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ABSTRACT

A study was made to identify and size surface breaking defects in ferromagnetic

materials with eddy currents, whilst eliminating unwanted signals due to changes in

magnetic permeability and probe lift-off. The former was overcome by the use of high

frequencies and the latter by utilising the lift-off to characterise the defects. The

lift-off or "touch" method was shown to be advantageous in that one could test steel

objects having irregular surfaces, such as occurring with the presence of welds.

In addition a theoretical investigation was undertaken to relate changes in the magnetic

permeability, electrical conductivity and values of lift-off to the components of

impedance of a detecting coil located above the plane surface of a ferromagnetic

metal. The resultant theory was confirmed by experimental measurements.
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CHAPTER 1 

INTRODUCTION

The eddy current method [1,2] is well established in the nondestructive testing of metals

for detecting flaws such as cracks and for measuring differences in electrical

conductivities and magnetic permeabilities. The main advantages of this method are

that no direct contact with the object being tested is necessary and it is quick, clean

and readily lends itself to automation. For flaw detection in ferromagnetic materials

difficulties arise because the detecting coil responds to changes in the magnetic

permeability and electrical conductivity of the metal as well as to the presence of

defects. In the investigations described here eddy currents were used to evaluate

surface breaking cracks in ferromagnetic materials whilst eliminating the unwanted

signals caused by changes in magnetic permeability, electrical conductivity and lift-off.

Studies were made of the variations in the resistive, R, and inductive, t•L, components of

impedance of a detecting coil with changes in electrical conductivity a, magnetic

permeability p., lift-off, i.e. , vertical height of the coil from the surface of the

sample, and defect size.

Much of the early theoretical work in eddy current testing was carried out by Fcirster

[3], who analysed the components of impedance of an encircling coil, assumed to

be of infinite length, encircling infinitely long defect-free metal rods and tubes

(Section 2.1). The tests were standardised by normalising the values of the components of

impedance of the coil, by dividing them by the values with the coil empty, i.e. , R

kaLo and wadi. These components were related to a parameter called the normalised

frequency, fo = 6.41.13a2, where a is the radius, a the electrical conductivity and p. the



magnetic permeability of the rod. For air and all other non-ferromagnetic materials

p. can be considered equal to p.0 = 4n x 10-7 Hm- 1 , the magnetic permeability of free

space. For ferromagnetic materials, p. = pT p.o, where pr is the relative permeability.

Forster considered initially a non-ferromagnetic rod with the rod completely filling

the coil. He then considered the more general case where the cross-section of the rod

did not fill that of the coil, by introducing the term fill-factor 11 = a2 / r2 s 1 , where r is

the radius of the coil. Values of RkoLo and coL4,.10 were plotted for different values of

Ti and f0 (Fig. 2.1). From these curves the components of impedance of any coil encircling

any non-ferromagnetic rod at any frequency could be predicted theoretically. For a coil

encircling a ferromagnetic rod it was assumed that p.r was constant. He showed that

the values of both components of impedance were increased by the value of lir and

that a change in p.r changed both the normalised frequency and the flux leakage, i. e. , as

indicated by changes in ri (Section 2. 1) . In practice, because coils and samples have finite

lengths, Fôrster's analysis provides only an approximation, because of magnetic flux

leakage at the ends of the coil and sample. Freeman and El-Markabi [4] and Dodd and

Deeds [5] analysed the components of impedance of a coil of finite length encircling a

non-ferromagnetic rod. Freeman and El-Markabi [4] attempted to represent the coil

by an equivalent circuit of non-uniform transmission lines. Dodd and Deeds [5]

considered the vector potential A of the coil and found solutions from which the

components of impedance of the coil could be calculated. The values of the

components of impedance obtained theoretically agreed well with experimental values.

The impedance of a surface-scanning coil is more difficult to analyse than that of an

encircling coil because of the lack of symmetry about the x-y plane, where the axis of

the coil lies in the z-direction, and the large leakage of magnetic flux associated with it.
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Cheng [6] and Burrows [7] studied the impedance of a single loop circular coil in the

vicinity of a semi-infinite plane of a non-ferromagnetic metal and Dodd and Deeds [5] and

Dodd [8] superpositioned a number of these coils to model a "pancake coil ", i.e. , a

multi-turn coil of large radius-to-length ratio, of finite cross-section. They assumed

symmetry about the z-axis and produced a theory, summarised in Section 2.2, to predict

the components of impedance of the coil, by analysing the vector potential A which is

symmetric about the axis of the coil. Because of difficulties involved with an analytical

approach, Dodd et al. [9] then used a numerical finite element technique to evaluate the

normalised components of impedance of the coil when located above a thick plate with

two layers of conducting material and developed a complicated computer program to

predict the changes of impedance [10]. Hajian and Blitz [11,12] adapted the theory of

Dodd and Deeds, to evaluate analytically the normalised components of impedance of

air-cored solenoid coils of finite length above a thick plate of a non-ferromagnetic

metal. They related R /oi l) and coLiato to fa, given by fa = 6.41-ar2, and normalised lift-

off, h where r is the radius of the coil. Here h lr is analogous to the fill-factor,

used in the analysis for encircling coils. Numerical evaluations could be made using a

simple program in BASIC suitable for use with a personal computer [13]. The theory

can also be applied to a coil with a ferrite core, because the latter only alters the

properties of the coil, i.e. , by reducing the flux leakage at the ends of the coil, thus

increasing the effective normalised length of the coil.

The theory of Hajian and Blitz can be applied to samples of ferromagnetic materials

which have been saturated magnetically to reduce the recoil magnetic permeability to

a value approaching that of free space, p.0 (Section 5). However, it is not always

practical to provide an effective degree of saturation, especially with surface-scanning

coils, and the magnetic permeability changes non-linearly with applied magnetic field

according to the magnetic state, as determined by the composition and history of the
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material resulting from for example, heat treatment, method of manufacture and

residual magnetism [14]. A definition of magnetic permeability appropriate to a given

situation is necessary [15] and this may increase difficulties in the analysis of a coil

in the vicinity of a ferromagnetic metal. In the investigations described here the

recoil permeability was considered the most appropriate one to use (Section 5).

Deeds and Dodd [16] used a numerical method of finite differences to analyse the

normalised components of impedance of a coil encircling a defect-free ferromagnetic

rod. They calculated the contribution to the vector potential A from each point in a

network of coarse and fine lattices and produced a highly involved computer program

to calculate the values of the normalised components of impedance of the coil. In this

report the work of Hajian and Blitz was modified to make analytical predictions of the

normalised components of impedance of a solenoid coil of finite length above the plane

surface of a ferromagnetic material (Section 3). A value of the recoil permeability of

a steel sample was estimated [17] by comparing the depth of penetration of eddy

currents in the sample with that in a sample of a non-ferromagnetic metal (Section 5)

and the theory was confirmed by experiment (Chapter 6).

Difficulties arise when predictions are needed to characterise the effects of a flaw

on the impedance of an eddy current coil, because the symmetry on which the

theoretical analysis depends is removed on the introduction of a flaw, but some

success has been achieved using numerical methods of analysis to model defects

[18-26]. The eddy currents may also take differing paths around a defect. Fôrster [3]

modelled flaws experimentally in non-ferromagnetic tubes and cylinders by inserting

pieces of plastic in models of mercury contained by glass, to predict the changes of

impedance of an encircling coil due to a flaw. Cecco and Bax [27] studied defects

experimentally in ferromagnetic tubes of low magnetisation intensity, by saturating

the area of interest so as to remove the interfering effects of changes in magnetic

permeability within the tube. In this report the effects of changing magnetic
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permeability, electrical conductivity and coil lift-off on the prediction of the depth of a

crack were assessed with surface-scanning coils, using fine saw cuts to simulate

surface breaking cracks (Section 7).

In theory, any unwanted signals from changes in magnetic permeability and lift-off

could be eliminated by the use of multifrequencies [1,2], but in practice this is not

always possible. The effects of magnetic permeability were minimised by using high

values of frequency. The changes in lift-off were applied constructively in the

development of the lift-off or "touch" method of eddy current testing [28], (Section

8.2). This method was used to assess the size of defects in different ferromagnetic

samples containing fatigue cracks, and the results were compared either with those

from magnetic particle and ACPD methods [1], or by direct measurement after

breaking open the samples. In general the predictions of defect sizes made using

the touch method were found to be in good agreement with the sizes found using

the other methods.

5



CHAPTER 2 

THE NATURE OF EDDY CURRENTS AND THEIR DETECTION

Here the analyses of the real (R) and imaginary (toL) components of impedance of both

encircling and surface-scanning coils are described briefly, with respect to the

properties of the sample in which the eddy currents are induced. Eddy currents are

induced within a conducting material when a coil carrying an alternating current is

placed in the vicinity (Fig.2.1). The factors affecting eddy current induction are

frequency of inducing current, the geometry of and distance between the coil and

conducting sample, the electrical conductivity a and magnetic permeability p. of the

metal.

The impedance analysis of coils in the vicinity of a conductor are based on Maxwell's

equations of electromagnetism, which describe the behaviour of an electric field E and

magnetic field 11 around a conductor [29],

div =V.11 = 0
	

(2.1)

curl E = VxE = -	 /at,	 (2.2)

curl = VxLI = cE
	

(2.3)

from which it can easily be shown that

-V211 = - itadH	 (2.4)

The analysis of the impedance of an infinitely long coil encircling a rod, developed

originally by Ftirster [3], is outlined in Section 2.1 and in Section 2.2 the analysis

performed by Dodd and Deeds [5] of the impedance of a pancake coil above a flat

surface of metal is described briefly.
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(a)

I ..,

Lift-Off

f-- o	

(b)

Figure 2.1: The induction of eddy currents in metals

(a) Surface-scanning coil above a flat plate

(b) Metal rod within a cylindrical encircling coil

H = Primary field of the coil in the absence of a test object
P

Hs = Secondary field produced by eddy currents in the test object
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2.1 FOrster's Impedance Analysis for a Coil Encircling a Rod 

FOrster [3] considered a coil of infinite length encircling an infinitely long rod of

metal, and related the real (R) and imaginary (IL) components of impedance of the

coil with the rod present to the impedance of the coil away from any metal, (.0L0, as

summarised below. He also applied the method of analysis to infinitely long tubes[1]

If Ho is the r.m.s. intensity of the magnetic field induced in a coil of radius r0,

carrying an alternating current at a frequency f=6. /2n, then the r.m.s. magnetic flux

density, 13_0, can be given by

(2-5)

where L 0 = 471x 10-7 H/m is the magnetic permeability of free space. Both LI 0 and 110

are assumed to be constant across the cross-section of the coil if it is long.

When a metal sample of radius a is introduced, completely filling the coil, i.e.,

a = r, then the magnetic flux is changed to a value Li, due to induced eddy currents

in the sample,

= Rttto
	 (2.6)

where pT is the magnetic permeability of the metal relative to air.

The flux within a conductor is not constant across its cross-section, but tends to

concentrate close to the surface due to a phenomenon known as the skin effect (Fig.

2.2(a)). Forster introduced a complex quantity called effective permeability (Re& to

represent the field within the coil as being distributed constantly (Fig. 2.2(b)), where

"Leff = Bmean/ PT 110 = I Retyl cos 0 + 31  !Leff 1 sin 0
	

(2.7)
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(b)	 Fórster's constant disatribution, assuming an effective

permeability less than unity and a constant field Ho.

Figure 2.2: Schematic representation of the distribution of magnetic fields

within a test coil.
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From Maxwell's equations the field B can be given by (equation 2.4)

V2B = p a as/at	 (2.8)

If B varies periodically with frequency such that B = 13_ 0.exp(-jwt), then equation (2.8)

can be written

v2B = jo4L0 ., = k2 II	 (2.9)

where k2 = jcop.c.

Expressed in terms of cylindrical co-ordinates, this equation becomes

(1k) a /ar (ralVar) + (1k2)02B/130 2 + 02B/0z2 =k2B	 (2.10)

where r, 0 represent the polar co-ordinates in the x-y plane, and because B only

varies in the direction of r, equation (2.10) can be written in the non-vectorial form:

02B/0t2 + (1/r)OB/ar - k2 B = 0	 (2.11)

This is a modified form of Bessel's equation of the zeroth order [30]. At the surface of the

rod, i.e., at r = a,	 B= p.r p.oH = pl. Bo

and	 at r = 0,	 B = pr Bo Jo (kr) / Jo (ka)	 (2.12)

where Jo(kr) and Jo(ka) are Bessel functions of zeroth order.

The total flux 45 over the cross-section of the coil is given by

a

(I) = 2n f B.r. dr = na2 Binean
o

Therefore from equation(2.12),

(2.13)

a

B = {2p,r Bo /a2 Jo (kailf r..10 (kr) dr	 (2.14)

The solution to the integral is [31]:
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a	 a

f rio(kr) dr = [(r /k) Ji(kr)] = (a /k) Ji(ka)
0	 o

where J1 (kr) and J1 (ka) are Bessel functions of the first order.

Therefore from equations (2.13) to (2.15) and (2.7),

Bmean = (21.tr Bo ika) J i(ka) i Jo (kr)

= iteff gr Bo Ji (ka) I Jo (kr)

(2.15)

(2.16)

In practice it is the impedance or voltage of the coil that is measured. If current is

constant it can be shown that for a non-ferromagnetic metal the real and imaginary

components of effective permeability are the resistive R, and inductive 63L,

components of coil impedance, normalised with respect to the impedance of the coil

away from any metal, (.0L0, as follows;

I Reffl cos 0 . (AL i 6.A.,„ . Vimag I/ Vo	 (2.17a)

and
	

I Reif ' sin 0 = R i oil) = Vreavi Vo	 (2.17b)

where Lo and Vo are the inductance and voltage respectively of the empty coil.

Because the sample cannot completely fill the coil, the expressions for coil impedance

have to be modified. The ratio of the cross-sectional areas of the coil and the rod is

called the "fill-factor" T, defined as

n . (rredirceil)2 = (a 1r0)2 s 1.	 (2.18)



The total flux within the coil becomes

. Ometzi	 a+ (1) . r = n ro2 Bto t	 mean(I) i

The flux in the air isBo = (1 - TO Bo(Pair = (r02 - a2)

and the flux in the metal is
a

Ometai = 2n Rr f B.r. dr = (21t lir a Bo/ k) Ji(ka) /J0(ka)
o

(2.19)

(2.20)

(2.21)

Therefore

n ro2 Bmean = n r02{qh Bo (2 / ka)J i (ka) / Jo (ka)} + (1- Ti)	 (2.22)

= n ro2 Bo i lir Reff + (1 - 11)

hence	 GA. / ()1..0 = Vimag / Vo = (1- Ti + q Rr p.efgreat?	 (2.23a)

and	 R i COLD = V 1 /V0 = (Mir Reff(jmag)	 (2.23b)

These equations take account of both non-ferromagnetic and ferromagnetic rods by using

a value of relative magnetic permeability. The nature of R r should be considered with

respect to the magnetic state of the material, discussed in Chapter 5. Fig. 2.3 shows

the variations of the two components of normalised impedance with changes in

k2a2 = cogra2, known as the normalised frequency, for different values of fill-factor.

Fig. 2.4 shows the variations of the components of impedance for different values of Rr.

A decrease in the sample radius to zero brings the value of coil impedance towards

point A independently of the value of R.
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0 . 0	 0.2	 0 . 4	 0 . 6

Figure 2.3:	 Variations of the normalised components of impedance with

k2a2 = Glirtioaa2, for different values of fill-factor, II, for a coil

encircling a non-ferromagnetic rod.
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Figure 2.4:	 Variations in the components of impedance of a coil encircling

ferromagnetic rods with different values of relative magnetic

permeabilities, p.r Fill-factor ti = 1.
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2.2 Impedance Analysis for Surface-Scanning Coils Above Non-Ferromagnetic Metals

The analysis for a cylinder encircled by a coil is relatively straightforward because the

system is symmetrical, but when considering a surface-scanning coil the symmetry is

removed. Dodd and Deeds [5] resorted to numerical methods to analyse the behaviour of

surface-scanning coils. They assumed an axial symmetry and used the vector potential A

to get a single value function, where B = Vx A, to find expressions for the components of

normalised impedance. For a conductor the electrical permittivity C is negligible at all

frequencies used for eddy current testing and when the medium is linear, isotropic and

inhomogeneous, the differential equation forA due to an applied current density 10 in an

air-cored coil, assuming conductivity a and permeability p. to be constant, is given as

V2 A. - 1110 +11a8A/at+R.V(1/0x(VxA) 	 (2.24)

Assuming that the coil is symmetrical about its axis, as shown in Fig. 2.5, A only has a

component in the direction of 0 and equation (2.24) can be written

a2A /ar2 + (1/r) aA + (32A/Oz - A /r2

= - p..143 + p.o aA /at - K[faulto /ar) { (1/r)arA Mr} + {o040 /az } OA /az] (2.25)

If ,10, and therefore A, are sinusoidal functions of time, A = A' exp(j(ux + 0)) = A" exp(ja)

To avoid confusion, the exponential term is cancelled and the suffixes dropped:

82A/at2 + (1/0 aA/ar + a2A/8z2 - Ah2

= - p_10 + jo.*GA - p.[{o(14)/ar}{(1/r)OrAiar} + { a(1/11)/az }aA/az] 	 (2.26)

15



Figure 2.5:	 Single loop elementary coil above a two conductor plane, considered

by Dodd and Deeds [5].
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This is the general differential equation for the vector potential in a linear inhomogeneous

medium with a sinusoidal driving current, lithe medium is homogeneous, equation (2.26)

can be written

a2A/ar2 + (1/r) aA/ar + a2Aiaz2 - Ak2 = -	 + jwit.0A	 (2.27)

For an elementary coil positioned at (r 01 z0), of rectangular cross-section 	 - ro) x

8(z - zo), carrying a total driving current of I, equation (2.27) becomes

a2AMr2 + (1/r) aAiar + a2A/az2 -Air2 - jtaRa A + RIS(r - ro)8(z - za) = 0 (2.28)

Dodd et al. [8-10] obtained finite solutions of this equation for six different

arrangements of simple coils in the vicinity of layered conductors (Fig. 2.6). The

analysis for a coil above a two-conductor plane is summarised below.

2.2.1 Coil above a Two-Conductor Plane of Non-Ferromagnetic Metal 

The problem is divided into four regions (Fig. 2.5). In regions I and II (air), the

differential equation for vector potential A is given as

a2A lar2 + (lir) aA /ar + a2A /az2 _ A /1.2 = 0	 (2.29)

while in a conductor, in regions III and IV,

a2A lag + (lit) aA lar + a2A laz2 - A /12 - jo.l.taA = 0.	 (2.30)

A is assumed to be a product of two independent functions, i.e, A(r,z) = R(r).Z(z).

By dividing by R.Z, equation (2.30) can be written as

[1/R]a2R lar2 + [1/r.R]aR lar +	 zia2 z laz2 - 1/ g -jalia = 0	 (2.31)

17



case 1:Coil above two-conductor
plane.

case 3:Through:transmission coils
as used in phase-sensitive
instrument.

case 5:Coil encircling two-
conductor. rod.

case 2:Reflection-type coil,as use
in phase-sensitive instrument

case 4:Coil between two-conducting
planes;for spacing measurment.

case 6:Coil inside two-conductor
tube.

Figure2.6:	 Eddy current problems treated by Dodd et al. [8-10]
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The Z dependence is given by

plzp2 z/az2 = "constant" = k2 + pp.tr

or	 Z = A1 exp[+(k2 + jqta)la z] + Bi exp[- 0E2 + j0)1101(2 z]	 (2.32)

The R dependence can now be given as

[1/R]a2 R /at2 + [1/ r.R1aR /8r+ k2 - 1/r2 = 0	 (2.33)

This is a first order Bessel equation and has the solution

R = Ji(kr) + Di Yi(kr)	 (2.34)

If k' = (k2 + jt.01.0:3)1n , on combining the solutions we have

A(r,z) = [Ai exp(+k'z) + B i exp(- k'z)][ Ci.1 1(kr) + DiYi(kr)]	 (2.35)

The constants Ai, Bi, q and Di are functions of the separation "constant" k, and are

usually different for each value of k. Because k is a continuous variable the complete

solution for A is an integral over the entire range of k,;
00

A(r,z) = f [Ai exp(k'z) + Bi exp(- k'z)] [Cisli(kr) + DiYi(kr)] dk	 (2.36)

Setting Ai = 0 in region I (Fig. 2.5) where z goes to plus infinity, Bi = 0 in region IV

where z goes to minus infinity, and Di =0 in all the regions due to the divergence

of Y1 at the origin, the vector potential in each region may be determined for a

single delta function coil by applying the appropriate boundary conditions. From

equation (2.36), the solutions for the vector potentials in the three regions are:
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Region!	 AI(r,z) =5 B 1 . exp (-kz) Ji (kr) dk	 (2.37)
0

00

Region II rr,
LL2 exp (kz) +B2. exp (-kz)] Ji(kr) dk	 (2.38)

00

Region!!!	 = f [C3. exp (kz) + B3. exp (-ki z)] Ji(kr) dk	 (2.39)

The constants in these equations were evaluated by applying the relevant boundary

conditions at the interfaces of the regions.

