A_used for transmissigq tpe,exc1tatlon w1nding)vand the
other for reception’ 5 *ﬁodulated ygnal (i.e., the. o R

sensing winding); Such antarrangment

own in Figure. 32.

In this gase, the coil monitors the test object without

comparlson and, therefore, is called an absolute coil.
. ‘Q )

Signaleare obfained~ﬁrom\thé\sensing.orﬂsecondary coil.
Coils: may also be wound in a dlfferentlal arrangement

as shown in Flgure 33a. In such a conflguratlon the test-

-

object is compared with a standard specimen or, in the case
cY ST

of Figure 33b, -comparison is made between two df* erent j?
sections of the same test object (1 e., a self&“ oa;isdn jﬁ .
thpe of configuration). The advantage of u51ng a S ; .

o seltucomparlson dlfferentlal arrangement is that slowly :Q“'HT”:.H{”;M
hchanglng smgnals will be dxscrlmlnated agalnst whereas - X
.short local1zed cracks or other abrupt changes in the' N
spec1men may be reﬁdxly detected In each case; a flaw or ' 'fftn

. RN
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‘.‘-‘ - -3 B

" seas - e

‘(JV

I S



(b)

0

v - - Sy . ) .
N : ..\,;\-t“vz-") - - . ‘ .
e C )
' Co W C : . 4

- Figure 31{jPrototype eddy cutfentfboils: gdencircling cdil;

l

T

‘b)inside coil; c)probe cQﬂl.
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Figure 33. Differential eddy current coils:
a)standard-comparison arrangement; b)self-comparison.
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sudden change in conducti&ity or permeability will cause an
imbalance in thé bridge .rruitry, thus producing an '
indication on the indizat..yg dev}cé.

The test coil assembl ies used in this project were a
hybrid type of p?obe configuration. Rather- than place the
excitation and sensing coils adjacent to each other, the
coils were separated from one another éo that they could be
placed on oppogite sides of the aiuminum plate (i.e., a
through-transmission arrangement). The coils are illustrated
in Figures 34-37. Exact coii design.details aré
-proprietary'. The illustrations aré diven tor comparison
purposes only. |

In this study, only one sensing coil was used. in
conjunction with three different excitation coils. The
sensing coil's diameter, as shown\in Figure 34, was méde
SmallAto providergood sensitivity\to smali flaws (i.e., good
resolution). A differential self-comparison arrangement was
established within fhe sensing toil by winding two’Small
coils in opposition and adjacent to one another.. In general,
the excitation coils were designed to provide max imum
penetration. In some cases the coils were wound on speﬁial
ferrite cores to increase the magnetic flux, thus improve.
the penetration characteristic of the probe. The shape and

size of the ferrite cores were also altered to "shape" the

magnetic field, thus improve the sensitivity and resolution .

——— . — A ————————

'For more information on coil designs, contact Mr. S.
DeWalle of ANDEC, 18 Canso Road, Rexdale, Ontario, M9W 4L8,
ph.: (416)243-3456. .



Figure 34. Through—‘transmissioﬁ}sensing coil,
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Figure 35. Probe A - excitation .coil.
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Figure 36. Probe B - excitation coil.
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Figure 37. Probe C - excitation coil.
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to flaws. Shields were also provided to d;crease the noise
from stray fields and/or provide increésed sensitivity. The
cables connecting the prgbesfﬁf the tes’ ‘ng instrument were
also well shielded to avogd p;oblems with stray fields.
Figures 35, 36 and 37 roughly show the s. .eld and ferrite
core configurations for prcobhes 4.'6 an’ C, respeccively.

L]

3 Test System Operation

3.5.1 Initial Probe Studies

Since £hérfest coils were such an important component
of the éddy current test system, tests were performed to
evaluate probe performanc; under fixed c ditionu. The
conditions of the test (i.e., instrument sensitivity,
filtering, frequency, etc.) were held constant in order to
1provide a basis for probe design.

To conduct the initial studies a flat, flawless 1/2"
(12.7 mm) thick plate of 6061 aluminud®was placed between‘
the excitation probe and sensing probe. Unlike normal
through-tranémission scanning, the sensing probe was left
stationary, 1/4" (6.35 mm) belo; the surface of the plate
and the excitation prqbes were scanned, one at a fime, 1/4"
(6.35 mm) above the surface of the plate. The scanning rate
was set at 0.2"/s (5.1 mm/s). In this manner, the magnetic
field of each excitation probe was monitored as a function

of the change in amplitude of the output signal to evaluate

the penetration characteristics of the excitation probes.



