
Chapter 1
Introduction

Abstract This opening chapter begins with a brief history of the development of
the field of eddy-current (EC) nondestructive evaluation (NDE), beginning with
Faraday’s discovery of the law of electromagnetic induction and including contribu-
tions of Henry, Hughes, and Förster. The role of the law of electromagnetic induction
in EC NDE is described qualitatively and the principles via which a material defect
may be detected are discussed. Finally, the parameters by which a simple EC surface
coil may be described are introduced.

1.1 Introduction

A study conducted by the Institute of Metals [1] discovered that eddy-current non-
destructive evaluation (EC NDE) accounts for approximately ten percent of NDE
inspections. Other methods in common usage include inherently “visual” inspection
methods such as liquid penetrant andmagnetic particle testing (50%), ultrasonic, and
X-ray methods (approximately 35%). The optimum method for a particular inspec-
tion depends on the nature of the specimen under test, and also on the information
that is sought. Overviews of some of these methods can be found in [1, 2], but the
primary focus of this text is eddy-current NDE.

Eddy-current NDE relies on the induction of electrical current in the part being
tested. For this reason, it is used for the inspection of metals. Eddy-current NDE is
useful for the determination of certain material properties and detection and charac-
terization of inhomogeneities in metals. The method is fundamentally related to the
electromagnetic properties of a test-piece. For this reason, it is commonly applied
in metal sorting and identification, based on measurement of the metal conductivity,
and in detection and characterization of defects in metal parts. These defects may be
cracks, pits, dents, scratches, corrosion, heat-affected zones, and others. They may
appear at the surface or below the surface. They are found in aerospace structures,
nuclear power plant components, railroad tracks, pipelines, sheet metal, rods, and
bars, to name a few.

Much early work in the field was done by Friedrich Förster [3], who developed
practical eddy-current NDE techniques for many different test geometries, and also
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2 1 Introduction

developed the theory and physics of the practice. The company he founded (Foerster
Instruments, Inc.) is still a leading producer of eddy-current test instruments.

1.2 Historical Background

1.2.1 Michael Faraday

Michael Faraday (1791–1867, Fig. 1.1) was an English physicist and chemist. He
came from a poor background and was largely self-educated. In 1821, he discovered
the phenomenon of electromagnetic induction, which is one of the most far-reaching
scientific discoveries of all time [5]. Likemanyother scholars of his time, Faradaywas
fascinated by the experiment of Hans Oersted in 1819 in which it was demonstrated
that a compass needle could be deflected if brought near to a wire through which
electric current was passing. Faraday set out to show, conversely, that electric current
could be produced by a magnetic field. Faraday wound a coil of wire, connected to a
battery, around one segment of an iron ring (circuit A in Fig. 1.2). An electric current
could be made to pass through the wire by closing a switch. Another coil of wire was
wound around a different segment of the iron ring (circuit B). On closing the switch in
circuit A, amagnetic fieldwas set up by the current flowing in coil A,magnetizing the
iron ring. The magnetic field was concentrated in the high permeability iron, which
acts as a magnetic circuit conveying the magnetic field to circuit B. The magnetic
field created in the iron ring by coil A then coupled with coil B and induced a current
to flow in circuit B. This secondary induced current was detected by deflection of
the galvanometer. In this experiment, Faraday had invented the first transformer. His
original ring is shown in Fig. 1.3.

Fig. 1.1 Michael Faraday,
English physicist and
chemist, 1791–1867 [4]
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Fig. 1.2 Schematic diagram of Faraday’s transformer

Fig. 1.3 Faraday’s transformer [6]

One aspect of his experiment took Faraday by surprise. Rather than a steady flow
of current in circuit B, as Faraday had expected, there was a transient current in
response to the closing of the switch in circuit A, and another transient current in the
opposite direction when the circuit was broken. In between, while the current was
flowing steadily in circuit A, no current flowed in circuit B. To explain this, Faraday
visualized magnetic field lines that sprang outward from coil A when the switch was
closed and collapsed again as the circuit was broken. He hypothesized that electric
current was induced in a conductor only when magnetic field lines moved across
it. We now know that magnetic fields that vary in time and/or space are capable of
inducing electric current flow in a nearby conductor.

