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1.0 Introduction
Eddy current inspection is used in many industries. It is exceedingly effective at detecting very small defects on the surfaces (or very near surface) of components. 
This report will be simulating an eddy current probe going over two sized defects in a titanium plate. Both defects have a width of 0.5 millimetres however one has a depth of 1 millimetre and the second a depth of 1.5 millimetres. 
The aim of this report is discovering how the coils in the sensor react when passed over the defects. This will be plotted in an impedance plane, one similar to that seen on heads up displays of sensors in real life. 


2.0 Background Theory
Eddy current inspection is a widely used method of detecting surface defects on components. It works with the use of electromagnetism. 
In 1831 Michael Faraday and Joseph Henry discovered the principle of electromagnetic induction. Induction occurs when an electrically conductive material is subject to a magnetic field. The external magnetic field then generates an electric current within the material. (NDT.org, n.d.).
Normal DC circuits produce a certain amount of resistance. This is known though Ohms law:

Equation 1 – Ohms law (Ohm, 1827)

Where V is the voltage, I is the current and R is the resistance. This formula is fundamental to all understanding of electricity.
Inductive reactance only occurs in an AC circuit is produced by an inductor. An inductor is a conducting coil (usually copper). Conductive coils always produce a magnetic field when a current is running through them. This magnetic field generated then opposes the AC circuit. This is called impedance (NDT.org, n.d.).
Impedance is the resistance to flow in an AC circuit. It differs from normal resistance as there is an inductive reactance to take into consideration as well that does not occur in DC current flow.
A coil with an AC current flowing through it will have its own impedance value. The value for impedance is complex. It is split in between its real value and its imaginary value. The equation goes as follows:

Equation 2 – Equation for complex impedance (Javier García-Martín, 2011)
When a coil with an alternating current going through it then approaches a conductive but non-ferromagnetic material then the primary magnetic field generates eddy currents within said material in a circular motion. These currents then give off magnetic fields of their own, this is called the secondary magnetic field. The secondary magnetic field generated by the eddy currents then tries to work in the opposite direction as the primary magnetic field. This secondary field has a direct effect on the impedance of the coil itself. It does this by weakening the primary magnetic field as it starts to cancel it out. How much the primary field is wreaked by is directly proportional to how powerful the eddy currents generated are. (Javier García-Martín, 2011)
The equation for impedance goes as follows:

Equation 3 Impedance (NDT Resource Center, 2018)
Where Z is the impedance, XL is the inductive reactance and R is the normal resistance. Below in figure 1 can be seen an example of an impedance plane.
[image: typical impedance plane]
Figure 1 – Example of an impedance plane (Olympus.com, n.d.)

In an AC circuit, a difference in phase occurs when there is a change between the inductance and the resistance of the circuit. The equation for change in phase angle goes as follows:

Equation 4 – Phase angle equation (NDT Resource Center, 2018)
This goes onto phase lag is different from phase angle. Phase lag is a very useful product of eddy current testing that allows depths of defects to be estimated. Depending on the size and depth of a defect, the signal generated will vary in both aptitude and phase. The deeper into the test material, the higher the phase lag that occurs. This is shown in the following:

Equation 5 – Phase lag equation
Where θ is the phase lag angle in radians, x is the depth of the defect and δ is the standard depth of penetration. Depending on amplitude and phase lag it enables the estimation of the size and depth of defects.
















3.0 Methodology
An asymmetric model of an eddy current surface inspection probe is built within the FEMM software. It included 2 eddy current coils 2.5mm in diameter. Each coil had 100 turns of copper wire and had a current of 1 amp flowing through. The diameter of the wire is 2.5mm.
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Figure 2 Screenshot of the eddy current model in FEMM
A zero mark was measured when the defect was far enough away from the coils for them to measure any disturbance from it. Then the defect was moved slowly towards the coils with ever smaller increments to give a higher resolution when the defect was passing under the coils.
The increments the furthest away from each coil where the largest as there was little to gain from having a very high resolution at the edges where little change occurred. The highest resolution measuring where at increments of 0.5 millimetres when the probe was passing directly over the defect as the highest level of change. A full table of the increments can be shown in table 1 below.