N a9

When performing these scans the frequency was
maintained at 100 Hz fo;\eagb’pggbe. In each case, the test
coil level was set at 0 dgjrthe sensitivity at 65.0 dB and
the filter control was positioneé at 3 in the low pass mode.
The phase contrc. was adjusted fo obtain maximum deflection
in the Y—a;is directionl\Ihéﬁphase angle was set at 80° for
probe 4, 70° for probe B and 250° for probe C. The Y-axis
amplitude readings were continuously recorded using the X-Y
chart recorder.

To assess each probe's sensitivity to flaws, specimeh 1
was séanned using the through-transmission technigque. The
separation and alignment of the probes was held constant 'by
the acryiic plastic holder. The separation of thé probes was
adjusted to pfovide 1/8" (3.2 mm) clearance between the
probes and the plate. The scanning rate was fixed at 0.2"/s
(5.1 mm/s). Scans weré,made across the machined surface of
the plate using frequencies between 100 and 1900 Hz. The
test coil levgl was set at 0 dB, the sensitivity at 65.0 dB
‘ana filter control was positioned at 3 in the low pass mode.
The phase controi was adjusted to obtain lift-off
indications along the horizontal axis for the initial
frequency. In the same manner, the unmachined portion of the
plate was scanned across the weld bead to investigate

lift-off effects. All indications were photographed frnm the

CRT display of the X-Y storage oscilloscope.
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3.5.2 Impedance-Plane “nalyses

Inspection of the aluminuﬁ”pfgfes (specimens 2 and 3)
was accomplished by the impedance-plane analysis technigue.
.Scanning was performed using'the through-transmission
scanning technique. The distance between the probe and plate
was adjusted to provide enougo clearance for the.weld bead
crowns, where the nominal disrance betyeen the'weld bead
crown and the probes was held at 1/8" (3. 2 mm). The weld
beads were scanned longltudlnally at 0.2"/s (5.1 mm/s). The
- frequencies used for the analyses ranged between 100Fﬁnd -
- 1700 Hz. In each case, the test coil level was set at 0 dB,
the sensitivity at 65.0 dB and the“filter control was
positioned at 3 in the low pass mode.. In most'CeSes, the'
phase control was adjusted to obtain lift—off indﬁcations
along the horizontal axis for the initial frequency. All

scans were recorded by photographlng the CRT dlsplay of the

X-Y storage osc1lloscope



4. Test Results and Discussion

4.1 Verificatic. Test Results -

Radlographs of spec1mens 1-3 were obtained to :
1)confirm the presence of the.értificially produced flaws,.
2)locate the flaws and 3)determine the width of the flaws.
Positive prints of the'radiographs are-shown, in reduced
form, in Plates 5, ¢ and/é True size prints of the flaws 15
 specimens 2 and 3 are shown in Plates 7/ 8 and 10.

The incomplete penetration (IP) flaw in specimen 1
(Plate 5) appears as a dim'white line along the full length
of the weld with only a small amount of gap closure in the
central portion of the weld. The IP flaw closed up near the
center of the weld due to shrinkage distortion after
welding. This portion of the yeld was not used for the
subsequent eddy current tests. The radiograph distinctly
shows the machined and unmachined portions of the plate, as
described in section 3.2. The éverage width of the IP flaw,
as estimated from:the rediograph, was approximately 0.016"
(0.41 mm). The average depth of the IP flaw, as determined
by ultrasonic testing, was approximately 0.095" (2.4 mm).

The cluster porosity (CP) in specimen 2 apbears-on tHe
top &alf»of Plate 6 as a cluster of white dots. The diameter
of the CP, as estimated from the true size print (Plate 7),
range from 0.055" (1.4.mm) to 0.070" (1.8 mm). The large
isolated pores (LIP) appeer on the bottom half of Plate 6 as,

two large white dots. The diameter of the large pores, as

93
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Plate 5. Radiograph of specimen 1 —,IP«flaQ (reduced

s

size).
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Plate 6. Radiograpﬁiof specimen 2 - CP and LIP flaws

(reduced size). ,



Plate 7. Radiograph of specimen 2 - CP flaw ‘(true

.

'late 8. Radiograph of specimen 2 -~ LIP flaw (true

-
(N

size).

size).
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‘Plate 9. Radiograph

of specimen 3 - IP flaw (reduced size).
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Plate 10. Radiograph of specimen 3 - IP flaw (true size).
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estimated from the.true size print (Plate 8), was 0.18" (4.6
mm) .

The IF f° w in specimen 3 (Plate 9) appears as a dim
white line in the central portion of the-weld. The average
width of the IP flaw, as estimated from the true size print
(Plate 10), was 0.023" (0.59 mm). The average depth of the
IP flaw, as determined by ultrasonic testing, was
approx&mately 0.098™ (2.5 mm).