Faraday continued to carry out significant experiments in electricity, inventing
the first electric generator in 1831, probably the single greatest electrical discovery
in history. He was also a tremendously popular lecturer in science for the general
public, his lecturers being attended even by royalty and novelists of the time. Faraday
lends his name to a unit measuring the quantity of electricity (1 Faraday≡ 96,500C)
and to the unit of electrostatic capacitance, the Farad (F), named in his honor.
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Fig. 1.4 Joseph Henry,
American physicist,
1797–1878 [7]

1.2.2 Joseph Henry

A contemporary of Faraday, Joseph Henry (1797–1878, Fig. 1.4) was an American
physicist who discovered the phenomenon of electromagnetic induction in 1820,
before Faraday, but was unable to complete his experiments and publish his results
in advance of Faraday due to a heavy teaching load. For this reason, Faraday receives
the credit for the discovery [5]. In Henry’s paper, however, he explained that the elec-
tric current in a coil can induce another current not only in another coil but in itself—
the first description of the phenomenon of self-induction. The current observed in
any coil is, therefore, a combination of the original current and the induced current.
Joseph Henry made many further significant contributions to scientific and engi-
neering advancement, especially in his role as the first secretary of the Smithsonian
Institution, through which he encouraged worldwide communication of scientific
discoveries. Upon his death, it was agreed that the unit of inductance should be
named the Henry, in his honor.

1.2.3 David Hughes

Following the discovery of electromagnetic induction, nearly 50 years elapsed before
further experiments suggested a path toward practical application of the phenomenon
in materials testing. David Edward Hughes (1831–1900) was a Welsh experimental
scientist and accomplished musician. He conducted some important experiments of
relevance to EC NDE in 1879, when he showed that the properties of a current-
carrying coil changed when the coil was placed in contact with metals of different
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conductivity and permeability. Here, lies the foundation for identification of metals
and alloys by eddy-current testing, to be discussed in Chaps. 6 and 8.

1.2.4 Friedrich Förster

Following the work of Hughes, another 54 years passed before eddy-current technol-
ogy was developed for industrial application. While working for the Kaiser Wilhelm
Institute in Germany, 1933, Prof. Friedrich Förster played a very important role in
adapting eddy-current technology for industrial use. He developed instruments for
measuring conductivity and for sortingmixed ferrous components, amongothers, and
contributed significantly to the understanding and interpretation of eddy-current sig-
nals, introducing the so-called “Förster diagram”, which is related to the impedance-
plane plots that will be described in this work. As mentioned above, Förster founded
his own company (Foerster Instruments, Inc.) in 1948, a company whose business is
based on eddy-current testing.

Many advances in the development of ECNDEweremade in the 1950s and 1960s,
in particular in the context of aviation and nuclear power industries. ECNDE is now a
widely used and well-understood inspection technique for flaw detection and charac-
terization as well as for materials property characterization. The development of EC
NDE continues to be an active area of research in the present era. Research encom-
passes the design and realization of specialized probes for ever-more-challenging
inspections, often assisted by computational modeling of the probe and its environ-
ment. Present-day research also focuses upon improving the interpretation of noisy
signals, often with the goal of increasing inspection speed. Generally speaking, EC
NDE plays an important role in improving safety, quality, and efficiency in aviation,
transportation, infrastructure, and energy sectors.

1.3 Electromagnetic Induction

What happens when a time-varying electric current passes through a simple loop
of wire held near a conductor such as a metal plate? As shown schematically in
Fig. 1.5, the time-varying current flowing in the wire loop has the effect (somehow)
of producing (actually, inducing) an electric current which flows in the metal plate.
The current in the plate in some sense mirrors the applied current flowing in the wire
loop, but flows in the opposite direction. These induced currents are known as eddy
currents. The term “eddy current” was coined due to the analogy between vortex
currents (eddies) in laminar fluid flow and the flow of these induced, circulating,
electrical currents. In practice, eddy currents always flow in closed paths.

How are eddy currents induced? The answer lies in the phenomenon of electro-
magnetic induction, first observed experimentally by Faraday, who hypothesized the
existence of the electric and magnetic fields in order to explain his observations.
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Fig. 1.5 Eddy currents
induced in a metal part by a
time-varying current loop in
air. The eddy-current density
in the conductor, J(t), is a
vector field that is described
in detail in Sect. 2.2

Fig. 1.6 Magnetic field
associated with a
time-varying current loop in
air

The fact that the applied current is varying means that a magnetic field, denoted
H with units Ampères per meter (A/m), is produced in the vicinity of the current
loop, Fig. 1.6. This magnetic field is much like that in the vicinity of a stationary bar
magnet, although hereH varies with time whereas that associated with a bar magnet
is static. The time-varying magnetic field couples with a nearby metal test-piece and,
in turn, induces electric current in the metal. This phenomenon of electromagnetic
induction forms the foundation of eddy-current nondestructive evaluation. The eddy
currents that flow in the metal are themselves time-varying and produce their own
associated magnetic field, Hec. In an eddy current inspection, Hec couples with a
sensor—sometimes the induction coil itself—and the signal is interpreted to obtain
physical information about the test-piece.