For a multiple loop coil, the total vector potential is approximated by a number of co-axial

elementary coils located at (ri ,zi), assuming a rectangular cross-section as shown in

Fig. 2.7, and that the phase and amplitude of the current in each loop is identical. The

Vector potential A can be given by

A(r,z)totat fr JA (r, z ,ro, 0 dro d.t	 (2.40)

where A(r,z,ro, t.) is the vector potential produced by a current density J.(Cr), as

calculated from regions! and II.

The integrals produced were difficult to solve analytically and a numerical solution was

found using a large and complicated computer program. Fig. 2.8 shows the variations of

normalised coil impedance when above the surface of a non-ferromagnetic metal, as

calculated from the vector potential and found experimentally for coils of rectangular

cross-section. The analysis could also be adapted for coils of circular cross-section.
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Figure 2.7: Coil with a rectangular cross-section above a two conductor plane [8]
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Deeds and Dodd [16] used a similar approach to find the solutions to the vector potentials

of a coil encircling a ferromagnetic rod. For this they had to resort to using a numerical

method of finite differences to calculate the vector potential at each point of a network of

coarse and fine lattices (Fig. 2.9) for which a large and complex computer program was

required. They suggested that the program might also be possible to modify for other

arrangements of coils in the vicinity of ferromagnetic metals with axial symmetry.

In Chapter 3 an impedance analysis of the special case of an air-cored coil scanning

the surface of both non-ferromagnetic and ferromagnetic metals is presented, based on

the work of Dodd and Deeds [5]. It is shown how a solution can be found using a

simple program written in BASIC, which can be run on a personal computer. The

solution could also be applied to coils with ferrite cores, if an allowance is made

for the change in the characteristics of the coil caused by a concentration of the

magnetic flux by the ferrite core.
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CHAPTER 3 

ANALYTICAL SOLUTION FOR A COIL ABOVE THE SURFACE 

OF A FERROMAGNETIC METAL 

The main object of this work is to obtain expressions for the real and imaginary

components of normalised impedance of a surface-scanning coil above the surface of

any ferromagnetic or non-ferromagnetic metal. Here the impedance of an air-cored coil

is considered: for reasons to be given later, coils with ferrite cores are disregarded as

being unsuitable (Section 5.3). The metal is assumed to be in the form of a fiat plate

of sufficient thickness to prevent through penetration of the eddy currents and a

simplified model of the magnetic behaviour of a ferromagnetic metal is used. The

approach used by Dodd and Deeds [5] is modified to obtain values of the components

of normalised impedance (RhuLD) and 0.12,162..) for different values of normalised

frequency and lift-off.

3.1 Impedance of an Air-Cored Probe above a Ferromagnetic Metal 

It is shown in Section 2.2 that the general solution for the vector potential A of an

elementary circular coil above a conducting plane may be represented by the equation

00

A(r,z) = f [Ai exp(k'z) + Bi exp(-kz)] . Ci Ji(kr) dk	 (3.1)
0

where k' 2 = k2 + jcop.ai = [1/Z(z)][a2 Z(z)laz2] (Section 2.2), 0 is electrical conductivity,

p. magnetic permeability, Cu angular frequency and j = (Dia.
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Following Dodd and Deeds (Section 2.2), consider three regions (Fig. 3.1) separated

by plane parallel boundaries. The top two regions contain air, with electrical

conductivity assumed to be zero and magnetic permeability p.= p.o= 4rt x 10 -7Hm-1.

The third region contains a semi-infinite plane of a ferromagnetic medium with

values of electrical conductivity of a and magnetic permeability it = R o pls. The

solutions for the vector potential in the three regions are
00

Region I
	

Ar,z) = .1 B texp(-kz) J i(kr) dk	 (3.2)
o

00

Regioi_Lil	 AII(r.z) = .1 [C2 exp(kz) + B2 exp(-kz)] Ji(kr) dk	 (3.3)

00

Region III
	

An (r,z) = .1 [C3 exp(k'z) Mk.) dk	 (3.4)

Constants B 1 B2 C2 and C3 may be found by applying the boundary conditions at

the interfaces of the regions, for which a definition of the magnetic permeability is

required.

The magnetic permeability I/ of a ferromagnetic material, defined as p. = B IIJ

where B is the magnetic flux density and H the applied field, normally varies

non-linearly with applied field H (Fig. 3.2(a)) [14]. However, for the small

alternating field AI-1 induced by an eddy current coil, the magnetic permeability p.

can be assumed to be constant (Fig. 3.2(b)). Therefore, for a metal obeying Ohm's

law, the problem can be simplified by assuming that the intensity of magnetisation

M produced by the field from a magnetic material in excess of that produced in

air by the same field, sometimes refered to as the ferric induction, is proportional

to the magnetic flux density B, such that [29]:

11 = Ro(L1.4-1)
	

(3.5)
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Region I 

--

Region II 

Figure 3.1:	 Solenoid coil above the surface of a metal.
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a . Flux Density

H =Applied Field

(a) Variation with a large change in H

a . Flux Density
A

—

Ali =Applied Field

(b) Variation for a small change in 11, AH

Figure 3.2:	 Variation of the magnetic flux density a and hence magnetic

permeability ii of a ferromagnetic material with applied field H.

28



Here M= (p.r - 1).H, and the magnetic flux in a ferromagnetic metal B(metal) is

given by

11(metal) = p.r i.t o .11(metal)	 (3.6)

From Maxwell's equations, the normal component of H is continuous across the

boundaries. The tangential component of H . must also be continuous:

1-1(air) = 11(metal)

or11(air)4t0 = ft(metal)/p.r p.0,

hence	 R (air) = (11 Pr) R (metal)
	

(3.7)

The boundary conditions can be obtained in terms of the vector potential A, by

using the relationship B = V x A. Assuming the coil is symmetrical about its axis

as shown in Fig. 3.1, the normal and tangential components of a, sz and Br

respectively, can be written:

Bz = d(rA)/dr = A+ r.dAidr 	 (3.8)

and
	

Br = -(1/r).d(rA)/dz = - dAidz 	 (3.9)

Therefore, the values of A given in equations 3.2 to 3.4 can be equated at z = L

and z= 0 (Fig. 3.1) to satisfy the boundary conditions as follows:

The normal component of A is continuous, and from equation (3.8),

at z=L,	 Akr,L) = AII(r,L),	 (3.10)

and at z =0,	 A11(r,0) = A111(r,0)	 (3.11)
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The radial component of A is continuous at z = 0, but is discontinuous at z = L by

an amount equal to the current density of the coil. Therefore to satisfy the

boundary conditions, from equations (3.9) and (3.7),

at z=L, = (a/az) . AII(r , z)6=L - Rai 8(r-r0)olaz).Akr,z)lz=L	(3.12)

and at z = 0,	 (a/az).AII(r,z)z=0	
ip.d.(ô/az).	

(r z)Iz=0
	

(3.13)

From equations (3.2) and (3.3), equation (3.10) can be written
00	 00

B iexp(-kz) Ji(kr) dk = f [C2exp(kz) + B2exp(-kz)] Ji(kr) dk	 (3.14)

00

If both sides of equation (3.14) are multiplied by the operator f J i (ler)r.dr, the
0

expression can be simplified using a form of the Fourier-Bessel equation [31], i.e. ,

00	 OD

F(k') = f F(k) J J i(kr) .11(rr) kr dr dk, giving
0	 0

(B 1 1k' 	L) = (G2110exp(k 1 L) + (B2110exp(-k' L)	 (3.15)

Therefore equation (3.12) can be written

-B i . exp(-k' L) = C2. exp(kL) - B2. exp(-k L) - hiro Miro)	 (3.16)

When considering the boundary conditions between regions II and III, equations (3.3)

and (3.4) are substituted into equations (3.11) and (3.13) and treated ma cimilar manner

to equations (3.10) and (3.12), giving:
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(3.17)

and
	

c2 - B2 = (kV p.rk)C3	 (3.18)

By solving equations (3.15) to (3.18) as four simultaneous equations the following

values are obtained for the constants:

B 1 =p2)Rir0 .11(kr0)[exp(kL) + F' .exp(-kL)] (3.19)

B2 = 11 /2)Rir0 Ji(kro) . F'.exp(-kL) (3.20)

C2 = (1/2)Iiiro Ji(kro) exP(-k) (3.21)

C3 = - Ili% .11(kr0) (141r/Nir + kl) exP(-la) (3.22)

where F' = {(19T - klAqtr + I).

The expressions for the vector potential in each region can now be written by

substituting the values of these constants iato Equations (3.2) to (3.4). 24 1(4%) and

AII,_,_,kr z) can be combined to form the equation
00

A(r,z,L) = (1/2)Rir0 foJi(kro)Ji(kr)[exp(±k.IL-zi )+ F'.exp(-k(L+z))] dk 	 (3.23)

Consider a coil of finite length L0, with no turns per unit length, with its axis vertically

above the surface of the sample at a lift-off h (Fig. 3.3). The current through the coil

is io = i /noLo and the current in an elementary length St at a distance I.= m - h from the

sample surface is Si = iono 8L. The number of turns in length Sz of the coil is no8z,

and the magnetic flux is given by

A (I) = 2n ro A(r,z,L)no Sz (iondi)8L
	

(3.24)
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The total magnetic flux (PT through the coil must be the sum of the contributions from

the coil length L over the whole of z, hence

m m

(DTA 1 A(I)

L=h z=h

.	 . .

= t f Ji2(kro) dk f dL j exp(-k(L+z)) (exp(21a ) + F') dz
o	 h	 L

L
+ f exp(-k(L-z)) (1 + F'exp(-2kz) dz] 	 (3.25)

h

where t = pm r02i0n02.

Performing the integrations for z:
OD
	

UL

ITT = t j J12(kro)dk 5 dL [-(1/k)exp(-k(L+m)) (exp(2kL)+ F')
o	

h

- (-(1/k)exp(-k2L) (exp(2kL) + F')]

+ [(1/k) - (1/k). F' . exp(-k2L) -{(1/k)exp(_k(L-h)) - (1/10.F.exp(-k(L+h))13

(3.26)

By substituting m = L 0 + h, and integrating for L, (1).r may be written

00

TT = t f J12(kro) [2LWk - 2/k2 + 2/k2. exp(-kL0)
o

+ F'/k2.exp(-2kh)(exp(-2kL) + 1) - 2F' /1[2.exp(-k(L0+2h))] dk

00

= t 5 J12(kr0) [2LWk - 2/k2. (1 - exp(-kL)) + F' /k2. exp(-2kh) (1- exp(-kL 0))21 dk
0

(3.27)
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Figure 3.3:	 Schematic diagram of a coil above the plane surface of a conductor.
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The lift-off and length of coil should be normalised with respect to coil radius, hence

substituting Y = h/ro and Yo = LWro respectively, and also changing the variables

kro= X and k i r° = X', so that

Xt 2 - X2 = iB2 = jwcr p.r02,	 (3.28)

then

Co	 CO

(PT = t. ro Li J12(X)/X. dX.2Y 0 + j J12(X)/X2. dX I -2(1-exp(-Y0X))
o	 o

+ [Xpl.- X'] 4Xiir+ X]. exp(-2YX) (1 - exp(-Y0X)21] . (3.29)

= p.n ro3 io no2 [2; II - 212+ 213  + 141	 (3.30)

CO

where Ii . f J 2(X)/X dX
	

(3.31)

CO

12 . i [J1(X)/X]2 dX
	

(3.32)

Co

13 . f [J1(X)/X]2 exp(-Y0X) dX	 (3.33)

00

and 4 . f [J1(X)/X] 2 exp(-2YX)(1 - exp(-Y0X))2 [41. - X 1]. 441./. + X'] dX. (3.34)

The integrals I I and 12 are standard integrals [31] having solutions 1/2 and 4/3n.

respectively. 13 and 1,4 have to be calculated numerically using Simpson's rule.
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From Faraday's law the EMF induced in the coil is equal to -nil& Because current i

varies sinusoidally with time, (P T varies in a similar manner, hence

-aqyat = -juni. = Zi = i(R + jr.oL) 	 (3.35)

and	 R+ jai, = - jogl),r ii = - T / i . [Y0 - 8/3n + 213 + 14]	 (3.36)

where T = j(.0 ;ix ro3 io no2 and Yo = to I ro.

For infinite lift-off li, for which Y = h/ro = oc, , the impedance of the coil is purely

inductive, i.e, zoo . Olt, if we assume that the inherent coil resistance R0 is zero.

Also exp(-2YX). 0 therefore 14 = 0, and the normalised impedance Z t l y.01.1 can be

written

CaLicuL0 +jRiog..0 = 1 +I4 /S	 (3.37)

where. S = (Y0 - 813n + 213).

The integrals 13 and 14 can be evaluated using Simpson's rule, if an upper limit is set

above which the integral becomes insignificant:

b

I f(x)dx = (w 13 ) EY0 +4()71+Y3+.-.+Yn-1) + 2()72+Ter. - .+Y11-2) + Y11]

a

where the interval from a to b is divided into (n-1) equal strips, each of width w.

The negative exponential factor in 13 makes the integral approach zero with increasing
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values of X and it can be shown that 1 3 diminishes to zero well before X = 10 (Fig. 3.4)

for typical values of Y o = Lo/rct found in practice, between 0.2 and 5.0. The integral 14

contains an expression F which includes X', a complex function of X given by

X' 2 = j132 + X2
	

(3.38)

where 132 = 04114.t ipt.2 , the normalised frequency. The real and imaginary components of

this expression can be found through conversion into polar coordinates, where

tan 0 = 132/X2, such that

X' 2 =g(cos 0 +jsin0)

and
	

X' = g112 (cos 0/2 + j sin 0/2)	 (3.39)

where g = 034 + x4)12

The real and imaginary components of X' become respectively

Re(X') = g11 cos 0/2
	

(3.40)

and	 lm(X') = g in sin 0/2.	 (3.41)

Putting (F'} = (Xiir - X'/Xpl. + X'1, we have from equation (3.39)

{F'} = [(Xp. r).2 - g -j 2Xp.r g lf2 sin 812] i [(Xp. /.)2 + g + 2Xllr ea' COS 0/2]

(3.42)
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Figure 3.4: Variation of the integral 13 with X, for different values of normalised

coil length, Yo, where normalised frequency 3 2 = 200.



Equation (3.42) may be simplified by substituting

cos 0/2 = [(1/2) (1 + cos 0)1 1t2 . [(112)0 + x2 1 op	 (3.43)

and

sin 0/2 = [(1/2) (1 - cos 0)]h12 = R1/2) (1 _ v i or a.	 (3.44)

Thus the real and imaginary components of F' can be written

Re(F) = [(411.)2 - g] /n	 (3.45)

lm(F') = XI.Lr[2{g - X2 }1 1(2 in	 (3.46)

where 11 = (XILd2 -I- g + Xp.r[2{g + X2}]11/ and g = (134 + X4)1(2 •

The normalised components of impedance can be found by substituting these values of

the expression into equations (3.34) and (3.37):

olkoL0 = 1 + Re(I4) IS
	

(3.47)

R /a° = Im(14) IS
	

(3.48)

where S = (Y0 - 8/3n + 213).

The integrals 13 and 14 cannot be evaluated by an analytical method and a numerical

method is necessary.
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3.2 Predicted Changes of the Components of Impedance with ixr.

A simple program written in BASIC (Appendix 1) was run on a personal computer,

using values of normalised frequencies 132 between 10 and 100 1 000 and values of

normalised lift-off Y varying from 0 to 3.0. The program was run using normalised

coil lengths Y0 between 0.2 and 5.0 for different values of the product p.a. For a

given value of Y0 the integral 13 (Fig. 3.4) is independent of magnetic permeability

Pr and normalised frequency 132. Figs. 3.5 to 3.7 show how the integral 14 are

changed with Pr' 02 and Y0.

Fig. 3.8 shows the variations of the components of impedance with normalised

frequency, for a coil of normalised length 0.2 touching the surface of metals with

different values of relative magnetic permeability pr. Fig. 3.9 shows how the

components of impedance vary at a given normalised frequency with lift-off for

different values of p.r. As expected, the reactive component of impedance is

increased when the coil is above a ferromagnetic metal as compared with a non-

ferromagnetic metal. However, because there are large leakages of flux associated with

surface-scAnning coils, the reactive component of impedance does not increase beyond

2.5 for any value of p.r. For a given value of normalised frequency, there is a

marked change in phase of the normalised lift-off vector with h (Fig. 3.9), similar

to that caused by a change of normalised frequency. There is very little change in

the direction of changes in the normalised lift-off, unlike that of the encircling coil

predicted by Förster [3] (Fig. 2.4).
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Figure 3.5: The real and imaginary components of the integral 14 with X for

different values of P r 132 =200, )70=0.6.
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Figure 3.6: The real and imaginnty components of the integral 1 4 with X for

different values of (3 2 . 1.11. = 100, Yo = 0.6.
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Figure 3.7: The real and imaginary components of the integral 14 with X for

different values of y0. 	 100, 132 = 200.
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Figure 3.8: Variations in the components of impedance with normalised values of

frequency 13 2 of a coil with normalised length ya = 0.2, above the surface

of metals with values of lir between 1 and 2000.
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Figure 3.9: Variations in the components of impedance with normalised values of

T of a coil with normalised length yo = 0.2, above the surface

of metals with values of lir of 10, 00 and 1000. 13 2 . 1000 and 10,000.
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Fig. 3.10 shows how an increase in the normalised coil length y o affects the

normalised components of impedance for different values of lir . As expected, an

increase in the value of yo has a similar effect to an increase in the value of

normalised lift-off (Fig.3.10(b)), because the end of a long coil is more remote

from the surface of the metal as compared with a shorter coil, hence there is a

decrease in the relative amount of eddy current induction. Theoretical values are

compared with experimental measurements in Section 6.2.

45



• Pr=
+ = 100
• yr = 1000.

wL/wLo

0 0
	

0.1	 0.2	 0.3	 0.4	 05

R/wLo

Figure 3.10(a): Variations in the components of impedance with normalised values

of coil length )1.0 and frequency 02• y 0, P r = 1, 100 and 1000.
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Figure 3.10(b): Variations in the components of impedance with normalised values

of coil length Yo, and lift-off y at different values of 13
2
. lir = too.
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CHAPTER 4 

EXPERIMENTATION

In this chapter the basic equipment is described for the measurement of the

impedance of coils used:-

a) to verify the theoretical conclusions obtained in Chapter 3,	 and

b) to measure the changes of impedance used for the lift-off method of flaw

detection as described in Chapters 7 and 8.

Real and simulated defects in homogeneous and welded steel samples were studied to

determine the effects of magnetic permeability on the identification and sizing of

surface-breaking flaws.

A multifrequency flaw detector (Section 4.1.2) was used to detect the changes in the

components of impedance of three different types of surface-scanning probe (Section

4.3) above samples of Aluminium and Mild Steel (Section 4.4). The output of the flaw

detector was calibrated by inserting a small, non-inductive resistance in series with the

detecting coil of the probe, as described in Section 4.5. Absolute values of the

components of impedance of the coils were measured with an impedance bridge

analyser (Section 4.1.1). The position of the coils above the surface of the metal

samples was controlled using a scanning rig and sample levelling device (Section 4.2).

4. 1 Instrumentation 

4.1.1 Measurement of Impedance

Absolute measurements of the reactive and resistive components of impedance of the

coils were made either with a Sullivan and Griffiths Universal Inductance Bridge,
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type AC! 100, or with a Hewlett Packard LF Automatic Impedance Analyser, model

4192A. The Sullivan and Griffiths Universal Inductance Bridge (Fig. 4.1) was

capable of measuring inductances from lp.H to 100H and resistances from 0.1 ohm to

an accuracy of ±1 per cent, for frequencies between 200 Hz and 20 kHz. The Hewlett

Packard LF Impedance Analyser can measure impedances between 0 1 milliohms and

1.2 Megaohms automatically at frequencies from 5 Hz to 13 MHz with an accuracy

of 0.1 per cent. The instrument can display the impedance measured as either the total

impedance of the sample, or the separate components of inductance, resistance and

capacitance of the impedance.

4.1.2 The Hocking Eddy Current Flaw Detector

Generally, for the measurement of eddy current phenomena, better sensitivity is

achieved by measuring the changes of the components of impedance, rather than the

absolute values. In these investigations a Hocking Electronics Vector 3901)

multichannel flaw detector was used. The main component of the instrument is an

a. c. bridge, which can be balanced automatically at any frequency between lkHz and

1MHz. The output potential difference of the bridge can be displayed on the screen

of an integral storage oscilloscope, either as a vector displacement on an x-y plane,

or as a function of time. The Vector S900 can be operated simultaneously on three

channels at different frequencies, the outputs of which can be mixed to eliminate

unwanted signals, such as those caused by changes in the values of lift-off or

magnetic permeability, from the display. In these investigations this facility was not

found useful.

The output from the oscillator (Fig. 4.2) passes through an automatic gain control to

a potentiometer, which controls the voltage input to the bridge and thus regulates the

sensitivity of the instrument. The detecting coil is connected to one arm of the
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Figure 4.2:	 Schematic diagram of the bridge circuit of a Hocking Electronics

phase-sensitive eddy current flaw detector.
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bridge circuit and a balancing load coil of similar impedance to an adjacent arm.