A comparison of these results w- . ﬁondestructivé tests

made of real welding flaws in aluminum, showed that the

artificially produced flaws adequately simulate real flaws.
4.2 Initial Probe Studies

4.2.1 Penetration Characteristics

The first objective of this thesis was the development
of a suitable probe systemvfor the inspection of welds in
thick metal plates. A through-transmission probe arrangement
was a logical choice for these studies, since lift-off
effects are eliminated if the distance between the two coils
is fixed and the driving and detecting circuits have high
impedances. The eddy current testing,.instrument used in this
project was equipped with high impedance circuitry. By using
the through-transmission arrangement, iniconjunction with
the eddy current testing instrument, it was believed that
changes in the profile of a weld crown would not result in

any signal indications due to lift-off effects.
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To enable successful throﬁgh—transmission inspection of
thick plates ®¥nother factor had to be considered; the skin
effect had to be overcome. Normally the standard depth of "
penetration is quite shallow, even for very low fréquencies

(eg. 1/4™ (6.4 mm) at 260 Hz). To enable operation at

-

realistic operating frequencies (i.e., 100 to 2000 Hz)
special eddy current probes were designed. The probes were
designed to provide a sufficient magnetic flux density to
penetrate 1/2" (12.7 mm) thick aluminum plate at these
frequencies. Design criteria were based on experimental
tests rather than theoretical calculations, since most
theoretical calculations are based on ideal co. .
configurations and the impedance'changes ca:secd oy _ocalized
flaws are usually too complex to treat analytirnally,

The penetration characteristics of the excitation
probes were observed by monitoring the magnetic flux or
field penetrating the plate and surrounding the sensing
coil. The tests were conducted in the manner described in
section 3.5.1. An operating frequency of 100 Hz was chosen,
since’this was the.lowest frequency settiné on the signal
generator. Since thg movement of the test object (i.e., with
respect to the magnetic field) induces a voltage within the
object, 'scanning rates were kept constant throughouﬁ the
test to avoid unwanted changes in the impedance. Y-axis
amplitude readings were compiléd from a series of X-Y plots
for a 4"x4" (102 mm x102 mm) area surrounding the sensing

. coil. The results are illustrated in Figures 38-43 in the
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form of contour plots and perspective block diagrams. The
perspective diagrams are présented ?t two differen£ angles,
for each probe, for the purpose of.clarity.

The first probe design, probe 4, wés wound as a simple
probe without any ferrite core. This probe showed excellent
penetration capabilities, with amplitudes exceeding the 1
volt threshold of the eddy current instrument (see Figures
38 and 39). The penetration capability St the.probe was
excellent by viftue of a.large number of turns of wire in
the excitatioh éoil..The shape of the magnetic field was
uniform because of the circular coil design. The shielding
used in this probe was found to be excellent, since very
little drift was observed after balancing the bridge
cirCﬁitry.

“The second proﬁe, probe B,.3és designed after probe 4,
but included a ferrite core to shape the magnetic field. The
effect of adding the ferrite core is;easily observed in the
perspective diagrams (Figure 41). The field is much narrower
in the direction parallel to the ferrite core. This occurs
because the ferrite core tends to redirect the lines of
magnetic flux in the direction parallél to the leﬁgth éf the
core. It was héped that the core might also concentféte the
magnetic flux in the center of the coil, but the results
showed that the penetration capability of this probe was
poorer than that observed for-probe A4 (cf. Figures 38 and
40). The shielding used in this probe was also found to be

effective.
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Magnetic field produced by probe C (perspective

Figure 43.

block diagrams).
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The third probe, probe C, is merely a small version of
probe B. It has a rectangular shaped magnetic field, similar
to that produced.by probe B (cf. Figures 43 and 41);
however, the pgnetrafion capability of probe C is even worse
thén probe B. Once again, the shielding used in'this.probe

was found to be effective.

4.2.2 Probe Sensitivity

The above results gave”somékiudieétion of the probes’
penetration characteristics, but to fully evaluate the
performance of each probe, studies of their sensitivity to
real flaws was required. To evaluate the sensitivity of eacﬁ
probe, scans were made across the machined portion of
specimen 1, as described in section 3.5.1. The machined
portion of the specimen was'scanned, ratﬁer than Lhe weld,
_to avoid any p0551b111ty of lift-off effects. The incomplete
penetratlon flaw in the plate was detected using the
impedance-plane analysis technigue. The results of the scans
are shown in Plates 11, i2 and 13,

