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6.1  Fundamentals



Electric Field and Potential
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Current, Current Density, and Conductivity

I current
Q transferred charge
t time
J current density
A cross section area
n number density of electrons
vd mean drift velocity
e charge of proton
m mass of electron
τ collision time
Λ free path
v thermal velocity
k Boltzmann’s constant
T absolute temperature
σ conductivity
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Resistivity, Resistance, and Ohm’s Law

V voltage

I current
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Maxwell's Equations

Ampère's law: 

Faraday's law: 

Gauss' law: 

Gauss' law:
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Field Equations:

conductivity = σJ E

permittivity  = εD E

permeability = μB H

Constitutive Equations:

(ε0 ≈ 8.85 × 10-12 As/Vm)
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Electromagnetic Wave Equation

Maxwell's equations:
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Wave Propagation versus Diffusion

Propagating wave in free space:
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6.2  Eddy Currents



Air-core Probe Coils
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Eddy Currents, Lenz’s Law

conducting specimen

eddy currents

probe coil
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Field Distributions  

air-core pancake coil (ai = 0.5 mm, ao = 0.75 mm, h = 2 mm),  in Ti-6Al-4V (σ = 1 %IACS)
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Eddy Current Penetration Depth
0 ( ) i t yE f x e ω=E e

0 ( ) i t
zH f x e ω=H e

δ standard penetration depth

/ /( ) x i xf x e e− δ − δ=

aluminum (σ = 26.7 × 106 S/m or 46 %IACS)

f = 0.05 MHz
f = 0.2 MHz
f = 1 MHz

-0.2

0

0.2

0.4

0.6

0.8

1

0 1 2 3
Depth [mm]

| 
f  

|



6.3  Impedance Diagrams



Magnetic Coupling
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Probe Coil Impedance

e 22222n
e 22 e 22

R i LLZ i
R i L R i L

− ωω
= + κ

+ ω − ω
�

2 2
22 e 222 2n 2 2 2 2 2 2e e22 22

(1 )
LL RZ i

R L R L
ωω

= κ + − κ
+ ω + ω

�

V2V1

I1 I2

L    , L    , L11 12 22 Re

2 2 e 12 1 22 2V I R i L I i L I= − = ω + ω

12
2 1

e 22

i LI I
R i L

− ω
=

+ ω

1 11 1 12 2V i L I i L I= ω + ω

2 2
12

1 11 1
e 22

( )
L

V i L I
R i L

ω
= ω +

+ ω

2 2
12

coil 11
e 22

L
Z i L

R i L
ω

= ω +
+ ω

�

222
n

22e

LZ i
R i L

ω
= + κ

+ ω
�

1 11 12 1

2 12 22 2

V L L I
i

V L L I
⎡ ⎤ ⎡ ⎤ ⎡ ⎤

= ω⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦

1
coil

1

VZ
I

=�

coil
n

11
(1 )ZZ i

L
= = + ξ

ω

��

coil ref [1 ( , , )]Z Z= + ξ ω σ� � A

ref 11Z i L≈ ω�

2 2
11 2212L L L= κ

( )κ = κ A



Impedance Diagram
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Electric Noise versus Lift-off Variation
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Conductivity Sensitivity, Gauge Factor
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6.4  Inspection Techniques



Coil Configurations
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Single-Frequency Operation
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6.5  Applications

• conductivity measurement
• permeability measurement
• metal thickness measurement
• coating thickness measurements
• flaw detection



Conductivity versus Probe Impedance 
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Conductivity versus Alloying and Temper 
IACS  =  International Annealed Copper Standard 

σIACS = 5.8×107 Ω-1m-1 at 20 °C

ρIACS = 1.7241×10-8 Ωm
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Apparent Eddy Current Conductivity 

• high accuracy (≤ 0.1 %)

• controlled penetration depth
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Magnetic Susceptibility
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Magnetic Susceptibility versus  Cold Work
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Thickness versus Normalized Impedance

thickness loss due to corrosion, erosion, etc. 
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Non-conducting Coating 
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Impedance Diagram
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Eddy Current Images of Small Fatigue Cracks

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

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

probe coil

crack



Grain Noise in Ti-6Al-4V

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

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

1” × 1”, 2 MHz, 0.060”-diameter coil



Eddy Current versus Acoustic Microscopy

5 MHz eddy current 40 MHz acoustic 

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



Inhomogeneity
AECC Images of Waspaloy and IN100 Specimens

homogeneous IN100

2.2” × 1.1”, 6 MHz

conductivity range ≈1.33-1.34 %IACS

±0.4 % relative variation

inhomogeneous Waspaloy

4.2” × 2.1”, 6 MHz

conductivity range ≈1.38-1.47 %IACS

±3 % relative variation