For a single-coil probe, a separate load coil is required to balance the bridge circuit,

but for multiple-coil probes the load coil forms part of the probe (Section 4.3). The

remaining two arms of the bridge circuit contain potentiometers to reduce the output

potential difference of the bridge to zero. The output of the bridge is amplified and

passed to two phase sensitive detectors in quadrature, each of which is provided

with a reference signal from the oscillator, and then to the oscilloscope to be

displayed as a function of the two perpendicular components of voltage. An

additional potentiometer rotates the trace on the oscilloscope through any angle.

In Section 4.5 it is shown possible to express the output signal in terms of changes

in the real and imaginary components of impedance of the test coil.

4.2 The Scanning Rig 

The position of the detecting coil above the surface of a metal sample was controlled

using a scanning rig. The scanning rig (Fig. 4.3) allows samples to be scanned at

constant speeds and constant known values of lift-off, without introducing either

any electrical noise or mechanical vibrations. The probe holder fixes the probe

normal to the surface of the sample under test, but remote from any other metal

which could affect the eddy current response. The lift-off distance can be altered

and measured by means of a travelling micrometer. The probe is scanned across the

surface of the sample by using a small d.c. motor to turn a threaded bar on

which the probe holder assembly travels. To ensure that the probe is kept normal

to the test surface during the scan, the sample is mounted on a perspex levelling

device (Fig. 4.4).
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Figure 4.3:	 Scanning rig for precise positioning of the probe when scanning

a sample.
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Figure 4.4:	 Levelling mechanism for a sample in the scanning rig
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4.3 Design and Construction of Probes

When designing a probe for flaw detection, it is important to consider the radius and

inductance of each coil : A coil having a small radius has a greater ability to resolve

individual flaws than a larger one, but the smaller the coil the lower its inductance.

The inductance may be increased by the use of a ferrite core, which increases the

magnetic flux within the coil. Three main designs of surface-scanning probe (Sections

4.3.1 to 4.3.3) are used in these investigations, some with Perspex cores and others

with ferrite cores. The Perspex cores serve only as support for the coils, since, for

the purposes of eddy current testing, Perspex may be regarded as having an electrical

conductivity a =0 and magnetic permeability p.0 = 4n x 10-7 H/m, which is similar

to air. The ferrite cores are made from F14 ferrite, a nickel-zisic ceramic coistaist

approximately 50 percent ferrous oxide, compressed and sintered in the shape of a

solid cylinder. The manufacturers quote [33] an intrinsic relative magnetic permeability

of 220 at 1 MHz, and an electrical resistivity of 103 ohm-m. Eddy current induction

in the core is negligibly small because of its relatively high resistivity, although

there are some minor power losses as a result of magnetic hysteresis, approximately

proportional to the frequency of applied field. The value of magnetic permeability

quoted by the manufacturers was obtained using a toroid of ferrite. This value is

higher than the effective permeability measured from a ferrite rod, because there is a

greater leakage of flux from a rod. However, the exact value is not important here,

because only normalised values of impedance of the coil are considered.

The coils were wound uniformly about the axis of the core using fine gauge copper

wire, taking care not to overlap the turns on any one layer (Fig. 4.5). They were

then secured in a perspex probe body with cyanoacrylate adhesive, with the ends of

the coil threaded through the centre of the body (Fig. 4.6). The ends were scraped
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Figure4.5:	 Winding of a single solenoid coil.
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Perspex probe body	 miniature BNC or Lemo socket

core
	

47 swg wire	 solder pin connection

Figure 4.6:	 Cross-section of an eddy current probe.
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clean of insulator coating and soldered to steel pins fixed in the bottom half of the

probe body, so that no strain was applied to the fine wire of the coil, either during

assembly or through rough treatment when connecting the probe to the instrument. A

thicker plastic-coated wire was used to connect the coils to a miniature BNC terminal

for the single coils, or a miniature 4 pin LEMO connector for the multi-coil probes.

The mean radii and lengths of the coils were measured with a micrometer (Tables

4.1 to 4.3).

4.3.1 Single Coil Probes

The simplest type of eddy current probe, used extensively in these investigations, is

the single coil probe (Fig. 4.7). The inductance L of the coil is related to the

number of turns N (Fig. 4.8), radius r, length and magnetic permeability p. c of

the core by the equation [29]

L = NO/i = N2p..cn rz 	(4.1)

where
	

0 = B.A = Np.cni2 i/t	 (4.2)

Here 0 is the total magnetic flux due to current i passing through the coil,

assuming all the flux passes through the whole solenoid and the internal magnetic

field is uniform. The effect of the flux diverging at the ends of the coils has been

neglected here, although in practice this would reduce the value of inductance.

A set of four single coil probes were built with Perspex cores, together with

matching load coils to balance the bridge circuit in the flaw detector (Section 4.1.2).

A suitable impedance match with the Vector S900 Eddy Current Flaw Detector was

provided for frequencies in the range 100 kHz to 1 MHz. In addition, a set of four
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Figure 4.7(a):	 Cross-section of a single coil probe

Probe
coil

Figure 4.7(b):	 Connection of a single coil to an inductance bridge
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Figure4.8:	 Variation of inductance with number of turns of a coil
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single coil probes were built with low inductances, two air-cored and two ferrite-

cored, for which the core diameters were determined by the limited availability of

suitable ferrite cores. Table 4.1 lists the coil sizes and inductances of all the single

coil probes.

4.3.2 Differential Probes

Differential probes were designed to minimise the effects of lift-off without undue

loss in sensitivity to flaw detection. They were built with two identical coils wound in

opposition, set parallel to each other and as near as possible at identical distances

from the base of the probe (Fig. 4.9). On scanning a sample with the axis of the probe

held perpendicular to the surface, each coil should contribute to the output signal with

equal amplitude and opposing phase. Thus, over a defect-free area no out of balance

output signal should be observed. On meeting a discontinuity the coils would not be

affected simultaneously, hence producing an output signal with each coil contributing

to half of the signal. Three air-cored differential probes were built with the dimensions

given in Table 4.2, to form a set with single coil probes 1S to 3S (Table 4.1), in

order to compare the characteristics of similar single and differential type probes.

One coil of each differential probe was built eccentrically into an axially revolvable

cylinder, such that the distance between the two coils could be varied (Fig.4.10). The

optimum distance apart of the coils with 1.5 ram radius was 5 mm.
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Figure4.9(a):	 Cross-section of a differential probe
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Figure4.9(b):	 Connection of a differential probe to an inductance bridge.
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Figure 4.10:	 Revolvable cylinder in the base of the differential probes, used to

optimise the distance apart of the two coils.
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Table 4.1 Sizes and Inductances of Single Coil Probes

r	 = mean radius,

L	 = coil length,

n	 = number of turns,

swg = standard wire gauge,

L	 = coil inductance, measured remote from the sample

Core material : f = ferrite F14; a = "air" (Perspex)

Probe r Core I n Wire L

(.111111) (mm) (1.tH)

1S 1.25 a 9.0 112 45 9

2S 1.25 a 4.1 112 45 IS

3S 2.65 a 2.0 50 45 17

4S 3.90 a 3.2 315 45 170

AS1 2.05 a 2.2 30 47 5

AS2 2.05 a 6.2 90 47 17

FS1 2.05 f 2.2 30 47 15

FS2 2.05 f 6.2 90 47 140



Table 4.2 Characteristics of the Differential Probe Coils 

= mean radius,

L	 = coil length,

= number of turns,

swg = standard wire gauge,

L	 = coil inductance, measured remote from the sample

Core material : f = ferrite F14; a = "air" (Perspex)

Probe r Core L. n Wire Li L2

(mm) (mm) swg (RH)	 (RH)

1D 1.25 a 9 112 45 9 9

2D 1.25 a 4 112 45 14 16

3D 2.65 a 2 50 45 17 18
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4.3.3 Transformer Probes

The Transformer probes [34] used here were designed to enable eddy current

measurements to be made with the Vector S900 flaw detector at frequencies below

100kHz., thus increasing the range of frequencies at which measurements were

possible to between 10 kHz and 1MHz. It was considered that testing with frequencies

lower than 100 kHz would allow greater penetration of the eddy currents in a

ferromagnetic material, to counteract the effect of diminishing depth of eddy current

penetration a when magnetic permeability p. is increased, where [2]

d = (2/4Lo)l2	(4.3)

Transformer probes have been described by Dodd et at [35] and BiliIIS [36], who

called them reflection probes. The probe is designed with separate exciting and

detecting coils, which form the primary and secondary windings respectively of a

transformer. This arrangement allows the excitation current to be increased and the

detection sensitivity of the probe to be optimised at the chosen frequency. A large

turn-ratio of the secondary to primary windings is preferable for good defect

sensitivity.

The transformer probes used here were built using three coils (Figs. 4.11 and 4.12).

Two similar coils acting as detecting coils were wound in opposition on a ferrite

core to obtain good sensitivity, with a separate driver coil wound around them. A

simple modification to the impedance bridge of the eddy current flaw detector was

necessary to allow the input voltage to be connected directly across the primary

windings of the transformer probe (Fig. 4.12(b)). Four probes with ferrite cores

were used, for which the dimensions are given in Table 4.3.

66



r1 = the driver coil inner radius

r2	the driver coil outer radius

r 3 = the pick-up mil inner radius

r4 = the pick-up coil outer radius

1 1 = the minimum amount of lift-off of thepiCk-upcoil

lx = the length of the driver coil
13 = the length of each pick-up coil

n t	number of turns of the driver coil

nx = the nuMber of turns on each pick-up coil

Figure 4.11:	 Sectional view of the coil arrangement of a transformer probe.
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Figure4.12(a): Cross-section of a transformer probe

Figure 4. 12(b): Circuit of an inductance bridge which has been modified to

measure the impedance of a transformer probe.
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Table 4.3 Transformer Coil Dimensions and Inductances 

r	 = mean radius (pick-up coil),

t,	 = coil length,

n	 = number of turns,

swg = standard wire gauge,

L	 = coil inductance, measured away from the sample

Core material : f= ferrite F14.

Driver coil 	 Pick-up coils

Probe r Core	 L	 n Wire L	 In Wire L

(mm) (mm) swg_( H mng__)( j)_sgw (p.H)

1T 1.40 f 8.2 75 45 36 4.1 50	 47 31

2T 1.42 f 9.4 250 47 360 4.7 200 47 300

3T 1.20 f 10.6 125 45 135 5.3 90 47 29

4T 1.42 f 13.8 313 45 997 6.9 220 47 515
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4.4 Calibration Samples

Slots were cut in samples of Aluminium alloy and mild steel, to use for testing the

performance of the probes for defect detection (Chapter 7). Two B.S. 970 mild steel

blocks 25mm x 38mm x 240mm were machined, block 1 containing 5 slots of depths

0.5, 1, 2, 3 and 4 nim with widths of 0 1 mm, and block 2 containing 6 slots

0.2mm wide with depths from 5mm to lOmm in lmm increments (Fig. 4.13). The

thinnest available slitting saw capable of cutting to the desired depth was used to

cut each slot. The slots were positioned such that each slot could be tested without

influence from edges or neighbouring slots. The thickness of the samples was sufficient

to avoid any through penetration of the eddy currents. A similar mild steel sample

was also produced with 5 slots of equal depth of 1 5mm, cut at angles between 90'

and 30 to the sample surface, to study the effect of crack inclination (Section 7.5).

Smaller blocks 12mm x 38mm x 50mm of both aluminium alloy and mild steel, each

containing a saw cut of a depth between 0.5mm and 2 5mm and width 0.1mm, were

compressed and machined flat to simulate tight cracks [34]. Compression of each

sample was maintained until the saw cut just ceased to be visible to the naked eye.

Further mild steel blocks containing similar saw cuts were left uncompressed. The

degree of compression necessary to close each slot is given in Table 4.4.

Two BS.5436 50D steel samples containing the heat affected zone of a weld (HAZ)

were also prepared for a study of the effect of changing magnetic permeability on

crack detection (Sections 7.2 to 7.4). Two 175mm x 85mm x 12mm plates were

prepared by laying a weld bead down the centre of the short side (Fig. 4.14), which

was then machined off flat to leave the heat affected zone. One plate contained a

fatigue-type crack, while the other was defect-free. A further plate of 50D steel was left

unwelded and was machined with a slot 3.3mm deep at its centre and elliptical in

shape (Fig. 4.15).
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Figure4.13:	 Mild steel calibration sample block 1, containing saw cuts 0 5mm

to 4mm deep. Block 2 contains saw cuts 5mm to lOmm deep.
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Table 4.4 Compression of Aluminium and Mild Steel Samples

Depth of
saw cut
(nun)

Compression (KN)

Aluminium	 Mild steel

Sample Size (mm)

Aluminium.	 Mild steel

0.5 225 285 12x38x 76 12 x38x50

1.0 216 262 12x38x 76 12x38x 50

1.5 206 257 12x38x 76 12x 38x50

1.75 198 255 12x38x 76 12x 38x 50

2.0 193 253 12x38x 76 12 x38x50

2.5 186 250 12x38x 76 12x 38x50

1.0 none 12x 38x50

1.75 none 12x 38x50
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Figure4.14:	 50D steel plate containing a fatigue crack in the heat affected

zone (HAZ) of a weld.

E . Direction of scanning
F . Crack, revealed with magnetic particle inspection
G. Weld and heat affected zone
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Figure 4.15:	 50D steel plate containing a saw cut of maximum depth 3.3mm.
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4.5 Calibration of the Flaw Detector

To convert the output voltages of the flaw detector to measurements of the

components of impedance of a coil, the flaw detector should be calibrated for each

probe over the frequency range used. In this way normalisation can be performed.

Blitz, Williams and Tilson [37] have shown that the out-of-balance voltage of the

bridge circuit of a flaw detector is related directly to any change in impedance of

the coil from its balanced value by.

AVL = K.A(coL)	 (4.4)

AVR = K.AR	 (4.5)

where AVL and AVR are changes in the components of output voltage caused by

changes in the components of coil impedance 46)1,) and AR of the coil. Here K

is a constant. They also showed that the components of the output voltage ANIL and

AVR were 91:r out of phase with each other and in phase with the corresponding

components of impedance.

The output of the flaw detector was calibrated by connecting a variable non-inductive

resistance in series with the probe coil. The bridge circuit was balanced with the

probe over a continuous part of the sample and the resistance was changed by a

small amount. The displacement on the screen of the oscilloscope was proportional

to the known resistance and at an angle OR to the x-axis of the screen (Fig. 4.16),

The sensitivity S of the instrument was calculated from the change in voltage of the

flaw detector per ohm change in resistance:

S = 1 / C.f = AVR AR	 (4.6)
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Here C1 is the calibration factor used to calculate the changes in the components of

impedance caused by a defect, as follows:

ARd	Vd.Cf . cos 0	 (4.7)

and	 AwLd = Vd.Cf . . sin 0	 (4.8)

where 0 is the angle between the outputs from AR and the defect.

A decade non-inductive resistance box was used mainly, but for more accurate

measurements a small known resistance was produced by controlled heating of a

conducting material in the form of a non-inductive coil with a predetermined

temperature coefficient (Fig. 4.17). The coil was made from a length of 46 swg

copper wire, doubled over and wound non-inductively around a hollow non-

ferromagnetic metal cylinder. A Nichrome heating wire was wound around it,

regulated by a low voltage d.c. supply. The temperature was monitored by placing

the probe of a Comark thermocouple electronic thermometer inside the central

cylinder. The whole was mounted firmly in a draft-free area with solder pin

connectors for the electrical connections. A change of current of 0.20 amps was

found to be sufficient to produce a resistance change of 0.25 Cl, calibrated using

the Sullivan and Griffiths impedance bridge and allowing for stabilisation of the

temperature. Typical variations of the components of impedance of the calibration

coil with applied current to the heating wire are given in Table 4.5.
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Lift—off
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Output Voltage ,n,VR due to change of Resistance A: AV R = (x 2 + y2)1

a	 /aOutput Voltage AV 	 to defect: AV A = ,(/ + y
) 1

Sensitivity: s = AVAV R	(ohm/volt)

Calibration Factor: Cr = 1/s = AV R/AR0	(volt/ohm)

Phase Angles: e lt = tan-1 (y/x)
ea = tan-1 (y//x,)

e = 90 — (eR — ed)

Resistive Component of change of Impedance: AR = AV d x sine/C	 (ohm)

Inductive Component of change of Impedance: AwL = AV A x cose/Cp	 (ohm)

Figure 4.16: Typical voltage vectors produced when calibrating the flaw detector

to display the components of impedance of a coil above a

ferromagnetic metal.
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Figure 4. 17:	 Device for producing a known small change of non-inductive

resistance for calibration purposes.
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Table 4.5 Typical Impedance Changes of a Calibration Coil Produced by Varying 

the Temperature. using a Separate Heater Coil 

HEATER COIL	 IMPEDANCE CHANGE OF

Current. EMF Temperature CALIBRAT/ON COM (A. 001)

(A)±0.02 (V)± 0.02 (210.05 R (Q)	 L (j21-1)

0 0 26.5 8.433 1.133

0.10 0.5 27.2 8.495 1.133

0.20 0.5 35.0 8.685 1.133

0.25 0.5 40.5 8.825 1.133

0.30 0.5 45.1 8.960 1.132
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4.6 Estimation of Errors

Although all measurements were repeated several times where applicable, several

experimental difficulties existed, giving rise to possible sources of error. The

following precautions were taken to limit the propagation of errors:

i)	 The coils were wound to produce an impedance to match the impedance of the

flaw detector oscillator.

The dimensions of the probes were made as similar as possible to other probes

in any set.

in) The coils were wound to be axially symmetrical and with no turns overlapping on

any layer.

iv) The end of each coil was as close to the end of the former as possible without

damaging the coil. Any resulting lift-off was kept as near constant as possible.

v) For differential probes the two coils were wound as similarly as possible to one

another, and set parallel to each other and at the same distance from the end

of the probe.

vi) The probe coils were kept perpendicular to the surface.

vii) Voltage changes of the flaw detector were read only when within the range of

linearity of voltage of the CRO display.

viii) Impedance changes caused by changes in temperature were minimised by

keeping all the equipment at a constant temperature and cooling the coils with

a flow of air when high values of current were applied.

ix) The calibration resistance was non-inductive and of an order of magnitude

similar to that produced by a small defect. When using temperature controlled

resistance changes for calibration (Section 4.5), the temperature and resistance

were stable at the time of measurement.
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Errors in the measurement of the components of impedance were contributed to by

measurements of the calibration resistance R, potential difference of the bridge V and

also phase angle 0 between VR and Vd. The error in the calibration factor was

calculated as a vector addition of the errors in resistance and voltage as 1.3 percent.

Potential differences were read from the screen of the oscilloscope to an accuracy

of ±0.05V, and for a signal of the order of 2.0 V, the percentage error was *2.5

per cent. The phase angle 0 was measured to ±0.5°, indicating percentage errors of'

the order of 0.03 to 0.17. Therefore estimated errors in R and wL were of the

order of 2.8 percent. The value of lift-off at any point was measured with reference

to the point at which the probe touched the surface of the sample, to as accrrag

of ±0.01 mm, giving percentage errors typically less than ±0.5 percent. An additional

systematic error in the measurement of lift-off was also present, tyfocaby D5 about

0.25mm, caused by the distance of the cc& est from '‘,t `war. N,e

Errors caused by normalisation of results should be systematic, depending on the

values of electrical conductivity and magnetic permeability used. The coil length was

measured to ±3 percent. The coil radii used were the mean values, obtained from

the measured core and outer coil diameters of each probe.
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CHAFFER 5

MEASUREMENT OF MAGNETIC PERMEABILITY 

To predict the components of impedance of a coil used to test a ferromagnetic

material, it was necessary to determine the value of relative magnetic permeability 1.1.r

and electrical conductivity a of that material. The electrical conductivity was

measured by a Kelvin double bridge using a lm length of the material. To

determine the magnetic permeability, the definition of permeability required and the

exact state of the metal must be specified, e.g., the point of the hysteresis curve

under consideration (Section 5.1). In these investigations the relative recoil

permeability was considered.

The magnetic permeability of a sample of BS 970 mild steel was estimated by

comparing the eddy current depth of penetration of similar samples of mild steel and

aluminium alloy (Section 5.2). The effect of changing magnetic permeability on the

components of impedance of single coil surface-scanning probes was also investigated

experimentally (Section5.3).
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5.1 Definition of Magnetic Permeability

Magnetic permeability it is the magnetic flux density B produced in a medium per unit

applied magnetic field strength H. It is dependent on on the magnetic state and

composition of the material and may be written

= B / H	 (5.1)

For non-ferromagnetic conductors the magnetic permeability is very nearly equal to

the free space value, I,L 0 = 4n x 10-7 H/m, whilst that of a ferromagnetic material is

far greater.

For a ferromagnetic material the presence of a magnetic field causes atomic magnetic

elements within the material to try and align themselves with the inducing field [14],

increasing the flux density. As the magnetic field strength is increased the rate of

alignment varies, thus the magnetic flux density B varies hysteretically with changing

magnetic field II (Fig. 5.1), cutting the ii and B axes at Hc and Br respectively.

Hc is known as the coercive force and Br the magnetic remenance of the material.

The energy loss of the hysteresis loop acts as a source of electrical resistance,

however this effect is always small in comparison with the components due to the

eddy currents, so may be neglected.