Probe A was operated using frequencies between 100 and
1100 Hz in 100 Hz increments. This probe showed excellent
sensitivity to the incompléte penetration flaw, with the
best sensitivity occurring at’ 400 Hz (see Plate 11). The
indications are typicall; single\loops or double loops
depending on the probe configuration usea. In this'case; a
single loop was observed., A loop was formed, since the coil

was much larger than the flaw. As the probe was scanned over



109

Plate 11. Probe 4 - sensitivity to IP flaw (specimen 1)
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the ihcomplete pPenetration flaw, half of the loop was formed
as the first edge of the coil in the excitation probe moved
over the flaw. The other half of the loop was formed as the

second edge of the coil moved over the flaw. The rFsulting

indication was a single loop, often referred to as the -

}"signature" of the flaw. The phase angle‘ofﬁphese
indications chanée with ffequehcy because the inductive
reactance value is a function of inductance and freqqucy
(see section 2.3.2.1). This phenomenon often.enables several
opeggfing variables to be separated froﬁ each other on the
~impedance plane by selecting a suitable freqﬁency.

Probe B was'operated using frequenéies between 300 and
1700 Hz in 200 Hz increments. The probe showed\a similar
jresponse to the incomplete penetfation flaw, except fhathihe.
sensitivity was reduced to less than one half the émount
échieVed by probe A. Maximum sensitivity was attained at )
about 500 Hz and 1100 Hz for.probe B (see Plate 12). Probe B
was prone to overheating at frequencies'above 500 Hz. This
may be attributed to an insufficient hUmber of turns of
wire, or insufficient gauge thickness, or a éombination of
‘the above. f. .

Probe C was operated using frequencies between 300'énd
1900 Hz. Probe also showed a similar reépdnse.to‘the Ip
flaw, ﬁnlike probe B, the sensitivity was quite high, ’
although still less gg!n that attained.by probe A. Maximum
sensitivity‘was attained at 1100 Hz (see Plate'f3). Aithough

this probe design was merely a small version of probe B, no



Plate 13. Probe C - sensitivity to IP flaw (specimen 1).

Plate 12. Probe B - sensitivity to 1P flaw (specimen 1),
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overhes 'r was noticed in the range of frequencies used for
the scans.

In general, the test probe sensitivity was increased as
the frequency was increased, but at the same time
penetration was reduced, so the'two effects must be
considered simultaneously. The sensitivity was increased
since high-frequency eddy currents are more easily distorted
by imperfections than low-frequency eddy currents.
Penetration was reduced due to the skin effect (see section

2.3.2.4).

4.2.3 Lift-off Effects

To evaluate the effects of scanning over a weld bead
N

crown, the unmachined portion of specimen 1 wa ected in

the same manner as the machined portion. The results o
these scans éfé shown in Plates 14 and 15. Probe C was not
included in thesg scans, since only ver‘!smal% deflections
were obtained. The deflections wefe small because of the
- increased thicknes§ of metal created between the probes by
the crown of the weld. In this caSe, probe C had
insufficient penetration power or magnetic flux to penetrate
the weld. In addition, a decrease in sensitivity to the
incomplete peneération flaw was observed for probe A and B
as a result of this increased thickness. The frequency
effects were similar to those encountered in section 4,2.2.
Although these observations were imporéant, the main

objective of these tests was to investigate the effect of
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lift-off. The results showed that changes in the thickness
of the plate did not have a profound effect on the display
output. As the probe moved over the wéld, the impedance did
not change‘until the flaw was encountered. This proved that
the through-transmission érobe arrangement was an effective
means of overcoming the lift-off effect, although no formal
explanation for the reason why it is effective can be given.
Perhaps the combination of low-frequency and differential
arrangement compensates for the lift-off. Normally a
differential arranéement is used to compensate for minor
fluctuétions in thickness anq;conductivfty (see section
3.4.4). In addition, low-frequency eddy currents tend to be
less affected by liff—off than high—frequency eddy currents.

In general, the probe penetration and sensifivity
studies showed that probe designs A4 and B were édequate for
the inspection of welds in 1/2" (12.7 mm) thick aluminum
alloy plate. Further studies were required to evaluate the
feasibility of using this low-frequency through-transmission
technique for the detection and characterization of flaﬁs in
an industrial appliéation. These studies are presented in

the following section.
“4.3 Impedance-Plane Analyses
4.3.1 Flaw Detection

Detection of a wide variety of flaws is necessary to

make this form of eddy current testing a feasible method for
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the inspection of welds in aluminum plate. As a consequence,
tests were performed to detect a number of flaws common to
welds in aluminum plate using probe designs A and B. The
poor penetration characteristics of probe C disqualified its
use in the detectionbof flaws in aluminum plate exceeding
1/2" (12.7 mm) thickness. Specimens 2 and 3 were used as the
standards for the tests and scans were made in the mannér
described in section 3.5.2. Rather than center the probe
assembly over the weld bead, it was found that off-centered
scanning provided better sensitivity. This may be explained
by magnetic field variations. Imperfections in the test
object are de?ected by monitoring changes in the impedance'
or voltage caused by distortions in the flow of eddy
currents and, hence, variations in the magnetic field. Eddy
currents near the edge of the magnetic fleld are more easily
dlstorted than eddy currents in.the central portion of the
field where the flux density is greatest; hence,
off;centered scanning is often an effective method of
increasing the sensitivity to flaws., The results of the
scans are shown in Plates 16-21.

