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6.1 Fundamentals



Electric Field and Potential
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Current, Current Density, and Conductivity
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Resistivity, Resistance, and Ohm’s Law
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Maxwell's Equations

Field Equations:
. oD
Ampeére's law: VxH = J + =~
16) 3
Faraday's law: VXE = ——
ot
Gauss' law: VeD =g
Gauss' law: VeB =0

Constitutive Equations:

conductivity J =cE
permittivity D =¢cE
permeability B = pH

€=¢gpe  (gp=8.85x 10712 As/Vm)

TREN TR (1o = 4n x 1077 Vs/Am)



Electromagnetic Wave Equation

Maxwell's equations:

B
VxE = _%_t = —iouH Vx(VXE) = —iou(c +iwe)E
oD Vx(VxH) = —iopu(c +ime)H
VxH=J +8_ = (G+l0)8)E
! Vx(VxA) = V(V-A) — V2A
2 . .
V.E - 0 V4E = iou(c +ime)E
V-H=0 V2H = iopu(c +ine)H
Wave equations:
(V2 +k2)E =0
(VZ+k2H)H =0
k2 = —iou(c +iwe)
Example plane wave solution:
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Wave Propagation versus Diffusion

k2 = —iou(c +ime)
k wave number
Propagating wave in free space:
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c wave speed

Propagating wave in dielectrics:
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n refractive index
Diffusive wave in conductors:
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6.2 Eddy Currents



Air-core Probe Coils
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Eddy Currents, Lenz’s Law
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Field Distributions
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air-core pancake coil (a; = 0.5 mm, a, = 0.75 mm, 2 =2 mm), in Ti-6Al-4V (c =1 %IACS)



Eddy Current Penetration Depth

E = Ej f(x) e!® e,
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6.3 Impedance Diagrams



Magnetic Coupling

L1, Lz, L

Dy Dy

12

1% Ly LIZ}{II}
{Vl} e Lyy Ly |12
>

Iy Ly

111y Dy = N,

D :Tl i
= K———=
L1 Dy = kDo N
_ (I) = K——
Dy =xDyy N, . .
N Ly = KE
= k21

Ly Ny

L —Lzlsz
12 —



Probe Coil Impedance
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Normalized Reactance

Ly, =3uH, f =1MHz, AR./R,=10%
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Electric Noise versus Lift-off Variation

Normalized Reactance
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Conductivity Sensitivity, Gauge Factor

Ly, =3uH, f =1MHz, R, =10Q, AR, = +1Q
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6.4 Inspection Techniques



Coil Configurations
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Single-Frequency Operation

A/D
converter

R Ve low-pass
filter
. driver 90° phase Vq low-pass
oscillator amplifier shifter filter
driver
impedances
probe coil(s)

Vin = Vscos(of —qg), V= Vycos(or), Vg =V, sin(or)

VinVy = V5 cos(of — @)V, cos(owt) = %Vs Vs [cos((ps) + cos(2mt — q)s)]
VinVq = Vs cos(ot — @g)V, sin(wr) = %VS Vo [sin(gg) + sinRar — ¢g)]

— 7 V. .
Vi Ve = 701/3 cos(qg), Vi Vy = 7°VS sin(@g)
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processor
phase
balance
V-gain
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6.5 Applications

e conductivity measurement
 permeability measurement

* metal thickness measurement

e coating thickness measurements
« flaw detection



Conductivity versus Probe Impedance
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Conductivity versus Alloying and Temper

IACS = International Annealed Copper Standard
oiacs = 5-8x107 @ m! at 20 °C
Pracs = 1.7241x10% Qm
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Apparent Eddy Current Conductivity

magnetic field

probe coil

5

eddy currents

specimen

* high accuracy (£ 0.1 %)

* controlled penetration depth
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Normalized Reactance

Magnetic Susceptibility

paramagnetic materials with small ferromagnetic phase content
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Magnetic Susceptibility versus Cold Work

cold work (plastic deformation at room temperature) causes
martensitic (ferromagnetic) phase transformation
in austenitic stainless steels
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Thickness versus Normalized Impedance
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Non-conducting Coating
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Normalized Reactance

Impedance Diagram
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apparent eddy current conductivity (AECC) decreases
apparent eddy current lift-off (AECL) increases



Eddy Current Images of Small Fatigue Cracks

gelelolele

crack

0.5” x 0.5”, 2 MHz, 0.060”-diameter coil

Al2024, 0.025” crack Ti-6A1-4V, 0.026”-crack




Grain Noise in Ti-6Al1-4V

1” x 17, 2 MHz, 0.060”’-diameter coil

as-received billet material solution treated and annealed heat-treated, coarse

heat-treated, very coarse heat-treated, large colonies equiaxed beta annealed




Eddy Current versus Acoustic Microscopy

1” x 17, coarse grained Ti-6Al-4V sample

5 MHz eddy current 40 MHz acoustic




Inhomogeneity

AECC Images of Waspaloy and IN100 Specimens

inhomogeneous Waspaloy homogeneous IN100
4.2” x2.17,6 MHz 2.2”x 1.17,6 MHz
conductivity range =1.38-1.47 %IACS conductivity range =1.33-1.34 %IACS
+3 % relative variation +0.4 % relative variation
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