Magnetic permeability may be defined in one of several ways, e.g. , initial, differential or

recoil permeability (Fig. 5.1). The initial permeability is that of a completely

demagnetised sample before any field is applied. The slope of the	 curve at any
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Figure 5.1: A typical B-11 hysteresis loop of a magnetic material.

tan-1 0 1 = Knit = initial permeability

tan-1 02 = 4. = recoil permeability

tan-1 03 = ILA = differential permeability



point is known as the differential permeability, p.A = dB / cla. As H is increased, p.A

approaches the free space value p. 0 at which point the material is considered to be

magnetically saturated. Magnetic saturation is one way to remove the influence of

magnetic permeability when testing ferromagnetic materials, however, it is often

impractical to produce a high enough magnetic field to saturate t he area under

inspection, and the influence of the magnetic permeability cannot be removed from

samples of complicated shape by driving the material towards saturation. If H is

varied by a small amount AH at any point along the hysteresis curve, a small

reversible change of permeability occurs, the slope of which is defined as the recoil

permeability ep.. 4. does not appear to vary significantly with the value of H for

constant values of AH. However as AH is decreased, the value of ep. tends

towards 110 (Fig. 5.2). in these investigations the recoil permeability war considered

to be the important value, because the small alternating current carried by an eddy

current coil would induce a magnetic field with low-amplitude hysteresis within the

metal. To confirm this hypothesis, the current in an eddy =est sit-cuced

scanning coil was calculated by measuring the voltage across the coil with an

oscilloscope, and the resulting magnetic field was estimated as less than lAm4.

This value is very low when compared with the fields needed to magnetise a steel

sample (Fig. 5.3).

Permeability values quoted are usually values of magnetic permeability relative to the

value in air, p.0 = 4n x iø-7 Him, known as the relative permeability, pi. = t / p.o.

Non-ferromagnetic metals have relative permeability values of p.r = 1, while for

ferromagnetics sir » 1, typically by 50 to 10,000 times. Mild steel has a relative

permeability between 200 and 800, and an initial permeability in the region of 100

(Fig. 5.3).
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Figure 5.2:II-LI hysteresis loops of a pipe-steel, with reversible loops of

recoil permeability, drawn using an automatic Permeameter [32].
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5.2 Measurement of Magnetic Permeability. 

Different eddy current methods were considered for the measurement of magnetic

permeability lit of a sample of BS 970 mild steel. For one method, the use of a coil

encircling a mild steel rod was considered, to which Forster's impedance analysis

could be applied (Section 2.1). In theory, by taking the ratio of the real and

imaginary components of impedance defined by Fikster (Equations 2.23, Section

2.1), for a given value of normalised frequency k2a2 = 02 = (4t14t0cia2, a ratio of the

components of effective permeability is obtained:

(p.eff)real / (p.eff)imag = {	 ) + 1141/ (R/A0 )	 (5.2)

where Ti is the fill-factor, (01,0 is the impedance of the coil measured away from any

metal, and Reif is the effective permeability, a complex quantity related to 132 (Table

5.1), accounting for the uneven distribution of magnetic field within a sample.

Therefore in theory, by measuring the normalised components of impedance at a

certain normalised frequency, Fi r could be calculated, knowing the values of q and a.

In practice, Forster s analysis does not allow for any leakage of flux from the ends

of a rod and the method could only be used with rods of infinito length-to-diameter

ratios, or a toroidal sample.

The method used to estimate the value of its., by comparing the penetration of eddy

currents in similar samples of mild steel and aluminium alloy, is described below-
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Table 5.1:	 Values of Forster's Effective Permeability ;Jeff at Different Values

of Normalised Frequency 13 2, and Corresponding Values of the Ratio

(Reff)real / (Ileff)imag

(f/fg) lieff(real)

,

Ileff(imag) Weff(real)/Oeff(imag)

0.00 1.0000 0.0000

0.25 0.9989 0.0311 32.119

0.50 0.9948 0.06202 16.040

1 0.9798 0.1216 8.057

2 0.9264 0.2234 4.1478

3 0.8525 0.2983 2.8579

4 0.7738 0.3449 2.2435

5 0.6992 0.3689 ' 1.8957

6 0.6360 0.3770 1.6870

7 0.5807 0.3757 1.5456

8 0.5361 0.3692 1.4520

9 0.4990 0.3599 1.3865

10 0.4678 0.3494 1.3388	 _-

12 0.4202 0.3284 1.2795

15 0.3701 0.3004 1.2320

20 0.3180 0.2657 1.1968

50 0.2007 0.1795 1.1181

100 0.1416 0.1313 1.0784

150 0.1156 0.1087 1.0635

200 0.1001 0.09497 1.0540

400 0.07073 0.06822 1.0368

1,000 0.04472 0.04372 1.0229

10,000 0.01414 0.01404 1.0071
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From Maxwell's equations it can be shown that, for a coil above the flat surface

of a metal with electrical conductivity a and magnetric permeability t, (Equation 2.9,

Section 2.1)

d2B / dz2 - k2 B = 0	 (5.3)

twhere k2 = pita, and B is the magnetic flux density. Here j = (-1) 1f2 and o = 2xf is

the angular frequency.

The solution to this equation is

B = Bo exp(-kz)	 (5.4)

where Bo is the flux at the surface of the metal.

Because from Maxwell's equations for a conductor VxB = J the current density J has a

solution of the same form and it can be shown that the eddy currents are attenuated

exponentially with depth of metal penetrated. The depth at which the current density is

reduced to 1/eth of the surface value is known as the standard depth of penetration

or skin effect, 8, where

8 = (2/4t.0)1f2	(5.5)

The eddy currents are attenuated by about 8dB for every standard depth of penetration;

therefore the maximum depth d that eddy currents are able to penetrate is

approximately 12 8. The value of d was measured for samples of mild steel and

aluminium alloy, by scanning metal wedges with an air-cored single coil eddy current

probe of diameter 2 mm, connected to a Hocking Electronics Vector S900 multi-

frequency flaw detector (Fig. 5.4).
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Figure 5.4:	 Measurement of relative magnetic permeability with the penetration

depth method
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There was no change in the output of the instrument as long as the metal was

continuous, but as soon as the eddy currents were able to penetrate through the metal

the continuity was lost and a change in output occurred. Two shallow wedges were

made, one of annealed and demagnetised BS 970 mild steel of 2.5 degree incline

with a value of electrical conductivity of 6.8 MS m -1 1 and the other from an annealed

aluminium alloy which had an angle of 10 degrees and an electrical conductivity of

21.7 MS m-1 . Conductivities were measured from a metre length of a rod of the same

material as that used for the wedges with the Kelvin double bridge. The aluminium,

being non-ferromagnetic, had a relative permeability of 1. The relative permeability

of the steel sample was calculated from the ratio of d for the steel and aluminium

samples, as follows:

(112 /d22 = 142a2 /
	

(5.6)

where subscripts of 1 denote Aluminium alloy and subscripts of 2 mild steel.

The surface of each wedge was scanned in turn from the thin end, with a constant

lift-off of 01 mm at frequencies ranging from 800 to 1500 Hz, until a point was

reached beyond which the output of the instrument remained constant. The mean

value of gr obtained in this way for the steel sample was 97 ± 3.

5.3 Variations of Impedance of Single Coil Scanning Probes with gr.

The changes of the components of impedance as a result of changes in g r and a

alone were monitored, to optimise the conditions under which the effect of a

change in Pr could be minimised. Generally it is impractical to measure variations
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of a of a metal independently, but percentage changes of electrical conductivity are

small compared with those of magnetic permeability. The following method was used

to establish the effect of changing alone on the components of impedance of a

surface-scanning coil: 30 and 90 turn ferrite- and air-cored single coils of 2 mm

diameter, numbers AS1, AS2, FS1 and FS2 (Table 4.1, Section 4.3.1), were clamped

in turn touching, and with their axes perpendicular to, the flat end of a mild steel

rod, of length 130 mm and diameter 12.7 mm, which was encircled by a d.c.

magnetising coil (Fig. 5.5). The voltage output of each scanning coil was observed

using the Vector S900 flaw detector (Section 4.1.2), for different values of lift-off,

over a frequency range of 100kHz to 1MHz, while the degree of magnetisation of

the rod was increased progressively. The latter was achieved by applying increasing

values of direct current through the magnetising coil, supplied by a heavy dray car

battery and controlled with variable carbon resistors. The magnetic field was

increased to 13 kA m4 with no changes observed above these limits. Care was

taken to ensure that initially the rod was demagnetised to the same degree for each

test. It was found that when using the ferrite-cored coils there was a straight line

deflection on the C.R.O. of the flaw detector, which did not follow a linear

relationship with increases of applied field. There was a far less significant change

in output when using air-cored coils for applied fields up to 13kAm -1 . The ferrite-

cored coils were also adversely affected by temperature variations, which were

minimised by directing a flow of cool air over the field coil and probe. To

eliminate the possibility of the ferrite core of the probe being magnetised by the

applied field, the sample was removed and the ferrite-cored coil was monitored with

changes in the d.c. field alone. The out of balance signal of the Vector S900 was

insignificant, being approximately 6% of the signal with the sample in situ. It was

concluded that air-cored coils should be used in preference to ferrite-cored coils for

testing ferromagnetic metals.
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Figure 5.5:	 Equipment for measuring the effect of changes in magnetic

permeability on surface-sconning eddy current probes
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It was also found that the effect of a change in p. r could be minimised by using

high values of frequency and lift-off [38]. Both the air-cored and ferrite-cored coils

were found to be less sensitive to changes in t.t. when using values of lift-off

exceeding twice the radius of the coil at a frequency of 100kHz and one times the

coil radius at a frequency of 500kHz.

The change in impedance of both the air- and ferrite-cored probe coils were evaluated

when scanning a flaw in a ferromagnetic sample under the influence of a changing

applied magnetic field. Ferrite block magnets 25mm x 25mm x lOmm were used to

complete a magnetic circuit between two mild steel plates, one of which contained a

simulated defect of 1 mm depth (Fig. 5.6). The defect was scanned by each probe at

frequencies ranging from 100 kHz to 1 MHz, while the number of block magnets

in the circuit was increased. The air-cored probes showed no change in the defect

signal but the ferrite-cored probes indicated small variations in signal with the

addition of block magnets, of the order of 8% of the defect signal for the limited

change in magnetic field produced in this experiment.

From these results it would appear that ferrite-cored coils, although generally

considered more sensitive to defects than air-cored coils, are less suitable for testing

samples with varying magnetic permeability than air-cored coils. However, the

effects of a change in 1.11. on a ferrite-cored coil can be minimised by using high

values of frequency and lift-off. This is confirmed experimentally in Section 7.3.
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Magnetic circuit used to measure the impedance of an eddy current

probe when scanning a defect under the influence of a changing

magnetic field
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CHAPTER 6 

EXPERIMENTAL VERIFICATION OF THE IMPEDANCE ANALYSIS OF A 

COIL ABOVE A FERROMAGNETIC METAL 

In this chapter experiments to verify the impedance analysis developed in Chapter 3,

for a solenoid above the surface of a thick metal plate, are described. The

components of impedance of three air-cored surface-scanning coils were measured at

different frequencies, while the probes were lifted progressively from a position

touching the surface of a flaw-free sample of aluminium alloy or BS 970 mild steel,

to a point out of the influence of the metal. The aluminium sample was a block

24.5mm x 40.0mm x 26.0mm of electrical conductivity oAL = 21.7 MS/m and relative

magnetic permeability li t.. AL =1. The mild steel block was 25.0mm x 25 Onim x

25.0mm with an electrical conductivity o 	 6.8 MS/m. The relative recoil magnetic

permeability p.r. ms of the mild steel was assumed to be 97, as calculated in

Section 5.2. The experimental procedure is described in Section 6.1.

The normalised components of the impedance of each of the coils used experimentally

were determined, and are compared with the theoretical predictions (equations 3.47

and 3.48, Section 3.1), calculated using the computer program described in Appendix

1, in Section 6.2.
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6.1 Experimental Values of Coil Impedance

A Hewlett Packard LF 4192A Impedance analyser was used to measure absolute

values of the resistive R and inductive a components of impedance of three

air-cored coils 2S, 3S and 4S (Table 4.1, Section 4.3.1), at different values of

normalised frequency and lift-off as indicated below, for aluminium or mild steel

samples. The three coils were positioned in turn perpendicular to the surface of a

sample and at different fixed heights, using a scanning rig (Section 4.2). The

components of impedance of each coil were recorded as lift-off was increased from

zero, i.e. , when touching the sample surface, to 4mm in steps of 0 5mm, at

normalised frequencies between 100 and 1000. For values of lift-off above 4mm

the change in the components of impedance reduced to zero. To obtain the

normalised values tuLltoLo and RkuLD, a measurement was taken with no sample

present, i.e. , infinite lift-off, and this value of impedance was used for

normalisation. Both measured and normalised values of the components of

impedance are given in Tables A2.1 to A2.6, Appendix 2. Typical variations of

R/t0L0 and 631,10)L0 with normalised lift-off Y for coil 3S when located above

aluminium alloy and mild steel are shown in Figs. 6.1 and 6.2 respectively, for

different normalised frequencies. In Fig. 6.3 the variations are compared for the

three coils at a normalised frequency of 200. Figs. 6.4 to 6.6 show the normalised

impedance-plane diagrams for each coil when above the surface of both almninium

and mild steel samples, for different values of normalised lift-off Y, and normalised

frequency 13 2 .
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Fig. 6.1 shows that, when scanning a non-ferromagnetic sample, (41,14E0 increases

where R/(j)L0 decreases with increasing lift-off at all the frequencies, and both

Mat and 6.E/cal decrease with increasing frequency. For a ferromagnetic sample

(Fig. 6.2), both 6.)LkoLo and R/0,10 decrease with increasing lift-off and frequency,

as predicted. In Fig. 6.3 it is seen how an increase in the normalised coil length

Yo decreases both components of normalised impedance. The value of caLkoLo never

exceeds 1.3, because of high losses caused by the poor magnetic flux linkage of a

surface-scanning probe with a metal sample. Figs. 6.4 to 6.6 show the marked

change in phase of the lift-off vectors for the two different metals. The impedance

changes in the direction of Y are negligible compared with the changes in the

direction of 13 2 when the values of magnetic permeability and electrical conductivity

are changed.

Fig. 6.7 shows the effect of increasing normalised coil length Yo on toLittE0 and

RkoLo. For both aluminium and mild steel, increasing values of Y o and Y cause the

components of impedance to converge on a value of ()LA); = 1 and It/(AL0.-- 0,

with no apparent change in 13
2, as expected.
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Figure 6.1:	 Normalised (a)resistive and (b)inductive components of impedance

of coil 3S above aluminium alloy. 1,0 = 17tH, 'fp = 0.74.
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Figure 6.3:	 Nonnalised (a)resistive and (b)inductive components of impedance

of coils 3S, 4S and 2S above aluminium alloy and mild steel.
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6.2 Comparison of Theoretical and Experimental Results

The values of R/6.10 and 0.1./6.10 for each coil for both aluminium and mild steel

were predicted to 4 decimal places from equations 3.47 and 3.48 (Section 3.1), using

the computer program given in Appendix 1. A correction of 0 35mm was added to

all experimental values of lift-off, because the probes had to be built with the

core-former slightly longer than the coil. An initial lift-off of about 0 35mm was

assumed at the "zero" position. Also it has been shown [12] that a solenoid coil has

an effective coil length which is shorter than the actual coil length, as a result of

the divergence of the magnetic flux at the ends of the coil. A coil length correction

factor of 20% was used for the predictions. The values of Yo fed into the

program were 0.60 for the 17tH coil 3S, 0.66 for the 170p.H coil 4S and 2.56 for

the 13p.H coil 2S, using values of cm. = 21.7 MSm-1 and p.r = 1 for the aluminium

sample, or crms = 6.8 MSm-1 and p.r= 97 for the mild steel sample. The components

of impedance predicted are listed in Tables A3.1 to A3.6, Appendix 3, and shown in

Figs. 6.8 to 6.10, together with corresponding experimental results.

There was good agreement between the experimental and theoretical results for both

aluminium and mild steel, for coils 3S and 4S (Figs. 6.11 and 6.12). For coil 2S

(Fig. 6.13) the predicted values of both components of normalised impedance were

twice those found experimentally. The majority of the discrepencies were in the

direction of increasing Y, suggesting that there were small errors in the estimation

of coil radius, lift-off and/or effective coil length (Fig.6.7): If there were errors of

0 05mm in the measurement of coil radius r and length L, the error in Yo would be

± 0.173 for coil 2S. An error of 0 05mm in r would also generate a discrepency

in 132 of about ±8.
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109



wL/wLo

1.10

Mild Steel

132 =200

x P .2 =400

+ 0 2 = 600

13-1 =aoo

Aluminium Alloy

0.01	 0.02	 0.030.04

R/wLo

Figure 6.10:	 Predicted and experimental values of the components of impedance

of coil 2S above aluminium and mild steel. 1,0 = 1311H, Yo = 2.56.

0.90
0.00

110



0 . 0 5 -	 47
0.04 -

0.,03 -	

2r.t

0.02 -

0.01 -

0.00 e,g*-

x Aluminium

A Mild Steel

x Aluminium

A Mild Steel

R/wLo - Theoretical

0.0E)

0.00	 0 01	 0.02	 0.03	 0.04	 0 05	 0.06

R/wLo - Experimental

wL/wLo - Theoretical

13 	

1.2 -

1.1 -

1.0 -

0.9 -

0 8 -

0.7 	
07	 01.8	 019	 110	 1.1	 1.2

wL/wLo - Experimental

13

Figure 6.11:	 Correlation of predicted and experimental values of the

components of impedance of coil 3S. 1, 0 = 17p.11, Y0 = 0.6.

111



R/wLo — Theoretical

0.06

x Aluminium

A Mild Steel

wL/wLo — Theoretical

13

x Aluminium

A Mild Steel

0.00
	

003	 0.04	 0.05
	

0.06

R/wLo — Experimental

0.7
	

1.0	 1.1	 1.2
	

1.3

wL/wLo — Experimental

Figure 6.12:

	

	 Correlation of predicted and experimental values of the

components of impedance of coil 4S. L o = 17001, Yo = 0.66

112



x Aluminium

A Mild Steel

wL/wLo - Theoretical

1.10

1.05 -

1- 00 -

0.95

0.90
0.95 1.00 1.05

R/wlo - Theoretical

0.005	 0 010	 0 015

R/wLo - Experimental

wL/wLo - Experimental

x Aluminium

A Mild Steel

Figure 6.13:	 Correlation of predicted and experimental values of the

components of impedance of coil 2S. L o = 131tH, Yo =2.56.

113



To evaluate the causes for any discrepencies in the direction of 0 2, errors in the

estimation of 0, 1.1. and r must be considered. An error of 1MSm -1 in a could alter

the value of 13 2 by ± 15 percent for normalised frequencies between 200 and 1000.

About ± 20 percent change is apparant for a change of ± 10 in the value of Ri.

(Fig. 6.14). This infers that a small change in p. r has approximately twice the

effect of a small change in a of the same order. From the results predicted it

appears that the estimation of i.tr
 
=97 was reasonable.
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CHAPTER 7 

ASSESSMENT OF THE SIZE OF CRACKS WITH EDDY CURRENTS

Any flaw, such as a crack, affects the impedance of an eddy current coil in a

manner differing from the impedance variations caused by a change in either

normalised frequency, lift-off or sample shape. Rioter [3] investigated the effect of

cracks experimentally in non-ferromagnetic cylinders, using an encircling coil. He

plotted the changes in the components of normalised impedance when the coil was

scanned from defect-free to defective parts of the sample for different values of

normalised frequency 13 2 (Fig. 7.1). He found that optimum flaw detection occurred

when p 2 was equal to 15. In this chapter the effects of cracks, simulated by saw

cuts, on the impedance of a detecting coil above a ferromagnetic plate are considered:

The influence of an edge is studied in Section 7.1 and the measurements of changes

in impedance with slot depth of three different types of probe are described in

Sections 7.2 to 7.4. The effect of crack inclination is described briefly in Section 7.5

The changes in the components of impedance of each probe were measured using the

Vector S900 flaw detector (Section 4.1.2), while the probe was scanned normal to

each saw cut and away from any edges, at frequencies between 10kHz and 1MHz

and values of lift-off up to lOmm. A scanning rig (Section 4.2) was used to keep

the probe perpendicular to and at a fixed height from the surface of the sample.

Initially cracks were simulated by compressed saw cuts [34], but the act of

compression of the saw cuts caused changes in the eddy current response (Section

7.2), because of local changes in magnetic permeability around the base of the crack,

where high stresses are induced. Subsequent saw cuts were left uncompressed.
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7.1 The Influence of an Edge

When investigating the effects of defects on the impedance of an eddy current coil it is

important to eliminste unwanted signals, caused by effects such as those from lift-

off and the vicinity of a boundary such as an edge. The lift-off was kept constant by

means of a scanning rig (Section 4.2). On approaching an edge, the signal caused by a

change in lift-off displayed on the screen of the flaw detector (Section 4.1.2) changed

in phase. The nature of the change and the distance of the probe from the sample

edge at which the edge-effects started to occur was found using probe IT (Table 4.3,

Section 4.3.3), of nominal inductance 31p.H and radius 1.4mm, by scanning from the

middle of a defect-free plate of mild steel to the edge and beyond. With the probe

positioned and balanced over the centre of the plate the lift-off signal was made to

coincide with the negative x-axis of the screen as a reference. The change in phase

of the lift-off signal was monitored with respect to the reference at intervals of

0.25mm across the plate.