Plates 16 and 17 show the indications obtained by
scanhing specimen 2 with probe A. In each case, deflections
caused by lift-off (LO) were also included for the initial
freqqency chosen (eg. lift-off is at 100 Hz on plate 16).
Lift-off d4id not occur; trather, the deflections were forced
by altering the separation between the probés. Edge effect

deflections occurred in the same direction, but are not
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Plate 17. Detection of large isolated pores - probe A.
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shown on the plates. The sensiﬁivity to cluster porosity wasﬂ
greatest at 300 Hz, while the gensitivity to large isolated -
pores was greatest at 700 Hz. The indication obtained for
the two pores appeared as a single loop, illustrating a lack
of sen51t1v1ty to closely spaced, small flaws, or laqk of
resolutlon Indlcatlons obtained from an 1ncomplete
penetration flaw are shown in plate 18. These 1nd1cat10ns
‘were obtalned by scanning specimen 3. Maximum sensitivity
was obtained at 400 Hz. In each case, the flaw indications
were distinct, without any spurious s&gnals present.

Plates 19 and 20 show the indications obtained by
scanning specimen 2 with probe B. Again, lift-off
indications were included. The sensitivity to cluster
porosity was greatest between 300 and 700 Hz.~Tésts at 500,
700, 900 and 1100 ‘Hz showed little difference in the case of
the l?rge isolated pores; however, the indications from each
pore showed up as a distinct loop, illustrating the
excellent resolution properties of this probe. Plate 21
shows the indications obgained by scanning specimen 3. The
sensitivity to the IP flaw was greatest between 500 and 700
Hz. Once again, the flaw indications were distinct, without
any spurious signals present. Unlike probe A4, maximum.‘
sensitivity to flaws was Sbtained over a range of
frequencies. As a result, probe B offers greater flexibility
to the operator. This is necessary if the probe is required

for multi-purpose use.



Plate 19. Detection of cluster porosity - probe B. -



Plate 20.

. Plate 21.

Detection,of incomplete penetration - pnobe'B.

Detection of large isolated pores - probe B.

[
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4.3.2 Characterization of Flaws

The detection of flaws is important; however, it is
generally desirable to not only detect flaws, but to
identify them. To accomplish this task, the welds in
specimens'2 and 3 were scanned at a fixed frequency. Three
sepératevfpeqqencies were selected which ‘covered the optimum':
range of operating freduencies for probes 4 and B.

“ Welding causes thermal transients in the weld aréa,
which change grain size and the state of work or age
hardening in the heat-affected zone. As a result, electrical
conductivity, o, is a variabie in this zone and it waé
necessary to monitor the phase angle of the conductivity
changes; Inléach case, a comparison between f%aw—free
sections of specimens 2 and 3 was made to determine the
phase angle of the conductivity changés. The results of the
scans are shown in Plates 22-27. The -arrows indicate the
direction of decreasing coriductivity.

The first freduency used for the scans was 300 Hz.
Piate 22 shows the fléw indications for probe A. The
incomple;e penetration flaw indication appeared as a very
narrow single loop, whereas the cluster'porosity appeared as
a wide loop; The large isolated pores, although‘not as well
defined as the cluster porosity, appeared as a single,
moderately wide loop}vThe’change~in appearance of fhe loops
may be explained by the difference in cross-sectional area
of the various flaws. Cracks, lack of fusién and incomplete

penetration are generally very long and narrow flaws, as

\
{
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compared to porosity, inclusions and large voids.,Since
large cross-sectional areas perpendicular to the flow of
eddy currents tend to distort the eddy currents more than
small cross-sectional areas, the loops formed by scanning
over long and narrow flaws tend to be more tiéht. Although
this phenomenon is useful for the characterization of flaws,
the phase angle of the deflections is als§ important. The
flaw indications obtained for probe A tend to have the same

B -~

phase angle. This may léad to confusing results if several
types of flaws are present in alsingle weld. Ideall;, the
flas should give indic¢ations that have both different
appearance and phase angle: Fortunately, the conductivity
and lift-off changes were éeparated, in phase, from all .
other operating variables, As a result,\they were clearly’
distinguiéhed fropm the other variables.