	0
	0

	10
	10

	17.5
	7.5

	22.5
	5

	27.5
	5

	28.5
	1

	29.5
	1

	30.5
	1

	31
	0.5

	31.5
	0.5

	32
	0.5

	32.5
	0.5

	33
	0.5

	33.5
	0.5

	34
	0.5

	34.5
	0.5

	35
	0.5

	35.5
	0.5

	36
	0.5

	36.5
	0.5

	37
	0.5

	37.5
	0.5

	38
	0.5

	38.5
	0.5

	39
	0.5

	39.5
	0.5

	40
	0.5

	41
	1

	42
	1

	43
	1

	48
	5

	53
	5

	60.5
	7.5

	70.5
	10


Table 1 The increments taken over the course of the simulation
The results from the simulation where then put into a Microsoft excel spreadsheet and analysed from there to find the impedance induced into the sensor coils

3.1 Mesh Density optimisation 
Mesh optimisation is the process in finding the balance between simulation accuracy and simulation solve time. The lower the mesh size the more nodes are generated within the model. As each node must be calculated individually, models with high node counts have high solve times. Lowering mesh size gives diminishing returns, as can be seen in graph figure 6, therefore there is an optimum point where the user can get the best accuracy for the shortest solve time.


	Mesh Size
	Nodes
	Solve time (seconds)
	Energy reading

	5
	6340
	1
	0.000640099

	2.5
	6669
	1
	0.000640139

	1
	20951
	1
	0.00064015

	0.9
	21718
	2
	0.000640151

	0.8
	22806
	2
	0.000640152

	0.7
	24552
	3
	0.000640171

	0.6
	26922
	3
	0.000640185

	0.5
	30933
	3
	0.000640201

	0.4
	38318
	4
	0.000640244

	0.3
	55323
	5
	0.000640265

	0.25
	71411
	8
	0.000640275

	0.2
	101037
	13
	0.00064029

	0.15
	167121
	30
	0.000640301

	0.1
	349461
	78
	0.000640309

	0.08
	537916
	144
	0.000640311

	0.06
	935473
	310
	0.000640313


Table 2 -Table showing the parameters of the mesh op process

Figure 3 – Graph showing the mesh optimisation of the model.
By looking at the solve time against the change in readings from the model. A mesh density of 0.1 was chosen. Any further increase in mesh density would have yielded ever diminishing returns on the accuracy of the simulations while increasing solve time exponentially.
  


4.0 Results and analysis
The following shows the results from the simulations of the eddy current probe travelling over both the 1.5mm depth and 1mm depth defects.

4.1 Defect at 1mm depth
The graph in Figure 4 below shows the impedance plane for the 1mm depth defect. It matches those seen in real impedance planes, however as the wire was 2.5mm thick, it had an effect on it as a result is more skewed than a regular impedance plane. As the impedance plane is a product of the coil 1 minus coil 2 then it explains the path taken by the line.

Figure 4 – Graph showing the impedance plane when the defect is 1mm in depth

Figure 5 – Graph showing the resistance spikes in both coils
Above shows the two spikes as each coil passes over the defect. As the defect approached coil 2 first then coil 2 would expect to see its resistance peak first and then coil 1 second. This is clearly seen in figure 5.
 





4.2 Defect at 1.5 mm depth
Compared to the impedance plane of the 1mm defect, the inductive reactance generated by the 1.5 mm coil is greater, however, the resistance value is half. The inductive reactance value is lower as the secondary magnetic field is acting more against the primary magntic field that causes the self-inductance in the first place.

Figure 6 – Graph showing impedance plane when defect is 1.5mm in depth













[bookmark: _GoBack]

4.3 Comparison of defects
The below graph figure 7 shows the difference of response between the two defect depths. The defect of a depth of 1.5 mm gives a slightly higher signal, however this signal is not proportional to the size difference. As the 1.5mm defect is 50% deeper than the 1mm defect one might think the signal given back would be 50% greater also. However on inspection it is only approximately 10% greater.