Blitz, Tilson and Williams [34] investigated the effects of edges in aluminium and found

that the distance from the edge at which edge-effects first occured was approximately

proportional to the penetration depth 8 at any frequency. The phase angle of the

signal changed as shown in Fig. 7.2(a), using a 30p.H coil of lmm radius. For mild

steel, when using a Mp.11, 1 .4rara ra.dius iptolat , it was tmad thnt ciNer the frequettcy

range of interest, i.e., 10 to 200 kHz, there seemed to be no change in the distance

from the sample edge at which edge-effects first occurred, remaining approximately

2.7 times the coil radius. The phase angle changed in the manner shown in

Fig.7.2(b). The reason for the difference in phase response may be explained by the

influences of electrical conductivity a and magnetic permeability p., which change

from op. of the sample to cid.t 0 of air as the probe is moved from the sample

edge, causing a change in phase of the lift-off vector (Fig.6.14, Section 6.2).
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Figure 7.2:	 The influence of an edge.
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With non-ferromagnetic metals, only changes in a have any influence. Directly

above the sample the magnetic field induced by the probe is reduced by the opposing

field generated by the induced eddy currents. On moving away from the sample, the

opposing eddy current field becomes progressively weaker because eddy currents are

generated only in the metal, and the conductivity changes to the air value of a ri = 0,

causing an abrupt negative change in phase of the lift-off vector (Fig. 6.14). When

the probe is positioned over the edge of the metal, the field from the induced eddy

currents is effectively concentrated at the edge as if at a defect, resulting in a positive

change in phase. The magnetic permeability of a ferromagnetic sample has the effect

of magnifying the magnetic field generated by the eddy currents. On moving away

from the metal, both a and it change abruptly to the air values, with an associated

negative change in phase of the lift-off vector. When the coil is directly over the

edge of the metal, the field induced by the eddy currents is concentrated, the value of

it is changed, and the phase of the lift-off vector is altered by the influence of it

in the same direction as a negative change in conductivity (Fig. 6.14)

7.2 Slot Detection with Transformer Probes

The depth of eddy current penetration is inversely dependent on frequency f = wait,

and the electrical conductivity a and magnetic permeability it of the sample (Section

5.2):

S = (2/4ta)112	(7.1)

where cl is the depth at which the eddy current density falls to a fraction 1/e of the

surface value. The transformer probes 1T to 4T (Table 4.3, Section 4.3.3) were

designed to operate at low frequencies, i.e. from 10kHz to 100kHz. The sensitivity and
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phase of the responses to a small change in resistance of these probes (Section 4.5)

are shown in Fig. 7.3. Compressed saw cuts, ranging in depth from 0 5ram to

2 5mm in samples of both aluminium and mild steel (Table 4.4, Section 4.4), were

scanned at frequencies between 10kHz and 100kHz, with valves of lift-off from

0.05mm to 0.25mm. Two mild steel samples containing uncompressed saw cuts

0.2mm wide and with depths lmm and 1.75mm respectively were also scanned.

Fig.7.4 and Table 7.1 compare the responses from mild steel and aluminium samples

containing compressed saw cuts lmm deep.

It was noted while scanning the mild steel samples that the phase of impedance

changes caused by the defect varied from sample to sample for the compressed

samples, but not for the uncompressed samples. Fig. 7.5 demonstrates the different

responses of the compressed and uncompressed mild steel samples. Also the

compressed defects of depths 0.5mm and 1.0mm could be detected from the

opposite surfaces of the samples. X-ray and magnetic particle inspection revealed

nothing peculiar to these samples. It was concluded that the act of compression of the

mild steel samples had influenced the magnetic properties of the material and that

no direct comparisons could be made. Fig. 7.6 shows the response, at a frequency

of 50 kHz, of probe 1T to uncompressed saw cuts with depths from 0 5mm to

lOmm, cut into two blocks of mild steel (Section4.4).

The impedance changes caused by variations in permeability were also investigated

briefly. A mild steel plate contsining a defect-free weld with a heat affected zone

was scanned normally to the weld bead. It was found that impedance variations

caused by the weld bead were approximately 180 r1 out of phase with a signal

produced by a crack in the same material, over the whole frequency range applied.

This suggested that a defect in the form of a crack could be characterised by a

change in the material properties of the metal, indicated by the parameter ap...
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Figure 7.3:	 Sensitivity and phase of transformer probes IT to 4T, measured on

the addition of a calibrating resistance.
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Table7. 1 Changes in voltages and impedance magnitudes of probes IT to 4T

produced when scanning defects of lmm in aluminium alloy and mild

steel.

At 10 KHz; 

Mild Steel Aluminium Alloy

PROBE 1T 2T 3T 4T 1T 3T 4T

\(volt)
.4.

2.04 5.09 2.53 2.69 1.49 2.85 4.39

C
f
 (m/V) 0.40 1.43 1.88 5.59 1.63 0.30 0.90

aL e
o 

( m) 1.95 18.85 1.82 32.36 1.95 1.82 32.36

AZ (x10-) 0.42 0.38 2.61 0.46 1.23 0.47 0.12
col,0

At 30 KHz; 

PROBE

Mild Steel Aluminium Alloy

1T 2T 3T 4T 1T 3T 4T

Vd (volt) 4.82 6.09 5.46 3.22 3.23 4.65 3.49

Cf (a/V)
0.28 3.66 2.11 18.11 0.71 0.30 2.02

4)1,
0
	Cr

'"
) 5.84 56.55 5.47 97.08 5.84 5.47 97.08

AZ (x10- ) 0.23 0.40 2.11 •0.60 0.39 0.26 0.07
wL

o

At 100 KHz; 

PROBE

Mild Steel Aluminium Alloy

1T 2T 3T 4T 1T 3T 4T

V
d
 (volt) 8.77 3.61 8.43 1.95 3.84 3.83 1.03

C
f (

./V) 0.49 6.39 2.70 29.81 0.84 0.72 5.72

,...,L
0
	(.11) 19.48 188.50 18.22 323.58 19.48 18.22 323.58

AZ (x10-5
a-°

0.22 0.12 1.25 0.18 0.17 0.15 0.02
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Figure 7.4: Changes in impedance magnitude of coils 1T to 4T with frequency

when scanning compressed saw cuts lmm deep in (a) aluminium alloy

and (b) mild steel.
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Figure 7.5: Comparison of the response of probe 1T to compressed and

uncompressed saw cuts 1 75mm deep in mild steel at frequencies

of 10 and 50 kHz.
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7.3 Slot Detection with Single Coil Probes

Air-cored coil AS2 and ferrite-cored coil FS1 (Table 4.1, Section 4.3.1), having

impedances of 1701 and 150 respectively when measured in air, were used to scan

the mild steel blocks 1 and 2 (Section4.4) at frequencies between 50kHz and 1MHz,

and values of lift-off from a nominal zero to infinity. The optimum frequency for

these probes was found to be 600kHz, for which the defect signals were large and at

angles approaching 90 with respect to the lift-off signal. Fig. 7.7 shows the

response of probe AS2 to defects at this frequency. Fig. 7.8 shows the maximum

degree of lift-off attRingble for different depths of slot while still being able to

detect the slot. Maximum values of lift-off of up to 3 and 5 times the coil radius

could be used for air- and ferrite-cored probes respectively.

The ferrite-cored probe was about five times more sensitive to defects than the air-

cored coil, but it was found that the ferrite-cored coil was also sensitive to

variations in temperature and magnetic permeability (Section5.3). The work was thus

confined to using air-cored probes. Probes IS, 2S and 3S were scanned across the

saw cuts in block 1 (Figs. 7.9 to 7.11). It would appear from a comparison of

these figures that a decreased value of normalised coil length y, is not particularly

advantageous for flaw detection.

Probe AS2 was used to scan the heat affected zone (HAZ) of two welded BS.5436

50D steel plates (Section 4.4). The two 175 x 85 x 12 mm plates were prepared by

laying a weld bead down the centre of the short side, which was then machined off

flat to leave the heat affected zone. One plate contained a fatigue-type crack, whilst

the other was defect-free. A third plate of 50D steel, left unwelded and machined

with a slot 3.3mm deep at its centre and elliptical in cross-section (Section 4.4)

was also scanned.
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Figure 7.7: Response of probe AS2 to defects of different depths in mild steel

at a frequency of 600kHz and lift-off of 0.1mm.

Y=0.05, L0 =17itH, yo = 3.0.
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Figure 7. 8:	 Maximum values of lift-off at which defects caused a Milli11111111

change in impedance of 1x10 -311, using probe AS1.
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Figure 7.9:	 Response of probe 1S to defects of different depths in mild steel at

a lift-off of 0.1mm, Y = 0.67. Lo = 911H, Yo = 6.0.
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Figure 7.10:	 Response of probe 2S to defects of different depths in mild steel at

a lift-off of lmm, y = 0.67. Lo =1411, yo =2.6.
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Figure 7.11:	 Response of probe3S to defects of different depths in mild steel at

a lift-off of 2mm, 1.0.67. L0 .17p.H, Yo = 0.6.



Each plate was scanned along the centre of the longest side, and the impedance of

the coil was monitored at 9 points across the HAZ and surrounding plate (Fig. 7.12).

Frequencies from 10kHz to 1MHz were used, with values of lift-off from 0.1 to

10.0mm. Fig. 7.13 shows how the amplitude of the out-of-balance voltage of the

probe varied with lift-off when scanning the HAZ alone, at frequencies of 200, 400

and 800 kHz, and Fig. 7.14 shows typical vector diagrams of the changes in

impedance caused by the HAZ alone and the slot alone at the same frequencies. The

impedance changes from the cracked plate with HAZ are shown in Fig. 7.15. It

was clear that the effects of the HAZ were limited at higher values of frequency and

lift-off, whilst the ability to detect defects remained t381.

The impedance of a coil is influenced by variations of lift-off, which could mask

other indications such as the impedance changes caused by a defect, when scanning

samples which are not completely flat, such as a weld bead. Therefore an attempt

was made to phase out the components of impedance caused by lift-off by using a

multifrequency method [1]. This approach was not successful when testing mild

steel, because the phase of the lift-off vector changed with the value of lift-off,

and the degree of change in phase was different for different frequencies.

Differential probes (Section 4.3.2) were built with the aim of removing the

variations in impedance caused by changes of lift-off from the defect signal.

7.4 Slot Detection with Differential Probes 

Three air-cored differential probes (Table 4.2, Section 4.3.2) were constructed to

enable a comparison of their performances with those of the single coils 1S to 3S.

The components of impedance of the corresponding differential and single coil

probes were measured at frequencies between 100 and 500 kHz, both whilst

increasing the lift-off distance from a defect-free part of the mild steel calibration
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Figure 7.12:	 Reference points for scanning the 50D steel plate containing a

fatigue crack in the heat affected zone (HAZ).

A to D, 0, A' to D' = Points of Measurement
E= Direction of Scanning
F = Crack, Revealed with Magnetic Particle Inspection
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Figure 7.13:	 Variations of out-of-balance voltage amplitude with distance across the

HAZ of a weld, for increasing values of lift-off, using probe A82.
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Figure 7.14:	 Typical responses of probe AS2 to changes in

i) a alone across a HAZ and	 a slot in a plain plate.
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Figure 7.15: Changes in impedance AR and AtoL across the weld and HAZ of

the welded 50D plate containing a crack, using probe AS2 with a

lift-off of 0.5mm. The points correspond those in Fig.7.12.
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block 1 (Section 4.4), and when scanning the saw cuts from 0 5mm to 4mm deep

at different values of lift-off and frequency.

Typical responses to variations of lift-off from the defect-free sample are shown in

Figs. 7.16 and 7.17, for coils 3S and 3D. For the differential probe, unlike the

single coil probe, there was no increase in the amplitude of the normalised

impedance IAZikal..0 with increasing lift-off, for values of lift-off greater than 1.5

times the coil radius, below which any small differences in the dimensions and

relative positions of the two Coils within the probe became significartt anO the

effects of lift-off were not completely eliminated.

When scanning the saw cuts, the differential probes appeared to be more sensitive

to the defects than the single coils (Fig. 7.18), both because a differential probe

receives two signals from a crack, one positive and the other negative, as

compared with only one signal from a single coil probe, and also because a single

coil is influenced to a greater extent by noise, such as from variations in either

lift-off or the parameter Oil of the metal, whereas the responses of the two coils

of a differential probe balance each other to give a null output when surface

properties are constant. Figs. 7.19 and 7.20 show the variations in the components

of impedance of a single and differential probe respectively, from a balance point

over a defect-free area, with lift-off and defect depth. For the single coil probe,

the changes of impedance due to changes in lift-off can be seen to be much higher

than those caused by defects. However, when using differential probes the effects

of lift-off are diminished, leaving just the defect signal. Fig.7.21 compares the

responses of probes 1D, 2D and 3D to defects of different depths.
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For all probes the depths of shallow defects were detected with a greater sensitivity

than the depths of deeper defects, because of the eddy current skin effect. Here

sensitivity S is defined as the change of impedance per unit change of defect

depth, i.e.,

S = AZJAd (mIlimm)	 (7.2)

Figs. 7.22 and 7.23 show the sensitivity S of probes 2S and 2D with lift-off for

different depths of defect. The maximum value of lift-off at which defects could be

identified and depths estimated was up to 9mm with probe 3S, whereas probe 3D was

capable of sizing defects at values of lift-off up to 12mm. Beyond these values

defects could still be identified, but a depth could not be estimated with any

certainty. It should be noted that for effective sizing of defects with a differential

probe, the degree of lift-off has to be known, because the magnitude of any

impedance change caused by a defect depends on lift-off. A method of monitoring

the lift-off from uneven surfaces is to use either an extra single coil built into the

differential probe, or one of the existing coils of the probe, at a lower frequency

more sensitive to lift-off changes, whilst detecting the defects with the differential

probe at a higher frequency.

Probes 2S and 2D were used to scan the heat affected zone (HAZ) of a 50D steel

plate containing a crack (Fig. 7.12), at frequencies between 100kHz and 1MHz and

values of lift-off from 0.1 to 4.0 mm. The differential probe was capable of

measuring the defect with negligible influence from the changing material properties

of the HAZ.
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Figure 7.16:	 Magnitude of the normalised impedance of probe 3S with normalised

lift-off ?, for different values of normalised frequency.
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Variations of the norraalised impedance of probe 3D with normalised

lift-off Y, for different values of normalised frequency.
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Figure 7.18:	 Variations of the normalised impedance of probes 2D and 2S with

depth of defect D, and normalised lift-off Y. (f =400kHz).
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different depths of defect D. (f =400kHz).
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7.5 Cracks Inclined to the Normal

The effect of crack inclination on the impedance of a coil was studied briefly,

using single coils AS2 and FS1, and transformer coil IT. A block of BS970 mild

steel 240mm x 38mm x 25mm was machined with 5 slots each 1.5mm deep at

angles between 30a and 9013 to the sample surface. The depth of the slots was

restricted by the ability to machine the fine saw cuts at the required angles. The

probe was positioned perpendicular to the surface at a lift-off of 0.1mm, using the

scanning rig (Section 4.2). Each defect was scanned slowly, while recording the

output with an x-y plotter, at frequencies between 10kHz and 200kHz for probe IT

and 100kHz to 1MHz for probes AS2 and FS1. When testing a non-ferromagnetic

material, the angle of a crack can be related to the area of the loop formed by the

defect signal whilst scanning across the crack (Fig. 7.24) [39,40]. When testing the

ferromagnetic sample, no measurable differences in the defect signal were found

for the defect depth selected. Further work is needed to qualify the effect of crack

inclination on the sizing of a defect in ferromagnetic metals with eddy currents,

varying both the natural crack depth (Fig. 7.25(a)) and the depth below the surface

of the crack tip (Fig.7.25(b)).
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Figure 7.24:	 Amplitude-phase diagrams for a probe scanning the surface of

aluminium, with defects orientated at 0, 20 and 40 degrees [40]
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(b) equal depth of the crack tip below the surface.
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CHAPTER 8 

THE LIFT-OFF METHOD OF FLAW DETECTION ("TOUCH" METHOD) 

8.1 Introduction

With conventional methods of eddy current testing, variations in coil impedance with

lift-off may cause difficulties in the detection of flaws in metals having rough or

uneven surfaces, such as weld caps, or areas covered with deposits, i.e, marine

growth and chemically formed products. The use of differential probes may alleviate

these difficulties, provided that the degree of lift-off is the same for each coil of the

probe (Section 7.4). However, the sizing of flaws may still remain a problem

because a knowledge of the degree of lift-off is needed for reliable predictions. In

this chapter the lift-off method, or "touch" method [28] of eddy current testing is

described. This method was developed by the author to overcome problems in

detecting and measuring defects in ferromagnetic metal objects having uneven surfaces.

Previously this method has been used only with flaw-free samples to sort metals and

establish their relative material properties. Here it is shown that defects may be

characterised by the change in phase of impedance resulting from variations in lift-off

distance from a defective area relative to that from a defect-free area. Fig. 8.1 shows

typical variations of the components of impedance of a probe coil with small changes

in normalised values of frequency, lift-off and defect depth.
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Figure 8.1:	 Typical variations of impedance of a probe coil with normalised

values of frequency 02, lift-Off ? and defect depth D. -
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8.2 The Lift-Off Method 

With the lift-off, or "touch", method of testing a metal, the lift-off of an eddy

current surface-scanning probe is varied repeatedly over a distance from the point at

which the probe touches the surface of the sample towards "infinity". When the

probe, excited at a frequency f = wan, is remote from any metal, the impedance Zo

is purely reactive, i.e., Zo = jwLo, where Lo is the self inductance of the coil in air

and j = (-1)1a. As the coil approaches the surface of a metal, the value of impedance

changes and becomes a complex quantity, i.e., Z =R + ja. The change of impedance

AZ, where AZ = Z - Zo, is a function of the product ap. for the sample, which gives

rise to a useful method for sorting metals (Fig. 8.2). The presence of a defect also

affects the value of the coil impedance presenting a change AZ + AZ'. When scanning

a ferromagnetic metal with a fixed value of lift-off, the amplitude of the change AZ'

of the complex impedance due to the presence of a defect such as a crack varies

with the depth of the defect, but there is no significant change in phase. When

using the lift-off method, the size of a crack is identified by a change in phase of

the lift-off vector, relative to that from a defect-free area, suggesting a change in the

product ail. A maximum change in phase of the lift-off vector may be realised with

the selection of a suitable frequency. Fig. 8.3 shows the relationship between the

responses of the probe to a defect when using the conventional scanning method and

the lift-off method. The method is quick and easy to perform for defect testing of

ferromagnetic metals, especially those having uneven surfaces. A simple calibration

chart can be produced so as to indicate the extent of a defect, even in the presence

of small changes in the material properties within the sample.
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Figure 8.2:	 Typical changes of impedance with lift-Off from metals with

different values of GR.
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Figure 8.3:	 Typical voltage responses of a coil to different depths of cracks

in steel

(a) using conventional scanning methods

(b) using the lift-off method

155



The lift-off method does not lend itself to testing non-ferromagnetic metals, since for

these metals the defect signal can vary significantly in phase with defect depth, and

the phase of the lift-off vector and defect signal are too similar.

8.3 Measurements of Simulated Cracks in Steels 

8.3.1 Defects in Mild Steel 

Two blocks of EN1A mild steel 240mm x 38mm x 25mm, block 1 and block 2

(Section 4.4), each with saw cuts spaced evenly to simulate a series of cracks, were

tested with the Hocking Electronics Vector S900 flaw detector (Section 4.1.2) with

air-cored probe AS2 (Table 4.1), at frequencies ranging from 100 kHz to 1MHz.

600kHz was found to be the optimum frequency, i.e, that at which the change in

phase of the lift-off vector for any particular depth of saw cut was maximised with

reference to that from a defect-free area. Initially the saw cuts were scanned at fixed

values of lift-off from 0.1 to 3.0 mm. For each value of lift-off, the flaw detector

bridge was balanced with the probe above a defect-free area and the defects were

scanned while keeping the lift-off constant. It was noted that only the amplitude of

the defect signal varied significantly with defect depth. The instrument was then

balanced with the probe remote from any metal, to provide a reproducible reference

independent of the condition of the sample surface. The changes in the real (AR) and

imaginary (kAL) components of coil impedance were then measured whilst varying

the lift-off above both a defect-free area and each saw cut. The output of the

instrument was related directly to the changes in impedance of the probe [37] and a

family of lift-off curves was produced in the shape of a fan for the different depths

of saw cut (Fig. 8.4). The degree of change in phase between the lift-off vectors

decreased with increasing depth of saw cut, making large depths difficult to predict,

but small depths of crack could be characterised readily.
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Figure 8.4:
	

Lift-off impedance vectors obtained from a mild steel sample

conoining saw cuts 0 5mm to lOmm deep, measured with probe

AS2 at 600 kHz. Lo = 17p.H.
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The curves were recorded on acetate sheets, to enable direct comparisons to be made

for different samples, when used as a graticule located in contact with the screen of

the flaw detector. In this way the depths of cracks in real samples could be predicted

(Section 8.4).