At 300 Hz theashape of tbe loops were simila;'for
probes A and B (cf. Plates 22 and 23). The only no£iCeable
difference was iB the phase angle of the indications. érdbe
- B provided much better separation of the variables, since
the phase angle was different for each flaw indication
(ive., there was almost a 120° phase angle sh}ft between

r .
each flaw indication). Probe B also pr%videa good separation

P2
of the conductivity and lift-off loci.\
An increase in the frequency to 500 Hz generally /
resultéd in a marked increase in the sensitivity, as shown!

1n Plates 24 and 25. The shape of the indications obtalned

by probe A were similar to those obtalned at 300 Hz, The
. /
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Plate 25. Flaw signatures - probe B (500 Hz).
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large 'isolated pores were_more pronounced at this frequency,
~ but tpe phase angles of the indications were still the same.
Probe B, on ‘the other hand, showed two distinct loops for
“the large isolated pores, the sensitivity to the cluster
porosity Qas only slightly reduced and the phase angles of
each indication remained fairly distinct. In each case, the
" 'phase angle separation between the conouctivity and lift-off
indications was large, allowing for goOdAseparation of thesee
variables. :

An increase in the frequency to 700 Hz resulted in
“, increased seasitivity to the cluster porosity and large
isolated pores for probe 4 (see Plate 26). The shapes of the
Indications'remained the”same;'however " the phase angles
shlfted toward the conduct1v1ty locus. In this case, the
flaws could only be identified by the shape of their loops.
" The" scans at 700 Hz with probe B showed decreased
fsensitivity to incomplete penetration and cluster porosity;
and increased sensitivity to large isolated pores (see Plate
27). Indications caused by the large isolated pores were
veAry distinct (i.e;.,‘ the resolution was excellﬁ'\:) In
addition, the separation of the phase angles for each
variable was very good.

) In.general, the flaws were easily characterized using
probe Bvbetween the frequenoies of 360 and 700 Hz. The phase
"angles and sigoatures (i.e., loop shapes) were unique,
~resulting in the rapid indentification of the flaws.

Overheating was the only problem associated with probe B.
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Probe A did not have a problem of overheating, but the phase
angles bf the flaw indications Qere not distinct at any
frequency. This did not present a problem in this project,
since the loop shapes were so distinct that the flaws were
easily identified by shape alone. Probe / generally had a
greater sensitivity to the artificial flaws at a given
freqﬁency, but less resolution than pbobe B. Also, it was
observed that scans made over real flaws produced similar

»
signaturgs on the impedance plane.

bThe separation in phase between the conductivity,

lift-off and’flaw indications was excellent for both probes.
Conductivity and lift-off changes are often an’important
consideration in th inspection of weld beads. The
conduct&vity change. associated with the welds occur mainly
in the transverse direction and are dependent on the thermal
histories’of the base plate, heat-uifected zone (HAZ) and
weld metal. Conductivity changes along the length of the
weld are only slight and, as a consequence, were of little
concern in this project. In addition, lift-off effects were
not a problem hecause of the through-transmission probe
arrangement. If, in fact, conducﬁivity and lift-off changes
did occur, the p%3§g selecpéve circuitry would allow for
simple, quick discrimination of these variables, since the
phase angle sepa??tibniég;wéén these variables was good.

, - .

Edge effect indigatiodg can beé discriminated against in the

Same manner.
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Probe design was a very important factor in the
development of this eddy current inspection t.-chnique. The
probes were de%igned to provide a sufficient degree of
penetration to inspect thick sections of metal, yet maintain
a suitable degree of sen51t1v1ty to flaws. The design of the
‘probes may be altered to adapt to different test conditions
(i.e., thicker sections, cylindrical shapes, ferrous
materials, etc.). In all cases, the main features of the
.probes are the ferrite core and conducting metal shield.
Without a ferrite core the sensitivity to flaws would be
diminished and resolution would be poor. Poor feprffé\core
design also results in diminished sensitivity ané‘
resolution, as well as poor penetration characteristics. A
conducting metal shield is essentlal in all probes to guard.
against noise from stray fields surroundlnévthe Probe wh1ch.
may cause an imbalance in the balance circuits. Proper coil
design is the key to successful characterization of the
flaws and separation of the bperating variables. | ' -