The fact that EC NDEworks on the principle of electromagnetic induction means
that it is inherently a noncontact inspection method. One advantage of this is that a
test-piece may be inspected for damage even when covered by a protective layer of
paint or some other type of cladding, for example.
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Fig. 1.7 Eddy currents
disrupted by a surface defect.
The eddy-current density
J(t) is a vector field that is
described in detail in
Sect. 2.2

1.4 Eddy-Current Nondestructive Evaluation

Figure1.5 shows eddy currents induced in an unflawed conductor. The existence of
a defect such as a crack, some corrosion, a heat-affected zone or other inhomogene-
ity disrupts the flow of eddy currents, Fig. 1.7. In consequence, the magnetic field
(Sect. 2.6) associated with the induced eddy currents, Hec, is also disrupted. The
total magnetic field can be written as the sum of that from the drive coil,H0, and that
“scattered” by the defect, Hs:

Hec(t) = H0(t) + Hs(t). (1.1)

This disruption of the magnetic field may be detected by the inducing coil, or by
another sensing or pick up coil specifically dedicated to measuring the flaw signal.
A variety of defects can be detected in this way.

Note also that electromagnetic nondestructive evaluation methods can be used not
only for flaw detection but also for the characterization of materials. With model-
based or calibrationmethods it is possible tomeasure the electrical conductivity σ (or
equivalently the resistivity ρ = 1/σ ) of a metal, which is useful in identifying metal
alloys. Thickness measurements can also be made under certain circumstances—
useful when wall thinning due to corrosion is suspected. The distance between the
coil and the metal part can be measured, which is useful for measuring the thickness
of paint, for example.

1.5 Air-Cored Coil

The most basic eddy-current probe consists of a coil of wire wound on a nonconduc-
tive, nonmagnetic former, such as Delrin®. Such a coil is termed “air-cored” because
the conductivity and permeability of the former are the same as those of air, to a
close approximation. An image of such a coil, passing over a cracked test-piece, is
shown in Fig. 1.8. Important parameters of the coil are its inner and outer radii, ri
and ro, respectively, its length l, and number of turns (the number of loops of wire
wound on the former) N . The minimum distance between the lower surface of the
coil and the metal test-piece is determined by the thickness of the probe casing and
is termed the probe “stand-off”, s. A similar quantity is the coil “lift-off”, h, usually



8 1 Introduction

Fig. 1.8 Eddy-current coil passing over a test-piece with a surface crack
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Fig. 1.9 Cross section through the axis of a circular, air-cored, eddy-current coil, positioned hori-
zontally above a metal plate

defined to be the vertical distance between the lower surface of the coil windings
and the metal test-piece. With this definition, h ≥ s. A cross-sectional view of such a
coil is shown schematically in Fig. 1.9. The coil parameters all affect the value of the
coil impedance, Z , which is the quantity measured in a nondestructive eddy-current
inspection and is generally a complex quantity. It is discussed in detail in Sect. 4.9.
Z changes, for example, when a probe is placed on a metal sample from some dis-
tance away, and again when the probe moves near to a flaw in the metal. When the
probe coil is sufficiently far from any metals that eddy currents are not induced by it,
in practice, around 10 or 20cm away depending on the coil, it is said to be isolated
and its impedance has the symbol Z0. For a sinusoidal (alternating current) excita-
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tion with angular frequency ω (Sect. 2.3), the component of Z0 that is “in phase”
with the variation of the exciting current is resistive, and the component that is “in
quadrature” is inductive. This is represented in the following relationship:

Z0 = R0 + jωL0 (1.2)

where R0 and L0 are the d.c. resistance (Sect. 2.4) and inductance (Sect. 4.7) of the
coil, respectively, and j = √−1. A theoretically “ideal” coil has R0 = 0; it is a pure
inductor:

Z ideal = jωL0. (1.3)

In practice, the coil is usually made from a standard metal such as copper with finite
resistance and, as the coil operating frequency increases, capacitance between the
wires connecting the probe to any instrumentation, capacitance between thewindings
of the coil itself, and eddy currents in the wires themselves also exist. These effects,
and a scheme by which corrections can be made for nonideal coil behavior, are
discussed in detail in Chap. 8.

1.6 Summary

In this chapter, an introductory glance at the scope and history of EC NDE has been
taken. In the next chapter, attention turns to visual representations and mathematical
descriptions of the electromagnetic fields that Faraday conceptualized.

1.7 Exercises

1. On the same axes, sketch electric current (vertical) versus time (horizontal) for
the currents flowing in circuits A and B of Faraday’s transformer (Fig. 1.2) as the
switch is first closed at time tc and then opened at time to. Indicate the time points
tc and to on your plot. Remember that the current flowing in a circuit of this kind
does not change instantaneously from “off” to “on” or vice versa, but has a finite
transition time associated with its rise or fall.

2. Describe in your own words the phenomena observed, and the reasons for their
occurrence, at each step of Faraday’s experiment.
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