8.3.2 Effects of Variations in Electrical and Magnetic Properties 

A calibration block of DP1124 pipe-steel, of the same dimensions as the mild steel

calibration block 1, was prepared with slots cut to depths of between 0.5 and 4.0 mm.

The lift-off impedance vectors produced from the defect-free and defective areas of

the sample were compared with those from the mild steel sample for each defect

depth, using probe AS2 at the optimum frequency of 600kHz. With the "touch"

method it was found that the difference in material properties between the two types

of steel had the effect of rotating the lift-off impedance vectors for both defect-free

and defective areas of one block with respect to those of the other (Fig. 8.5). When

scanning the saw cuts at a fixed value of lift-off, the magnitude of the impedance

changes due to the presence of the defects did not appear to vary significantly with

the difference in the material properties of the two metals. It was also observed that,

for a given value of lift-off, the phase of a given defect impedance vector was

similar for each metal with respect to the instrument reference axes, although it was

different with respect to the lift-off impedance vectors for each metal (Fig. 8.6). On

rotating the lift-off impedance vector for a defect-free area of one type of steel, it

was found that it could be made to coincide with that from the other type of steel

(curve OA, Fig. 8.7). This led to the conclusion that a simple correction could be

used to relate a defect indication from one type of steel to that from a defect of the

same size in another type of steel. Hence, the size of a defect in one metal could

be predicted from a calibration performed using another metal, using the following

method:
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Figure 8.5:
	

Lift-off curves obtained for a defect-free area and a saw cut lmm

deep for both mild steel and DPH24 pipe-steel samples, measured

with probe AS2 at 600kHz. L o = 170.
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Figure 8.6: Impedance changes caused by a lmm deep saw cut relative to the

lift- off impedance vectors for defect-free areas of both mild steel

and DP1124 pipe-steel samples (Fig. 8.5)
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AtoL

Figure 8.7: Rotation of the axes of the lift-off curves for DPH24 pipe-steel

(Fig. 8.5) by an angle 0, to align the lift-off impedance vectors for

defect-free areas of both steels.
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(a) Obtain calibration curves by producing the lift-off impedance vectors for a

defect-free area and for different known depths of defect in the calibration

sample (Fig. 8.4).

(b) Obtain a lift-off impedance curve for a defect-free area of the new material, for

which there is no calibration sample available.

(c) Rotate the "defect-free" lift-off vector of the new material to coincide with that

of the calibration sample, noting the angle of rotation, 0.

(d) Use 0 to correct the calibration curves for different depths of defect in the

new material (Fig. 8.7). For example, a defect of a given depth in material 2

would produce an impedance vector AC (Fig. 8.7), of the same magnitude but

at an angle 0 to an impedance vector AB from the same depth of defect in

material 1, if measured at the same value of lift-off.

Two blocks of pipe-steel types EN3B and EN6A, with dimensions 40mm x 20mm x

12mm, both contoining slots 0.1mm wide and lmm deep cut along the centre of the

longest side, were tested using the lift-off method, and the results were compared

with those from lram slots in mild steel and DPH24 pipe-steel to confirm the

assumptions made above. Values of relative magnetic permeability were estimated for

the four different types of steel (Table 8.1) from their characteristic B-H curves

(Figs. 8.8 (a) to (d)), plotted using an automatic permeameter [32]. The values of

electrical conductivity of the four samples did not vary by more than 10% and, for

simplicity, the value was assumed to be constant. As expected, the phase of the

"defect-free" lift-off vectors varied with respect to one another. However, after

making the above-mentioned corrections, the phases of the lift-off impedance vectors

for the lmm defects did not vary significantly with respect to the "defect-free"

vectors. It was not known at the time of the investigations as to what degree the

above assumptions would hold for two metals whose material properties differed

considerably from one another and further investigation is necessary.
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Figure 8.8(a):	 Characteristic B-H curve of mild steel EN1A
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Figure 8.8(b):	 Characteristic B-H curve of pipe-steel EN3B
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Figure 8.8(c):	 Characteristic B-H curve of pipe-steel EN6A
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Figure 8.8(d):	 Characteristic B-H curve of pipe-steel DPH24
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Table 8.1: Approximate Values of Relative Magnetic Permeability 1.11.

Estimated from the Characteristic B-H Curves of the Metals. 

Steel Type PT

initial maximum

EN1A 80 540

EN3B 110 620

EN6A 90 410

DPH24 250 1790
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8.4 Evaluation Of Real Defects Of Unknown Depth In Samples Of Differing 

Material Properties 

A mild steel plate was prepared by University College London, having dimensions

175mm x 82mm x 1 lmm, contAining a region of changing material properties typical of

that found in the heat affected zone (HAZ) of a weld (Fig. 4.14, Secton 4.4). The

HAZ was simulated by laying a bead of weld across the centre of the plate. A

fatigue crack was grown in the root of the weld, and then the weld was ground off

to leave a flat plate containing a fatigue crack about 40mm long. The HAZ was

scanned with the 17RH coil AS2 at intervals of 5mm across the plate, using a

frequency of 500kHz. A scanning rig (Section 4.2) was used to allow precise

positioning of the coil, and the mild steel blocks 1 and 2 were used for calibration.

The plate was scanned with constant values of lift-off between 0.1mm to 5.0mm, to

obtain a profile of the crack (Fig. 8.9). The "touch" method was then applied over

the same area. The crack depths estimated with both methods were found to be

similar, with a maximum depth of 5.2mm. As expected, the HAZ produced a small

rotation of the lift-off impedance vector. An alternative electromagnetic method of

non- destructive testing of ACPD [41] was then applied to confirm the estimations of

crack depth. Some uncertainties were introduced to the results obtained by the

ACF'D, because the method assumed that the field applied across the plate was

constant, but the small length of the plate caused the applied feild to distort,

especially at the edges of the plate. Table 8.2 compares the crack depths estimated by

the eddy current and ACPD methods. The eddy current method gave a much better

indication of the crack position, as confirmed using magnetic particle inspection.

ACPD measurements obtained from near the centre of the plate agreed to between 3%

and 15% of those obtained with the eddy current methods.
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Figure 8.9:	 Depth profile of a fatigue crack in a SOD plate with HAZ, predicted

using eddy current and ACPD methods.
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Table 8.2: Estimates of Crack Depth in a 50D Steel Welded Block

h = value of lift-off of the probe from the sample surface

Position	 Eddy Current Results 	 ACPD Results

from edge depth error depth

h = lmm h = 5mm

(mm) (mm) (mm) (mm) (mm)

20 0.2 ±0.0(5) ±0.0(5) 0.7± 0.3

25 0.7 ±0.0(5) ±0.1 1.8 ± 0.3

30 1.8 ±0.1 ±0.3 3.2± 0.3

35 4.5 ±0.5 ±0.6 3.8± 0.3

40 4.0 ±0.3 ±0.5 5.0 ± 0.3

45 5.2 ±0.5 ±0.8 4.6± 0.3

50 4.5 ±0.5 ±0.6 4.0± 0.3

55 3.0 ±0.2 ±0.3 2.9 ± 0.3

60 1.0 ±0.0(5) ±0.0(5) 1.0± 0.3
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Two welded plates of mild steel containing lack of root fusion were prepared by D.

Walsh at Brunel University, as part of a parallel investigation. Measurements were

made at 600 kHz with the "touch" method, using the 171.tH probe AS2, calibrated

with mild steel calibration block 1. The samples were subsequently broken open to

confirm the estimated defect depths (Table 8.3).

Table 8.3: Lack of Root Fusion in Mild Steel Welded Plates

Plate	 Estimation of Defect Depth (mm)

Eddy Current Visual

3

4

1.20 ± 0.1(5)

1.65 ± 0.1(5)

1.00

1.40

± 0.10

± 0.05

The lift-off method was used with probe 2S, to predict the depths of cracks of

between 3mm and 6 .5mm in 10 bars of pipe-steel of different types, having

dimensions 15mm x 33mm x 220mm (Fig. 8.10). The degree of rotation of the lift-off

impedance vector for a defect-free region, with respect to that from the mild steel

calibration block, varied for samples of the same type of steel. The bars were found

to be magnetised by different degrees, and the crack in each sample was evaluated

with the "touch" method before and after demagnetisation of the bars. The degree of

magnetisation was assessed from the deflection produced on a ballistic galvanometer,

when the sample was passed through a coil consisting of 1100 turns of fine wire.

Confirmation of the estimated crack depths was made by OLIC, British Gas

Corporation, by breaking some samples along the crack and measuring the extent of

the crack directly.
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Figure 8.10: Bars of pipe- steel containing fatigue cracks of unknown depths.
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The depths of the cracks in the 10 demagnetised bars were estimated both before

and after making a correction to the calibration in the manner described in Section

8.3.2. Four of the samples were broken open for confirmation. Table 8.4 shows the

eddy current estimates for these four bars before and after correction.

Table 8.4: Crack Depth Measurements in Pipe-Steel Bars. 

Eddy current estimation of crack depth: 1 = uncorrected estimation

2 = corrected estimation

San._ Jae_ Eddy current estimate Direct Galvanometer

crack depth (mm)	 error measurement deflection

1	 2 (mm) (mm) ...- p. B (divs)

A 0.6 0.8 ±0.2 0.8 ± 0.1 10.5

C 2.2 3.1 ± 0.5 3.3 ± 0.2 14.0

D 3.5 6.0 ±0.5 6.0 ± 1.0 12.0

E 2.3 3.7 ±0.5 3.8 ± 0.1 7.5

The ability of the eddy current methods to predict the size of defects away from

ideal laboratory conditions were assessed at the on-site locations listed below.

Samples containing defects were produced industrially by E.R.S., British Gas

corporation, 1Cillingworth, Newcastle-Upon-Tyne, the Welding Institute, Abingdon,

Cambridgeshire, and the Marine Technology Directorate at City University, London. The

depths of defects obtained were compared with estimates made with alternative NDT

methods, for example MPI (magnetic particle inspection) and ACPD, or from direct

measurement after breaking open the samples.
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(a) British Gas Corporation, ERS. Killingworth

Eight different samples of welded 50D and pipe-steel, from either pipes or marine

installations, were examined using conventional eddy current scanning methods with

both single coil probes and differential probes. Both stress cracks in plain sections

and fatigue cracks in welds were located successfully and their positions confirmed

with MN. The problems of excessive wear and interference from lift-off effects were

overcome by using the "touch" method to confirm the positions of cracks and to

estimate their depths when compared with slots in the mild steel calibration block 1.

Air-cored single coil probes having low inductances and operated at frequencies

between 500 and 800 kHz were found to be most effective for sizing defects with

the "touch" method. The relatively large diameters of the probes available prohibited

resolution of individual stress cracks when in a close-set group. One pipe-steel sample

(LS2), a section of pipe approximately 3 feet in diameter containing stress cracking,

was broken open by OLIC, British Gas Corporation, for confirmation of the depth

measurements. The sample was assumed to contain a single crack, the profile of

which was measured at intervals of 5mm along its length. The differences in

electrical and magnetic properties between the pipe-steel sample and the mild steel

calibration block were small and were assumed to have no effect on the estimations

of depth (Fig. 8.11). On breaking the sample open it was found that the crack was

inclined to the normal, in the manner shown in Fig. 8.12. With the exception of the

ends of the crack, the depths predicted with eddy currents were similar to the

directly measured values of the inclined crack depth, rather than the depth of the

crack tip below the surface of the sample. With a non-ferromagnetic material, the

angle of inclination of a crack may be determined from the area of the loop

produced by the "defect" impedance vector while scanning the crack [39] (Section

7.5). Although a slight loop was noted when scanning LS2, no conclusive

measurements of crack inclination were made.
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Figure 8.11:	 Estimated depth profile of the stress crack LS2, assuming the defect

to be one simple crack normal to the sample surface.
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1
a

L = Crack Profile Length

d = Depth Of Crack Tip

—

Figure 8.12: Inclination of stress crack LS2, found on breaking open the sample.
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(b) City University. London. - Samples Supplied by Marine Technology Directorate

The lift-off method was used to test the two welds, A-B and C-D (Fig. 8.13), of a

double T-node of 50D steel, in which fatigue cracks had been grown mechanically,

using the 1711H air-cored probe AS2 at a frequency of 600kHz. The probe was

calibrated with the mild steel calibration blocks 1 and 2 and the differences in

electrical and magnetic properties between the metals were found to be negligible.

Cracking was found in the side regions of each weld (Fig. 8.13). The depths of the

cracks were estimated at lOmm intervals and confirmed using ACPD [41]

measurements made by University College, London (Fig. 8.14). There was good

agreement for the depths of cracks estimated to be less than 8mm, especially for

those less than 3mm (Table 8.5). For cracks deeper than 8mm, the eddy current

estimates could not be made with any degree of certainty with the equipment

available, because of eddy current skin effects.

(c) City University. London. - Samples from the Welding Institute

Seven fillet welds located in T-shaped plate samples (Fig. 8.15), were tested using

the "touch" method at 5mm intervals around the welds, using different single coil

probes. The welds were marked evety lOmm (Fig. 8.16) and the samples were then

cut open along the markers by ERS, British Gas Corporation, using a saw blade

approximately 3mm thick. The depths of the defects revealed were measured

optically. The maximum depths of the defects estimated with eddy currents, using the

air-cored single coil 2S at 600kHz, are compared with those measured directly in

Table 8.6. The depths of several defects were underestimated with eddy current

methods, and these were subsequently found to be sub-surface cracks. The estimated

depths of surface-breaking cracks agreed well with the direct measurements. Figs.

8.17 to 8.22 show the locations of the defects in the samples.
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Figure 8.13: Double T-node of SOD steel, containing fatigue cracking in the

weld areas A to B and C to D.
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Figure 8.14(a):	 Comparison of crack depth profile estimated with eddy currents

and ACPD, crack no: 1, +A to -B.
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and ACPD, crack no: 2, +B to -A.
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Figure 8.14(c): 	 Comparison of crack depth profile estimated with eddy currents

and AC?D, crack no: 3, +C to -D.
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Figure 8.14(d): 	 Comparison of crack depth profile estimated with eddy currents

and ACPD, crack no: 4, +D to -C.
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Table 8.5: Comparison of Crack Depths Estimated with the Eddy Current "Touch" 

Method and the ACPD Method in the Welds of a Double T-Node 

"Touch" Method

at 600kHz

depth (mm)

ACPD

depth (mm)

0.5	 ± 0.0(5) 0.5	 ± 0.03

1.0 ±0.0(5) 1.0 ±0.03

2.0 ±0.1 2.0 ±0.03

3.0 ±0.1 3.0 ±0.03

4.0 ± 0.1(5) 4.0 ± 0.03

5.0 ±0.2 4.8 ±0.03

7.0 ±1.0 7.0 ±0.03

8.0 ±1.5 7.5 ±0.03

>10.0 18.0 ±0.03
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Figure 8.15: Schematic diagrams of the seven fillet welds tested.
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Figure 8.16:	 Sectioning plan of the seven fillet welds for optical inspection
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Table 8.6: Maximum Depths of Cracks in Fillet Welds

Sample Crack depths measured (mm)

Eddy Current	 Direct (±0.1)

Comments

1 0 defects 0 defects

2 0.8 ± 0.0(5) 1.3 Sub-surface defect

2.4 ± 0.2 2.5

2.5 ±0.2 2.7

3 0.5 ± 0.0(5) 0.5

1.0 ± 0.1 4.2 Sub-surface defect

4.0 ±0.5 4.9

4(E) 1.0 ±0.1 1.1

2.0 ±0.1(5) 2.3

6.0 ± 1.0 6.8

4(W) 2.0 ± 0.15 1.9

1.0 ±0.1 1.1

1.6 ±0.2 1.8

2.2 ± 0.2 2.5

5 1.0 ± 0.1 1.2

6 1.0 ± 0.1 1.2

7 1.0 ± 0.1 1.0
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Figure 8.17: Analysis of defects in plate number 2. No: discontinuities = 7.
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Figure 8.18: Analysis of defects in plate number 3. No: discontinuities = 5.
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Figure 8.20: Analysis of defects in plate number 5. No: discontinuities = 1.
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Figure 8.21: Analysis of defects in plate number 6. No: discontinuities = 2.
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Figure 8.22: Analysis of defects in plate number 7. No: discontinuities = 1.
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In general, there was good agreement between depths of defects estimated with eddy

current methods and those found either directly from optical measurements after

breaking open the samples, or using non-destructive methods, such as MN and

ACPD. The eddy current "touch" method appeared to be more sensitive to shallow

cracks than the ACPD method, but not for deeper cracks. The depths of cracks

deeper than 8mm could not be estimated with any certainty with the eddy current

probes used here. Further work is necessary to qualify the effects of crack

inclination and sub-surface cracks on the estimation of the size of cracks in

ferromagnetic metals using eddy current methods.
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CHAPTER 9

CONCLUSION

Success has been achieved in

(a) deriving relationships analytically between the real and imaginary components of

the normalised impedance as functions of lift-off, frequency, electrical

conductivity and magnetic permeability, for an air-cored coil scanning a

defect-free ferromagnetic metal, for eddy current testing,

(b) verifying the values obtained from the application of the abovementioned

relationships with those obtained experimentally,

(c) improving the design of eddy current scanning coils to achieve maximum

sensitivity for the testing of ferromagnetic metals which (i) are defect-free and

(ii) contain defects,

(d) devising a method of assessing defect sizes in ferromagnetic metals which is

entirely independent of the degree of lift-off of the detecting coil.

A purely analytical approach was used to predict the components of normalised

impedance of surface coils scanning ferromagnetic metals and, although the approach

differed somewhat, the expressions obtained here agreed with those of Hajian for

non- ferromagnetic metals, when values of K. = 1 were inserted. By considering

FCrster's work with encircling coils one would expect a change in magnetic

permeability to be indicated by two components of impedance, one orientated in the

direction of normalised frequency 02 = WW2, and the other in the direction of

normalised lift-off. Here, (.0 = 2itf where f is frequency, r is the coil radius and Cr

is electrical conductivity and p. magnetic permeability of the metal. However, it was

noted that for surface scanning probes, changes in magnetic permeability were

indicated mainly by changes in the impedance vector in the same direction as

194



normalised frequency, with virtually no change in the direction of the normalised

lift-off. This is not surprising because of the low degree of flux linkage of a surface

scanning coil with the flat surface of the sample as compared with a coil encircling

a metal rod. At a constant frequency and constant lift-off, a small increase in the

value of p. produced a change in the value of impedance corresponding to decreasing

p2, i.e., in the opposite direction to the impedance change caused by a variation in

0. The impedance change for a 10% change in magnetic permeability was of the

order of two times greater in magnitude than that for a similar degree of change in

conductivity. The impedance changes brought about by a change in li r reduced with

increasing frequency and was negligible at values of 13 2 of 15,000, when p. t. was

of the order of 100.

For testing ferromagnetic metals, the recoil magnetic permeability was used to

evaluate the term p.r contained in the expression for 13 2, in view of the fact that it

was necessary to excite the eddy current coils with only small currents, thus

avoiding hysteresis effects.

Different criteria had to be applied to the design of coils used for defect testing of

ferromagnetic metals than for non-ferromagnetic metals, and the radius of the coil

was a more important parameter than the length. Air-cored probes were more suitable

for testing ferromagnetic metals than ferrite-cored coils, because with the latter the

cores were sensitive to changes in magnetic permeability and temperature of the

metal. Low frequency transformer probes were not advantageous, because their

sensitivity to small changes in magnetic permeability masked indications of defects.

With single coils the use of high frequencies were found to be advantageous, in that

they reduced the adverse effects of changes in magnetic permeability such as, for
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example, in the heat affected zone of a weld. The optimum frequency range of

air-cored coils of typical radius 1.25 mm and length 4 mm for flaw detection lay

between 600 kHz and 1 MHz, corresponding to a value of normalised frequency in

the region of 15,000.

With flaw detection, the lift-off effects and gradual changes in the product cp. could

be eliminated by using differential probes, but the prediction of the defect depth

requires a separate measurement of the degree of lift-off of the probe. What would

normally be the adverse effects of changing values of lift-off could be used to

advantage with the lift-off or "touch" method of eddy current testing as developed in

the investigations described in this thesis. This method was highly effective for defect

detection in samples with irregular surfaces. The lift-off impedance vectors produced

above simulated defects in the form of slots in mild steel were related to those from

a different pipe-steel. Thus a single mild steel calibration. Cock ttald be wed ta

assess defects in other types of steel. The positions and depths of surface breaking

cracks predicted in different industrially-produced samples using the lift-off method

were afterwards confirmed either by breaking the samples open, or by using

magnetic particle and AC potential difference NDT methods.