5
4.4 Industrial Applications

The through—transmission probe arrangement used in this
project offers little flexibiliéy in an industrial
application. To make léw-frequency eddy currenf fésting a
feasible nondestructive testing teéhnique for the inspection
of welds in pipes, for é%ample; the excitation and sensing

coils would have to be wound as a single unit and scanned

over the outside surface of the pipe. A drawback to such a
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éonfiguration is lift-off. Lift-off indications were not
obsefved using the through-transmission probe arfanqement,
since the distance between the sensing and excitaticn coils
was held constant while scanning over the weld. If the coils
are wound as énunit, lift-off indications become pronounced
when scannihg.over irregular surfaces. Fortunatély, phase
selective circuitry allows the operator to separate lift-off
indicaéions, flaw iﬁdications and conductivity changes on
the impedance plane, provided a suitable testing frequency
.is selected. |

An attempt should be made to design a probe assembly
which combines both the sensing and excitation coils in a
single housing-. The probe's performance should 5e evaluated
using a phase selective or amplitude:phase detector system.
in the same manner as outlined in the experimental section
of this thesis. With a suitable selection of probe design
and operating frequency, flaws associated with welds in
aluminum and other metals~may be detected analcharacterized
in the same manner as illustrated in this thesis.

In a practical application, modulation analysis is
often preferred over the impeéénce—plane analysis technique,
since a hard copy of the flaw indications is obtained
directly from the strip chart recorder. Recent developments
in the field of electronics has made it po§sib1e to record
the results of an impedance-plane analysis directly onto

magnetic tape. The tape maj be stored and then plaYed back

on an X-Y storage oscilloscope display as a reference. As a
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result, impedance-plane analyses should be chosen over
modulation analyses, since flaw indications are more easiiy
interpretéd and separated from unwanted signals using the
impedance-plane analysis technique. Cathode ray tubes also
provide a faster response to output signals than strip chart
recorders. In some cases, the.operating variables of the
eddy current test are difficult to séparate, despite the use
of impedance-plane analyses. In such cases, a multifrequencf
or multiparameter method may be used. Libby2°-22.25
describes this method of eddy current testing in great
detail in several of his papers. ’

;\ Although éﬂdg current nondestructive testing has been
used extengively in thé aircraft industry.for;;urface and
subsurface inspection, the use of low—ffequency techniques
and other specialized techniques have allowed for increased
use of subsurface inspection iﬁ‘other industries, ;uch as
tubular goods manufacturing. The results obtained in this
project have shown that testing can be done to even greater
depths using special probes and a low-frequency a.c. signal
generator. This allowed for through-transmission inspection
of weld beads. in 1/2" (12.7 mm) thick aluminum alloy plate
to locate flaws, as well as identify each flaw, by
distinguishing the characteristic display outputs. Althoﬁgh
inspectidn was limited to aluminum alioys in this project,
the system may be easily adapted for the inspection of other

metais. Development of modified probe designs may allow for

low-frequency inspection of pipes and thick aircraft
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structural members.
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5. Conclusions

Thg results obtained in this pfoject show that
low-frequency eddy current testing is an effective means of
inépecting welds in aluminum alloy plates up to 1/2" (12.7
mm) thick. B} using special through-transmission probes and
a low-frequency a.c. signal generator, wélding flaws such as
IP, CP, and LIP can be iocated, as well as identified, by
distinguishihg the characteristic display outputs. Phase
selective circuitry permits flaw signatdres, conductivity
changes and lift-off indications to be separated on the_

impedance lane,_Ianarticular, the results show that:
P 5

1. Flaw characterization and phase angle separation of the
operating variables is mainly dependent on the frequency

and coil design.

2. Flaw signature shape is determined by the - ‘\\
- £ross-sectional area of the flaw perpendicular to the

flow of eddy currents.

3. Off-centered scanning provides for increased sénsitivity
. to flaws due to increased distortion of the eddy

currents near the edge of the magnetic field.

{
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Probe A provides excellent penetration and sensitivity
characteristics, with maximum performance at 500 Hz;
however, the resolution of this probe is only fair, Flaw
characterization is only possible by distinguishing the
signatures Sr loops formed on the CRT, where plénaf
flaws,’such as cracks, laék of sidewall fusion and
incomplete penetration, produce tightly closed loops and
volumetfﬁc flaws, SUCH as porosity, produce wide, open
loops. The phase aﬁgle separation of the flaws is poor
for probe A, byt the phase angle separation of the =

conduetivity and lift-off loci from the flaw indications

is good.