These investigations have been restricted to the study of simple surface-breaking

cracks. Further work is required to predict the eddy current responses to angles of

inclination of oblique cracks and sub-surface defects. It is also desirable to investigate

the effects of varying the depth-to-width ratio of cracks on the impedance of eddy

current coils.
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APPENDIX 1 

Computer Program to Calculate the Components of Impedance of a Coil above a

Ferromagnetic Plane 

A simple computer program, written in BASIC to run on a small personal

computer by Blitz [13], was modified by the author to calculate the components of

impedance R/Ü)Lo and utkoLv of an air-cored coil at different values of lift-off

from the surface of a ferromagnetic material to four decimal places. The integrals

13 and 14 (Section 3.1) were integrated using Simpson's rule. The number of

decimal places could be adjusted by varying the number of steps of integration,

which affected the time taken for each computation. Calculations to 4 decimal

places appeared to be the optimum, for which 500 steps were needed, taking about

40 seconds for each calculation of RitaLo and (41.1011. Fig. A1.1 shows the flow

chart of the program.

The program (Fig. A1.2) offers three options: Options 1 and 2 calculate single

values of the components of impedance from absolute and normalised values of

input data respectively. Option 3 calculates the components of impedance over a

range of normalised frequencies from 10 to 100,000 (line numbers 430 to 620)

and normalised values of lift-off from 0 to 3.0 in steps of 0.2.

The integrands of 13 and real and imaginary components of 14 are calculated in a

sub-routine (line numbers 1180 to 1320). The Bessel functions are calculated using

the equation [30]

00

MX) = Z(-1)r(V2)2r*Iir1(r+1)!
	

(Al.!)
r = 0
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It is found that there is no change in value of the Bessel function beyond 15

terms, where each term is built up by multiplying the last tem by the factor

-(x /2 )2Ir(ri- 1).

Simpson's rule is used to calculate the integrals 1 3 , 14(reao and 140mag.) in

another subroutine (line numbers 910 to 1140), where the value of 1 3 is calculated

in line 1120 and 14(real) and 14(imag . ) are calculated in lines 1110 and 1130

respectively. Finally the values of (0LkoL0 and Mat are calculated and printed out

in a table form (lines 790 to 870).

Initially a short program (Fig. A1.3) was written to calculate the integrals for a

range of X values, to confirm that terms beyond X = 10 could be ignored.

Generally values beyond X=6 were negligible.

In these investigations the components of impedance were calculated using values

of 111. between 1 and 5000 and yo from 0.1 to 3 (Section 3.2). The components

of impedance were also predicted for the single coil air-cored probes 2S, 3S and

4S (Section 6.2) and compared -with upetimeraai value% (kispendix1).
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Figure Al.!:	 Flow chart of a program to calculate the components of

impedance of an air-cored coil located above a metal.

A1-204



10 PRINT "PREDICTION OF NORMALISED IMPEDANCES FOR AIR-CORED COILS"

20 PRINT"	 OVER FERROMAGNETIC METALS"

30 PRINT" 	
40 PRINT
50 PRINT "Option 1= Input values are ABSOLUTE

60 PRINT "Option 2= Input values are NORMALISED"

70 PRINT "option 3 = Calculate fixed range of f/fg and Lift-Off"
80 INPUT " TYPE OPTION NUMBER; ",p
90 pi = 3.1416
100 DIM q(2), h(2)
110 IF p = 2 THEN 240
120 IF p=3 THEN 260

132 INPUT "Frequency (KHz) =", f
140 INPUT "Electrical Conductivity (MS/m) = ", q(1)
150 INPUT "Relative Magnetic Permeability = q(2)
160 INPUT "lift-off (mm) = ", h(1)
170 INPUT "coil length (mm) = ", h(2)
180 INPUT "coil radius (mm) = ", r
190 b = 8*p i*p i*f*q( 1 )*q(2)*r*r/ 10^4
200c = h(1)/r
210 d = h(2)/r
220 PRINT
230 GOTO 290

240 INPUT "normalised frequency f/fg = ",b
250 INPUT "normalised lift-off V = ", c
260 INPUT "normalised coil length yo = ", d
270 INPUT "Relative Magnetic Permeability = ", q(2)
280 INPUT "Electrical conductivity (MS/m) = ", q(1)

290 DIM s(3),u(3),i(2),m(3),w(3)
300 IF p = 3 THEN 330
310 LPRI NT "Normalised frequency f/fg = ";USING "4:004":"."";b
320 LPRINT "Normalised lift-off y = ";USING "1"";c
330 LPRI NT "Normalised coil length yo = ";USING "";d

340 LPRI NT "Relative Magnetic Permeability = ", q(2)
350 LPRI NT "Electrical conductivity (MS/m) = ", q(1)
360 LPRINT.LPRINT
370 LPRI NT "	 f/fg	 Y	 wL/wLo	 R/wLo
380 PRINT

Figure A1.2:	 List of the program Z-CALC.BAS (lines 10 to 380 of 1320)



390• 	
400 'Calculating Z/wLo over a range of 1-o, c, for each frequency
410 	
420 IF p<>3 THEN 650
430 IF p = 3 THEN INPUT "start f/fg = ", b: c=0
440 GOSUB 630
450 IF b <50 THEN 510
460 IF b < 100 THEN 530
470 IF b < 1000 THEN 550
480 IF b > 10000 THEN 570
490 b = b+2000:GOSUB 630
500 GOTO 450
510 b = b+10:GOSUB 630
520 GOTO 450
530 b = b+50:GOSUB 630
540 GOTO 450
550 b = b+200:GOSUB 630
560 GOTO 450
570 FOR ss=1 T05
580 PRINT "final b-loop no: = ";ss
590 b = b+20000
600 GOSUB 630
610 NEXT ss
620 END

630 LPRINT
640 FOR c=0 TO 3.2 STEP .2
650 PRINT "f/fg = ";USING """;b
660 PRINT "V = ";USING "4":.-lt-'t";c
670 PRINT "normalised coil length Yo ="; USING "4"."";d
680 s(1)=0
690 s(2)=0
700 s(3)=0
710 u(1)=0
720 u(2)=0
730 u(3)=0
740 x=0
750 GOSUB 910

Figure A1.2(cont.): List of the program Z-CALC.BAS (lines 390 to 750 of 1320)
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760 ' ------------------------------------------------
770 ' Calculating the real and imaginary components of Z
780 ' ------------------------------------------------
790 1(1) = 1 + w(1)/(d - 8/3/pi + 2*w(2))
800 i(2) = w(3)/(d - 8/3/pi + 2*w(2))
810 PRINT "wL/wLo = ";USING "4""."4"0";1(1)

820 PRINT" R/wLo = ";USING	 ;i(2)
830 PRINT
840 LPRINT USING "It.ttli- It4t1t#	 It St . -tt	 -ft It . St -It St -It

850 IF p 0 3 THEN END

860 NEXT c
870 RETURN
880 '------------------------------------------------
890 'Calculating odd terms, Simpson's rule
900' 	
910 FOR k = 1 T0499

920 x=x+
930 GOSUB 1180
940 IF k/2 - INT(k/2) = 0 THEN 1020
950 s(1) = s(1) + 1
960 s(2) = s(2) + v
970 s(3) = s(3) + e
980 GOTO 1050
990 	
1000 ' Calculating even terms, and so whole of Simpson's rule
1010' 	
1020-u(1)=u(1)+1
1 •030 u(2) = u(2) + v
1040 u(3) = u(3) + e
1050 NEXT k

1060 x = 10
1070 GOSUB 1180
1080 m(1) = 1
1090 m(2) = v
1100 m(3) = e
1110 w(1) = (m(1) + s(1)*4 + u(1)*2)/15 0
1120 w(2) = (m(2) + s(2)*4 + u(2)*2)/15
1130 w(3) = (m(3) + s(3)*4 + u(3)*2)/15 0
1140 RETURN

Figure A1.2(cont.): List of the program Z-CALC.BAS (lines 760 to 1140 of 1320)
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1150 	
1160 ' calculating integrals per x, incl. 15 terms of the Besse] function
1170 	
1180 a = x/2
1190 t = x/2
1200 FOR j = 1 TO 15
1210 t = -(x/2)"2*t/j/(j + 1)
1220 a = a + t
1230 NEXT j
1240 y = (a/x)"2

1250 g = SOR(x"4 +1:1"2)
1260 n = (x* q(2) 	 )"2 + g + )0( q(2)	 *SOR(2*(g+x"2))
1270 z = y/EXP(2*c*x)*(1-1/EXP(d*x))"2
1290 1 = z*((x* q(2)	 )"2 - g)/n
1300 v = y/EXP(d*x)
1310 e = z*x* q(2) *SOR(2*(g - x"2))/n
1320 RETURN

Figure A1.2(cont): List of the program Z-CALC.BAS (lines 1150 to 1320).
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10 PRIN I - Int iuence oi 1(.5) an 1(4 ) (real) an0 (imag.) witri

20 PRINT " for a Ferromagnetic Metal"
30 PRINT 	
40 PRINT:PRINT
50 LPR INT "Influence of 1(3) and 1(4 ) (real) and (imag.)	 th X"

60 [PRINT " for a Ferromagnetic Metal"

70 LPRINT " 	
00 LPRINT: LPRINT
90 INPUT "REL. MAG. PERM. = ",C! (2-)

100 INPUT "NORMALISED FREQ. = "j5

110 INPUT "NORM. L-0, Y ",C

120 INPUT "NORM. COIL LENGTH .,Yo ,",D

130 LPRINT "REL. MAG. PERM. = ",Q (2)

140 LPRINT "NORMALISED FREQ. = "„5

150 LPRINT "NORM. L-O , Y "„C

160 LPRINT "NORM. COIL LENGTH, Yo =",D

170 LPRINT:LPRINT
180 PRINT
190 PRINT "	 x	 1(3)	 i(4)real	 1(4)1mag.

200 PRINT 	
210 LPRINT "	 x	 1(3)	 1(4)real	 1(4)1mag.

220 LPRINT " 	
230 X=1:3

240 FOR K=1 TO 80

250 X=X+.1•25
L

260 ' Calculating 15 terms of the Besse] function

'7 70 A = X /2

280 T=::4:12

290 FOR J=..1 TO 15
300 T=-(X12)'2*T /J,/ (J+

310 A=A+T

320 NEXT .J

330 ' 	
335 'Calculating the integrals 1(3) and 1(4) for x=0 to 10

340 	

350 1=(AiX)'.2

360 G=SOR(C4+5^2)

370 r1=(.P . Q (2)r2+G-P. Q (2)*SQR(2*G+r2)

380 Z=YIEXP(2*C*X)*(1-1/EXP(D*X)r2

390 L=Z*((X*.Q (2.))%2-13)/N

400 V=VEXP(D*X)

410 e=z*x* (21),-*SQR(2*(g-x'2))/n

420 LPRINT USING' ".###	 # ###### # ######	 #•######"; x , v, 1, e

430 PRINT USING " ".###	 #.###### #.######	 #.######"; x , v, 1, e

440 IF x=10 THEN END
450 NEXT k

Figure AI.3: 	 List of the program 13+14. BAS
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APPENDIX 2 

Experimental Values of the Components of Impedance of Coils 2S, 3S and 4S, 

when Located above a Metal 



Table A2.1: Coil 2S above Aluminium Alloy

Lo = 13 p.,H, r = 1.25 mm, Yo = 2.56.

Lift-Off	 Freq.
(mm)	 (kHz)

R (I)) GoL(0) R/COLo (.1.)LkoLo

0 200 4.86 ± 0.005 41.28 ± 0.04 0.0035 ± 0.00006 0.967 ± 0.0025
0.5 4.77 41.89 0.0014 0.981
1.0 .. 4.74 42.20 0.0007 0.989
1.5 II 4.73 42.37 0.0005 0.993
2.0 II 4.72 42.47 0.0002 0.995
2.5 II 4.72 42.55 0.0002 0.996
3.0 4.71 42.57 0.0000 0.997
3.5 II 4.71 42.60 0.0000 0.998
4.0 II 4.71 42.62 0.0000 0.999

II 4.71 42.69 0.0000 1.000

0 400 5.40 ± 0.005 82.99 ± 0.08 0.0023 ± 0.00006 0.966 ± 0.0025
0.5 5.28 84.28 0.0093 0.981
1.0 II 5.24 84.94 0.0005 0.988
1.5 II 5.22 85.28 0.0002 0.992
2.0 II 5.22 85.48 0.0002 0.995
2.5 II 5.21 85.60 0.0001 0.996
3.0 II 5.21 85.69 0.0001 0.997
3.5 II 5.21 85.74 0.0001 0.998
4.0 II 5.20 85.79 0.0000 0.999
SIuS 5.20 85.94 0.0000 t 000

0 600 6.30 ± 0.006 125.7 ± 0.13 0.0015 ± 0.00005 0.964 ± 0.0025
0.5 6.20 127.8 0.0008 0.980
1.0 II 6.10 128.8 0.0000 0.988
1.5 " 6.10 129.3 0.0000 0.992
2.0 6.10 129.7 0.0000 0.995
2.5 „ 6.10 129.9 0.0040 0.996
3.0 II 6.10 130.0 0.0000 0.997
3.5 " 6.10 130.1 0.0000 0.998
4.0 II 6.10 130.2 0.0000 0.999
"00 "

II 6.10 130.4 0.0000 1.000

0 800 7.60 ± 0.007 170.1 ± 0.18 0.0011 ± 0.00005 0.963 ± 0.0025
0.5 7.40 173.0 0.0000 0.979
1.0 " 7.40 174.5 0.0000 0.988
1.5

II 7.40 175.2 0.0000 0.992
2.0 .. 7.40 175.7 0.0000 0.994
2.5

II 7.40 176.0 0.0000 0.996
3.0 II 7.40 176.1 0.0000 0.997
3.5 II 7.40 176.3 0.0000 0.998
4.0
" 00"

II

II

7.40
7.40

176.4
176.7

0.0000
0.0000

0.999
1.000



Table A2.2: Coil 3S above Aluminium Alloy

Lo = 171.I.H, r = 2.65mm, Yo = 0.6.

Lift-Off	 Freq.
(mm)	 (kHz)

R (0) (.0L(0) 12./caLu coLlau

0 200 5.65 ± 0.005 9.63 ± 0.01 0.036 ± 0.0005 0.799 ± 0.001
0.5 5.45 10.53 0.020 0.873
1.0 11 5.35 11.09 0.012 0.920
1.5 11 5.29 11.41 0.007 0.946
2.0 II 5.26 11.60 0.004 0.962
2.5 II 5.24 11.73 0.002 0.973
3.0 II 5.23 11.82 0.002 0.980
3.5 11 5.22 11.88 0.000 0.985
4.0 II 5.22 11.92 0.000 0.988

II 5.21 12.06 0.000 1.000

0 400 5.88 ± 0.005 19.05 ± 0.02 0.028 ± 0.0005 0.789 ± 0.001
0.5 5.57 21.02 0.015 0.871
1.0 5.42 22.14 0.009 0.918
1.5 11 5.34 22.79 0.005 0.944
2.0 II 5.29 23.20 0.003 0.961
2.5 II 5.26 23.46 0.002 0.972
3.0 II 5.25 23.63 0.002 0.979
3.5 II 5.24 23.76 0.001 0.985
4.0 II 5.23 23.84 0.001 0.988

II 5.21 24.13 0.000 1.000

0 600 6.09 ± 0.005 28.29 ± 0.03 0.024 ± 0.0005 0.781 ± 0.001
0.5 5.68 31.40 0.013 0.867
1.0 II 5.49 33.12 0.008 0.914
1.5 II 5.39 34.14 0.005 0.943
2.0 /1 5.33 34.78 0.003 0.960
2.5 II 5.29 35.18 0.002 0.971
3.0 II 5.28 35.46 0.002 0.979
3.5 11 5.26 35.64 0.001 0.984
4.0 II 5.25 35.78 0.001 0.988
15 00" " 5.23 36.22 0.000 1.000

0 800 6.28 ± 0.005 37.55 ± 0.04 0.021 ± 0.0005 0.777 ± 0.001
0.5 H 5.81 41.72 0.011 0.863
1.0 II 5.57 44.13 0.006 0.913
1.5 11 5.45 45.52 0.004 0.942
2.0 II 5.38 46.38 0.002 0.959
2.5 II 5.35 46.94 0.002 0.971
3.0 11 5.32 47.31 0.001 0.979
3.5 11 5.31 47.56 0.001 0.984
4.0 II 5.30 47.74 0.001 0.988
"00"

II 5.27 48.34 0.000 1.000



Table A2.3: Coil 4S above Aluminium Alloy

Lo = 1701.tH, r = 3.90 mm, Yo = 0.66.

Lift-Off	 Freq.
(mm)	 (kHz)

R (fl) (.4L(0) RkoLu toLlau

0 200 18.12 ± 0.01 44.15± 0.005 0.047± 0.0005 0.762 ± 0.001
0.5 17.09 48.40 0.029 0.835
1.0 II 16.52 51.11 0.019 0.882
1.5 II 16.15 52.99 0.013 0.914
2.0 II 15.92 54.23 0.009 0.936
2.5 15.77 55.13 0.006 0.951
3.0 II 15.67 55.77 0.004 0.962
3.5 II 15.59 56.24 0.003 0.970
4.0 II 15.55 56.58 0.002 0.976

15.41 57.95 0.000 1.000

0 400 19.68 ± 0.01 86.58 ± 0.10 0.036 ± 0.0001...- 0.746 ± 0.001
0.5 18.07 95.86 0.022 0.826
1.0 11 17.18 101.72 0.014 0.876
1.5 II 16.62 105.67 0.009 0.910
2.0 II 16.30 108.32 0.006 0.933
2.5 16.07 110.20 0.004 0.949
3.0 II 15.92 111.54 0.003 0.961
3.5 11 15.82 112.54 0.002 0.970
4.0 11 15.74 113.26 0.002 0.976

15.52 116.07 0.000 1.000

0 600 21.1 ± 0.02 128.3 ± 0.15 0.031 ± 0.000 0.735 ± 0.001
0.5 19.1 142.3 0.019 0.815
1.0 II 17.9 151.8 0.013 0.869
1.5 II 17.2 158.1 0.009 0.905
2.0 /I 16.8 162.4 0.006 0.930
2.5 II 16.5 165.4 0.005 0.947
3.0 II 16.3 167.5 0.003 0.959
3.5 II 16.1 169.1 0.002 0.968
4.0 16.0 170.2 0.001 0.975
II	 SI
00

U 15.8 174.6 0.000 1.000

0 800 22.5 ± 0.02 170.5 ± 0.20 0.027 ± 0.0005 0.729 ± 0.001
0.5 20.0 1901. 0.017 0.813
1.0 II 18.6 2031. 0.011 0.868
1.5 11 17.8 211.7 0.007 0.905
2.0 1/ 17.3 217.4 0.005 0.292
2.5 II 16.9 221.5 0.003 0.947
3.0 II 16.7 224.4 0.002 0.959
3.5 II 16.6 226.4 0.002 0.968
4.0 16.4 228.0 0.001 0.975
"W" II 16.1 233.9 0.000 1.000



Table A2.4: Coil 2S above Mild Steel

Lo = 131.1.H, r = 1.25mm, Yo = 2.56.

Lift-Off	 Freq.
(mm)	 (kHz)

R (0) coL(0) MILD (01,16.1D

0 200 4.572 ± 0.005 2.012 ± 0.002 0.007 ± 0.0005 1.026 ± 0.0025
0.5 4.566 1.986 0.004 1.013
1.0 II 4.563 1.975 0.003 1.007
1.5 4.562 1.969 0.002 1.004
2.0 II 4.560 1.966 0.001 1.003
2.5 4.560 1.965 0.001 1.002
3.0 II 4.559 1.963 0.001 1.001
3.5 4.559 1.963 0.001 1.001
4.0 II 4.559 1.962 0.001 1.001

II 4.558 1.961 0.000 1.000

0 400 4.594 ± 0.005 4.005 ± 0.004 0.009 ± 0.0005 1.022 ± 0.0025
0.5 4.581 3.958 0.006 1.010
1.0 si 4.573 3.939 0.004 1.005
1.5 II 4.569 3.930 0.003 1.003
2.0 11 4.566 3.925 0.002 1.002
2.5 II 4.565 3.922 0.002 1.001
3.0 II 4.564 3.920 0.002 1.001
3.5 II 4.563 3.919 0.001 1.000
4.0 II 4.562 3.919 0.001 1.000
Iboclhl 4.558 3.918 0.000 1.000

0 600 4.619 ± 0.005 5.992 ± 0.006 0.010 ± 0.0005 1.020 ± 0.0025
0.5 4.595 5.927 0.006 1.009
1.0
1.5

.,
II

4.583
4.575

5.900
5.888

0.004
0.003

1.004
1.002

2.0 II 4.571 5.882 0.002 1.001
2.5 II 4.568 5.879 0.002 1.001
3.0 II 4.566 5.877 0.001 1.000
3.5 II 4.564 5.876 0.001 1.000
4.0 4.563 5.875 0.001 1.000
11 00 "

11 4.559 5.875 0.000 1.000

0 800 4.645 ± 0.005 7.972 ± 0.008 0.011 ± 0.0005 1.018 ± 0.0025
0.5 4.611 7.891 0.006 1.008
1.0 4.592 7.858 0.004 1.003
1.5 4.583 7.845 0.003 1.002
2.0 II 4.576 7.838 0.002 1.001
2.5

II 4.572 7.834 0.001 1.000
3.0 II 4.569 7.832 0.001 1.000
3.5 II 4.567 7.831 0.001 1.000
4.0 4.566 7.831 0.001 1.000
II	 II

00
II 4.561 7.831 0.000 1.000



Table A2.5: Coil 3S above Mild Steel

Lo = 17 p.11, r = 2.65, 170 = 0.6.