.2

The addition of a éerritg/core gives probe B excellent
resolution characteristics, aliowing for the detection
of very small flaws. Flaw characterization is possible
over a wide freguency range (i.e., 300 to 700 Hz) for
this‘prdbe} The characterization of flaws is excellent,
since the phasé angles and signatures_ are uniqﬁe for
each flaw. The éignatures produced'by planar flaws are
typicaily tightly closed loops and the signatures
p;bduced by volumetric flaws are typically wide, open
léops. The phase angle separation of the cdnductiyity
and lift-off loci from the flaw indications is also

excellent.
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Probe C does not provide enough penetration for the
inspection of welds in 1/2" (12.7 mm) thick aluminum

alloy plate.

Sizing of flaws is possible to some extent.lThe length
of a planar flaw may be determined by monitoring the
probe displacement while the signature is formed on the
impedance plane. Accurate results may only be obtained
1f .the probes are calibrated to a known flaw length or

standard. Determination of the depth of flaws is

difficult, since the magnetic field intensity is nearly

uniform throughout the specimen; therefore, the position

of the flaw does not affect the test response.

" Although inspection&was done at only 0.2"/s (5.1 mm/s)

in this thesis, inspection up to about 8'/s (2500 mm/s)

is possible for industrial épplications, since no

" physical contact is réquired between thé testing probe

and test object.

qu—freduency eddy current testing allows for the
identification of a wide variety of physical,
electrical, structural and metallurgical conditions in

metals, including: electrical conductivity, magnetic
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permeability, physical dimensions, cracks, voids, laps

and inclusions.



6. Recommendations for Future Work

6.1 General Recommendations

It was important, from a practical point of vigw, to
use qualitative.analfSes to observe the influence of various
flaws on the impedandé—pléhe diagram and, hence, evaluate |
the performance of the excitation_p}obes used in this
project. The analyses allow for preliminary determination of
suitable coil dimensions, ferrite core shapes and sizes,.and
~signal generator operating frequencies. These variables may
.be improved, in future works, by applying numerical
calculations wﬁen possible, or by adequate experimental
tests.

As described in section 4.4, an attempt should be made
to design a probe assembly which combines both the sensing
and excitation coils in a single housing. An attempt should
also.be made to develop a probe capable.of inspeéting welds
in éteel plate; Exisﬁing probe designs may be used. In this
case, a saturation coil should be -included to minimize the
magnetic effects encountered when testing ferrous materials.
The saturation coil should surround the sensing and
excitation coils. A sufficient amount of direct_current is
applied to the saturation coil in order to raise the
magnetic flux of the material adjacent to the coil to a
maximum. This conaition is known as magnetic saturation.‘In

such a manner, small variations in permeability will be

eliminated; hence, reduce the possibility of false readings

135



136

or indications.

6.2 Thermal Stability

A characteristic often ;overlooked when designing coil
systems is thermal stability. The excitation current:Causes
IR losses which heat the coil, and eddy currents flowing
within the test objert heat the object. Dimensional changes
caused by the thermal expansion of the coil may'cause small
changes in the inductance of ghe coil. If multiple coils are
used in a single probe, temperature changes may cause a
variétion in the coupling between the coils, as a result of
the expansion of the coil supports. Allnof these factors

should be taken into account in the development of new eddy.

current probes. -

6.3 Standards \

The:dqvelopment'gé standards for use in eddy current
nondestructive testing has proceeded at a much slower rate
thén for the other major nondest&gctive test methods. There
is a need for a more quantitative approach in eddy current
testing, thus a need for establishing standard cal&bration
and operating procedures and specifications for reference
test specimens. |

Artificially produced flaws were used as a means of
evalﬁating probe perfofmance in this project. Artificial

flaws were chosen over milled notches or drill holes, since

they were more representative of naturally occurring flaws
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in welds. Unfortunately, artificially produced flaws cannot
be easily duplicated, thus ruling out the possibility of
using them in a performance standard. Small.drilled‘holes'
and milled notches have been used in‘pérformance standards
for ultrasonic teéting.equipment and conventional eddy
current testing equipment calibrations. The?vare easily
reproduced and, in most cases, simulate natﬁfally occurring
flaws. |

Existing standards for use in eddy current testing, as
describeé by Hochschild?’ *°, are designed "for surface and
subsurface inspection. At present, ASTM standards do not‘
extend below 1000 Hz fér eddy current testing. As a
conséqu?nce, ﬁhese standards are not suitable for use in
low-frequency eddy current testing of thick sections. If the
low-frequency testing method described in this thesis is to
be used in a practical application, a.standard will have to
‘be developed to reliably qualify and calibrate'thg eddy
curfent testing system.

Crowe*' describes a method of célibrating an eddy
current test system using simulated signals or "signal
injection"; In thisvcése, prep;ogrammgd signals which
simulate real flaw indications on thehimpedance plane are
injected into the eddy current test instrument from an
electronic device. This method may prove to be a useful

alternative to the conventional standards used in eddy

current testing.
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