Lift-Off	 Freq.
(mm)	 (kHz)

R (12) coL(U) R/coLa caLloio

0 200 5.228 ± 0.005 0.671 ± 0.0005 0.032 ± 0.0005 1.200 ± 0.0005
0.5 5.222 0.626 0.021 1.120
1.0 5.218 0.600 0.014 1.073
1.5 11 5.216 0.585 0.011 1.047
2.0 II 5.214 0.577 0.007 1.032
2.5 II 5.213 0.571 0.005 1.021
3.0 II 5.212 0.568 0.004 1.016
3.5 II 5.212 0.565 0.003 1.011
4.0 II 5.211 0.564 0.002 1.009

II 5.210 0.559 0.000 1.000

0 400 5.257 ± 0.005 1.319 ± 0.001 0.042 ± 0.0005 1.185 ± 0.0005
0.5 5.242 1.231 0.029 1.106
1.0 11 5.232 1.186 0.020 1.066
1.5 II 5.226 1.159 0.014 1.041
2.0 II 5.222 1.143 0.011 1.027
2.5 II 5.219 1.133 0.008 1.018
3.0 II 5.217 1.127 0.006 1.013
3.5 II 5.215 1.123 0.005 1.009
4.0 II 5.214 1.120 0.004 1.006

II 5.210 1.113 0.000 1.000

0 600 5.289 ± 0.005 1.960 ± 0.002 0.047 ± 0.0005 1.176 ± 0.0005
0.5 5.263 1.836 0.032 1.101
1.0 II 5.245 1.769 0.021 1.061
1.5 11 5.235 1.730 0.015 1.038
2.0 11 5.228 1.708 0.011 1.025
2.5 II 5.223 1.694 0.008 1.016
3.0 II 5.220 1.686 0.006 1.011
3.5 II 5.218 1.680 0.005 1.008
4.0 II 5.216 1.676 0.004 1.005
"00 "

11 5.210 1.667 0.000 1.000

0 800 5.327 ± 0.005 2.589 ± 0.0025 0.053 ± 0.0005 1.166 ± 0.0005
0.5 5.287 2.429 0.035 1.094
1.0 II 5.262 2.344 0.023 1.056
1.5 /I 5.246 2.297 0.016 1.035
2.0 II 5.236 2.270 0.012 1.023
2.5 II 5.229 2.253 0.009 1.015
3.0 II 5.224 2.242 0.006 1.010
3.5 II 5.221 2.236 0.005 1.007
4.0 5.218 2.231 0.004 1.005
"00 "

II 5.210 2.220 0.000 1.000



Table A2.6: Coil 4S above Mild Steel

Lo = 170RH, r = 3.90mm, Yo = 0.66.

Lift-Off	 Freq.
(mm)	 (kHz)

R (0) (.01,(0) Mao colicaLl)

0 200 15.49 ± 0.015 3.31 ± 0.0025 0.034 ± 0.0005 1.235 ± 0.001
0.5
1.0 ., 15.47

15.45
3.10
2.96

0.026
0.019

1.157
1.104

1.5 .. 15.44 2.88 0.015 1.075
2.0 .. 15.43 2.82 0.011 1.052
2.5 II 15.42 2.78 0.008 1.037
3.0 II 15.42 2.76 0.007 1.030
3.5 11 15.41 2.74 0.004 1.022
4.0 11 15.41 2.72 0.004 1.015

II 15.40 2.68 0.000 1.000

0 400 15.64 ± 0.015 6.52 ± 0.0055 0.045 ± 0.0005 1.221 ± 0.001
0.5 15.58 6.11 0.034 1.144
1.0 11 15.53 5.86 0.024 1.097
1.5 .. 15.50 5.70 0.019 1.067
2.0 II 15.48 5.60 0.015 1.049
2.5 11 15.47 5.53 0.013 1.036
3.0 11 15.45 5.48 0.009 1.026
3.5 II 15.44 5.44 0.007 1.019
4.0 .. 15.43 5.42 0.006 1.015

II 15.40 5.34 0.000 1.000

0 600 15.82 ± 0.015 9.76 ± 0.0085 0.052 ± 0.0005 1.220 ± 0.001
0.5 15.71 9.12 0.039 1.140
1.0 ,. 15.63 8.76 0.029 1.095
1.5 II 15.58 8.53 0.022 1.066
2.0 15.54 8.37 0.018 1.046
2.5 II 15.51 8.27 0.014 1.034
3.0 .. 15.49 8.20 0.011 1.025
3.5 II 15.47 8.15 0.009 1.019
4.0 II 15.45 8.11 0.006 1.014
"OD"

11 15.40 8.00 0.000 1.000

0 800 16.03 ± 0.015 12.90 ± 0.011 0.059±0.0005 1.210±0.001
0.5 15.86 12.09 0.043 1.134
1.0 II 15.74 11.62 0.032 1.090
1.5 II 15.65 11.32 0.023 1.062
2.0 II 15.59 11.12 0.018 1.043
2.5 II 15.55 10.99 0.014 1.031
3.0 /I 15.52 10.90 0.011 1.023
3.5 11 15.49 10.84 0.008 1.017
4.0
"00"

11

si

15.48
15.40

10.79
10.66

0.007
0.000

1.012
1.000



APPENDIX 3 

Comparison of Predicted and Experimental Values of the Components of Impedance

of Coils 2S. 3S and 4S 

A3-217



Table A3.1: Theoretical and Experimental Values for Coil 2S above Aluminium 

Lo = 131.1.11, r = 1.25mm, yo = 2.56.

Lift-Off	 y	 Freq. Theoretical Impedance Experimental Impedance

(mm) (corrected) (kHz) 	 RAIL°	 oilcoLo	 R/coLo	 toLk4L0

0 0.28 200 0.008 0.934 0.004 0.967
0.5 0.68 0.003 0.968 0.002 0.981
1.0 1.08 11

0. 001 0.983 0.001 0.989
1.5 1.48 II 0.001 0.989 0.001 0.993
2.0 1.88 II

0. 000 0.993 0.000 0.995
2.5 2.28 II 0.000 0.995 0.000 0.996
3.0 2.68 .. 0.000 0.997 0.000 0.997
3.5 3.08 II 0.000 0.998 0.000 0.998
4.0 3.48 II 0.000 0.999 0.000 0.999

II 0.000 1.000 0.000 1.000

0 0.28 400 0.006 0.931 0.002 0.966
0.5 0.68 0.002 0.967 0.001 0.981
1.0 1.08 II 0.001 0.982 0.001 0.988
1.5 1.48 II 0.001 0.989 0.000 0.992
2.0 1.88 11 0.000 0.993 0.000 0.995
2.5 2.28 0.000 0.995 0.000 0.996
3.0 2.68 II 0.000 0.996 0.000 0.997
3.5 3.08 II 0.000 0.997 0.000 0.998
4.0 3.48 II 0.000 0.998 0.000 0.999
II 00 U '00"

II
0. 000 1.000 0.000 0.000

0 0.28 600 0.005 0.930 0.002 0.964
0.5 0.68 0.002 0.967 0.001 0.980
1.0 1.08 II 0.001 0.982 0.000 0.988
1.5 1.48 0.000 0.989 0.000 0.992
2.0 1.88 .. 0.000 0.993 0.000 0.995
2.5 2.28 II 0.000 0.995 0.000 0.996
3.0 2.68 0.000 0.996 0.000 0.997
3.5 3.08 " 0.000 0.997 0.000 0.998
4.0
11 00 "

3.48
IISI

,,

II
0.000
0. 000

0.998
1.000

0.000
0.000

0.999
1.000

0 0.28 800 0.005 0.929 0.001 0.963
0.5 0.68 0.002 0.967 0.000 0.979
1.0 1.08 II 0.001 0.982 0.000 0.988
1.5 1.48 II 0.000 0.989 0.000 0.992
2.0 1.88 II 0.000 0.993 0.000 0.994
2.5 2.28 11 0.000 0.995 0.000 0.996
3.0 2.68 .. 0.000 0.996 0.000 0.997
3.5 3.08 II 0.000 0.997 0.000 0.998
4.0 3.48 II 0.000 0.998 0.000 0.999
11 00 II II

0. 000 1.000 0.000 1.000

A3-218



Table A3.2: Theoretical and Experimental Values for Coil 35 above Aluminium 

Lo = l7 H, r = 2.65mm, ya . 0.6.

Lift-Off	 y	 Freq.

(mm)	 (corrected)	 (kHz)

Theoretical Impedance

RkoLo	 0.116.)L0

Experimental Impedance

RkoLo	 toLkoLo

0 0.14 200 0.037 0.798 0.036 0.799
0.5 0.33 0.019 0.882 0.020 0.873
1.0 0.52 II 0.010 0.926 0.012 0.920
1.5 0.71 .. 0.006 0.952 0.007 0.946
2.0 0.90 II 0.004 0.967 0.004 0.962
2.5 1.10 11 0.002 0.977 0.002 0.973
3.0 1.29 II 0.002 0.983 0.002 0.980
3.5 1.48 11 0.001 0.988 0.000 0.985
4.0 1.67 II 0.001 0.990 0.000 0.988

11 0.000 1.000 0.000 1.000

0 0.14 400 0.029 0.784 0.028 0.789
0.5 0.33 0.014 0.875 0.015 0.871
1.0 0.52 II 0.008 0.923 0.009 0.918
1.5 0.71 " 0.005 0.950 0.005 0.944
2.0 0.90 II 0.003 0.966 0.003 0.961
2.5 1.10 .. 0.002 0.976 0.002 0.972
3.0 1.29 11 0.001 0.982 0.002 0.979
3.5 1.48 II

0. 001 0.987 0.001 0.985

4.0 1.67 II 0.001 0.990 0.001 0.988
HOOlI II 0.000 1.000 0.000 1.000

0 0.14 600 0.024 0.779 0.024 0.781

0.5 0.33 0.012 0.871 0.013 0.867

1.0 0.52 " 0.007 0.921 0.008 0.914
1.5 0.71 11 0.004 0.949 0.005 0.943

2.0 0.90 .. 0.002 0.965 0.003 0.960
2.5 1.10 II 0.002 0.975 0.002 0.971
3.0 1.29 II 0.001 0.982 0.002 0.979
3.5 1.48 II 0.001 0.987 0.001 0.984
4.0 1.67 .. 0.001 0.990 0.001 0.988
"00" .. 0.000 1.000 0.000 1.000

0 0.14 800 0.021 0.774 0.021 0.777
0.5 0.33 0.011 0.870 0.011 0.863
1.0 0.52 II 0.006 0.920 0.006 0.913
1.5 0.71 .. 0.003 0.948 0.004 0.942
2.0 0.90 II 0.002 0.965 0.002 0.959
2.5 1.10 II 0.002 0.975 0.002 0.971
3.0 1.29 II 0.001 0.982 0.001 0.979
3.5 1.48 0.001 0.986 0.001 0.984
4.0 1.67 .. 0.001 0.990 0.001 0.988
"00" 0.000 1.000 0.000 1.000



0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
"00"

o
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
"00"

Table A3.3: Theoretical and Experimental Values for Coil 4S above Aluminium 

Lo = 170 p.H, r = 3.90mm, ya = 0.66.

Lift-Off	 y	 Freq. Theoretical Impedance Experimental Impedance

(nun) (corrected) (kHz)	 RkoLo	 coLkao	R/0.)L0	 coLkig..0

0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

0.09 200 0.043 0.775 0.047 0.762
0.22 0.026 0.846 0.029 0.835
0.35 is 0.017 0.890 0.019 0.882
0.47 11 0.012 0.920 0.013 0.914
0.60 " 0.008 0.940 0.009 0.936
0.73 " 0.006 0.955 0.006 0.951
0.86 ii 0.004 0.965 0.004 0.962
0.99 ii 0.003 0.972 0.003 0.970
1.12 ii 0.002 0.978 0.002 0.976

ii 0.000 1.000 0.000 1.000

0.09 400 0.033 0.759 0.036 0.746
0.22 0.020 0.836 0.022 0.826
0.35 .. 0.013 0.884 0.014 0.876
0.47 11 0.009 0.916 0.009 0.910
0.60 ii 0.006 0.938 0.006 0.933
0.73 11 0.004 0.953 0.004 0.949
0.86 " 0.003 0.963 0.003 0.961
0.99 ii 0.002 0.971 0.002 0.970
1.12 II 0.002 0.977 0.002 0.976

II

0. 000 1.000 0.000 1.000

0.09 600 0.028 0.752 0.031 0.735
0.22 0.017 0.832 0.019 0.815
0.35 " 0.011 0.882 0.013 0.869
0.47 ii 0.007 0.914 0.009 0.905
0.60 .. 0.005 0.936 0.006 0.930
0.73 ii 0.004 0.952 0.005 0.947
0.86 " 0.003 0.963 0.003 0.959
0.99 0.002 0.971 0.002 0.968
1.12 ii 0.001 0.977 0.001 0.975

" 0.000 1.000 0.000 1.000

0.09 800 0.025 0.748 0.027 0.729
0.22 0.015 0.829 0.017 0.813
0.35 II 0.010 0.880 0.011 0.868
0.47 is 0.006 0.913 0.007 0.905
0.60 II 0.004 0.936 0.005 0.292
0.73 .. 0.003 0.951 0.003 0.947
0.86 .. 0.002 0.962 0.002 0.959
0.99 .. 0.002 0.971 0.002 0.968
1.12 si 0.001 0.977 0.001 0.975

II 0.000 1.000 0.000 1.000



o
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
"CO"

o
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
"00"

Table A3.4: Theoretical and Experimental Values for Coil 2S above Mild Steel 

Lo = 13tH, r = 1.25 mm, yo = 2.56.

Lift-Off	 y	 Freq. Theoretical Impedance Experimental Impedance

(mm) (corrected) (kHz)	 Riau	 0.116.1.0	RkoLo	 00(.01,0

o
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

o
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

0.28 200 0.014 1.057 0.007 1.026
0.68 0.008 1.024 0.004 1.013
1.08 II 0.005 1.012 0.003 1.007
1.48 II 0.003 1.007 0.002 1.004
1.88 II 0.002 1.004 0.001 1.003
2.28 II 0.002 1.002 0.001 1.002
2.68 0.001 1.002 0.001 1.001
3.08 II 0.001 1.001 0.001 1.001
3.48 II 0.001 1.001 0.001 1.001

II 0.000 1.000 0.000 1.000

0.28 400 0.017 1.050 0.009 1.022
0.68 0.009 1.020 0.006 1.010
1.08 II 0.006 1.010 0.004 1.005
1.48 II 0.004 1.005 0.003 1.003
1.88 II 0.003 1.003 0.002 1.002
2.28 II 0.002 1.002 0.002 1.001
2.68 II 0.001 1.001 0.002 1.001
3.08 II

0. 001 1.001 0.001 1.000
3.48 II

0. 001 1.000 0.001 1.000
II 0.000 1.000 0.000 1.000

0.28 600 0.020 1.046 0.010 1.020
0.68 0.010 1.018 0.006 1.009
1.08 II 0.006 1.008 0.004 1.004
1.48 /I 0.004 1.004 0.003 1.002
1.88 0.003 1.002 0.002 1.001
2.28 II 0.002 1.001 0.002 1.001
2.68 0.001 1.001 0.001 1.000
3.08 II 0.001 1.000 0.001 1.000
3.48 II 0.001 1.000 0.001 1.000

II 0.000 1.000 0.000 1.000

0.28 800 0.021 1.042 0.011 1.018
0.68 0.011 1.016 0.006 1.008
1.08 II 0.006 1.007 0.004 1.003
1.48 II 0.004 1.003 0.003 1.002
1.88 II 0.003 1.002 0.002 1.001
2.28 II 0.002 1.001 0.001 1.000
2.68 II 0.001 1.000 0.001 1.000
3.08 II 0.001 1.000 0.001 1.000
3.48 II 0.001 1.000 0.001 1.000

II 0.000 1.000 0.000 1.000



Table A3.5: Theoretical and Experimental Values for Coil 3S above Mild Steel 

Lo = 171.1.H, r = 2.65, yo = 0.6.

Lift-Off	 y	 Freq.

(mm)	 (corrected)	 (kHz)

Theoretical Impedance

R/0.10	 coLkuLo

Experimental Impedance

R/6.10	 0.11010

0 0.14 200 0.033 1.209 0.032 1.200
0.5 0.33 0.021 1.115 0.021 1.120
1.0 0.52 II 0.014 1.069 0.014 1.073
1.5 0.71 II 0.010 1.043 0.011 1.047
2.0 0.90 II 0.007 1.028 0.007 1.032
2.5 1.10 II 0.005 1.019 0.005 1.021
3.0 1.29 II 0.004 1.014 0,004 J. 0.1b
3.5 1.48 II 0.001 1.010 0.001 1.011
4.0 1.67 II 0.002 1.008 0.002 1.009

II 0.000 1.000 0.000 1.000

0 0.14 400 0.043 1.194 0.042 1.185
0.5 0.33 0.027 1.105 0.029 1.106
1.0 0.52 II 0.019 1.065 0.020 1.066
1.5 0.71 II 0.013 1.039 0.014 1.041
2.0 0.90 0.010 1.024 0.011 1.027
2.5 1.10 II 0.007 1.016 0.008 1.018
3.0 1.29 II 0.005 1.012 0.006 1.013
3.5 1.48 11 0.004 1.008 0.005 1.009
4.0 1.67 II 0.004 1.006 0.004 1.006

11 0.000 1.000 0.000 1.000

0 0.14 600 0.049 1.182 0.047 1.176
0.5 0.33 0.031 1.097 0.032 1.101
1.0 0.52 II 0.020 1.056 0.021 1.061
1.5 0.71 II 0.014 1.034 0.015 1.038
2.0 0.90 II 0.010 1.021 0.011 1.025
2.5 1.10 II 0.007 1.014 0.008 1.016
3.0 1.29 II 0.006 1.009 0.006 1.011
3.5 1.48 II 0.005 1.007 0.005 1.008
4.0 1.67 II 0.004 1.005 0.004 1.005
"00"

II 0.000 1.000 0.000 1.000

0 0.14 800 0.055 1.173 0.053 1.166
0.5 0.33 0.034 1.091 0.035 1.094
1.0 0.52 II 0.022 1.052 0.023 1.056
1.5 0.71 II 0.015 1.031 0.016 1.035
2.0 0.90 II 0.011 1.019 0.012 1.023
2.5 0.10 II 0.008 1.012 0.009 1.015
3.0 0.29 II 0.006 1.008 0.006 1.010
3.5 0.48 II 0.005 1.006 0.005 1.007
4.0 0.67 II 0.004 1.005 0.004 1.005
"00"00

II 0.000 1.000 0.000 1.000



Table A3.6: Theoretical and Experimental Values for Coil 4S above Mild Steel

La = 170 i.tH, r = 3.90mm, yo = 0.66.

Lift-Off	 y	 Freq.

(mm)	 (corrected)	 (kHz)

Theoretical Impedance

MaLo	 altoLo

Experimental Impedance

Mao	 caLlo.10

0 0.09 200 0.036 1.235 0.034 1.235
0.5 0.22 0.027 1.154 0.026 1.157
1.0 0.35 11 0.020 1.105 0.019 1.104
1.5 0.47 II 0.015 1.074 0.015 1.075
2.0 0.60 11 0.012 1.053 0.011 1.052
2.5 0.73 0.009 1.039 0.008 1.037
3.0 0.86 II

0.008 1.030 0.007 1.030
3.5
4.0

0.99
1.12

II

11
0.006
0.005

1.023
1.017

0.004
0.004

1.022
1.015

II

0.000 1.000 0.000 1.000

0 0.09 400 0.047 1.218 0.045 1.221
0.5 0.22 0.034 1.142 0.034 1.144
1.0
1.5
2.0
2.5
3.0
3.5

0.35
0.47
0.60
0.73
0.86
0.99

II

11

11

11

II

II

0.026
0.019
0.015
0.012
0.010
0.008

1.096
1.067
1.048
1.035
1.026
1.019

0.024
0.019
0.015
0.013
0.009
0.007

1.097
1.067
1.049
1.036
1.026
1.019

4.0 1.12 0.006 1.015 0.006 1.015
II

0.000 1.000 0.000 1.000

0 0.09 600 0.055 1.206 0.052 1.220
0.5 0.22 0.039 1.132 0.039 1.140
1.0
1.5
2.0
2.5
3.0
3.5
4.0

0.35
0.47
0.60
0.73
0.86
0.99
1.12

II

II

11

II

11

II

II

0.029
0.022
0.017
0.013
0.011
0.009
0.007

1.089
1.062
1.044
1.032
1.023
1.017
1.013

0.029
0.022
0.018
0.014
0.011
0.009
0.006

1.095
1.066
1.046
1.034
1.025
1.019
1.014

"00"
11

0.000 1.000 0.000 1.000

0 0.09 800 0.060 1.195 0.059 1.210
0.5 0.22 0.043 1.125 0.043 1.134
1.0
1.5
2.0
2.5
3.0
3.5
4.0

0.35
0.47
0.60
0.73
0.86
0.99
1.12

II

II

II

II

II

II

II

0.032
0.024
0.018
0.014
0.011
0.009
0.007

1.083
1.057
1.040
1.029
1.021
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