Figure 7 – Graph comparing two signals of the 1mm and 1.5mm defect
5.0 Conclusion
The aim of the report has been satisfied in producing two impedance planes for both the 1mm and 1.5mm defect. However as a relatively thick wire was used, the results where somewhat unsatisfactory in displaying a close to life impedance plane. In the future a smaller wire diameter for the coils will be used. 
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Impedance plane at defect 1mm

0	0	0	0	-2.0000000000095497E-3	-4.0000000000190994E-3	-5.9999999999718057E-3	-9.0000000000145519E-3	-1.1000000000024102E-2	-1.2000000000000455E-2	-1.2000000000000455E-2	-1.2999999999976808E-2	-1.2000000000000455E-2	-9.9999999999909051E-3	-7.0000000000050022E-3	-5.0000000000522959E-3	-1.0000000000331966E-3	1.0000000000331966E-3	5.0000000000522959E-3	7.0000000000050022E-3	9.9999999999909051E-3	1.2000000000000455E-2	1.2999999999976808E-2	1.2000000000000455E-2	1.2000000000000455E-2	1.1000000000024102E-2	9.0000000000145519E-3	5.9999999999718057E-3	4.0000000000190994E-3	2.0000000000095497E-3	0	0	0	0	0	0	1.9999999999686935E-5	1.1999999999989797E-4	2.8100000000002012E-3	5.7400000000003004E-3	1.1540000000000106E-2	2.0739999999999981E-2	2.5390000000000246E-2	2.8900000000000148E-2	3.0600000000000183E-2	3.0199999999999783E-2	2.7619999999999756E-2	2.3080000000000211E-2	1.7039999999999722E-2	1.0269999999999779E-2	3.4100000000001351E-3	-3.4100000000001351E-3	-1.0279999999999845E-2	-1.7039999999999722E-2	-2.3080000000000211E-2	-2.7629999999999821E-2	-3.0199999999999783E-2	-3.0610000000000248E-2	-2.8900000000000148E-2	-2.5399999999999867E-2	-2.0739999999999981E-2	-1.153000000000004E-2	-5.7500000000003659E-3	-2.8100000000002012E-3	-1.1999999999989797E-4	0	0	0	Resistance


Inductive Reactance



Resistance values of both coils with 1mm defect

Coil 2	0	10	17.5	22.5	27.5	28.5	29.5	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	41	42	43	48	53	60.5	70.5	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.286	329.28800000000001	329.291	329.29500000000002	329.29700000000003	329.29899999999998	329.3	329.30099999999999	329.30099999999999	329.3	329.298	329.29700000000003	329.29500000000002	329.29399999999998	329.29199999999997	329.291	329.29	329.28899999999999	329.28800000000001	329.28800000000001	329.28699999999998	329.286	329.286	329.28500000000003	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	Coil 1 	0	10	17.5	22.5	27.5	28.5	29.5	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	41	42	43	48	53	60.5	70.5	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28500000000003	329.286	329.286	329.28699999999998	329.28800000000001	329.28800000000001	329.28899999999999	329.29	329.291	329.29199999999997	329.29399999999998	329.29500000000002	329.29700000000003	329.298	329.3	329.30099999999999	329.30099999999999	329.3	329.29899999999998	329.29700000000003	329.29500000000002	329.291	329.28800000000001	329.286	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	Distance Travelled (mm)


Resistance (ohms)




Impedance plane at defect depth of 1.5mm

0	1.9999999999686935E-5	1.0000000000065512E-5	3.9999999999817959E-5	2.2099999999998232E-3	4.4800000000000395E-3	1.756000000000002E-2	2.2930000000000117E-2	2.8030000000000221E-2	3.1850000000000378E-2	3.3720000000000194E-2	3.3269999999999911E-2	3.0419999999999892E-2	2.5430000000000064E-2	1.880000000000015E-2	1.1350000000000193E-2	3.7599999999997635E-3	-3.769999999999829E-3	-1.1340000000000128E-2	-1.8790000000000084E-2	-2.5419999999999998E-2	-3.0429999999999957E-2	-3.3269999999999911E-2	-3.3720000000000194E-2	-3.1859999999999999E-2	-2.8020000000000156E-2	-2.2930000000000117E-2	-1.2829999999999675E-2	-6.4099999999998047E-3	-3.1400000000001427E-3	-1.4000000000002899E-4	-1.9999999999686935E-5	0	0	0	0	0	0	-2.0000000000095497E-3	-2.9999999999859028E-3	-7.9999999999813554E-3	-1.1000000000024102E-2	-1.2000000000000455E-2	-1.4000000000010004E-2	-1.4999999999986358E-2	-1.4000000000010004E-2	-1.2999999999976808E-2	-1.1000000000024102E-2	-9.0000000000145519E-3	-4.9999999999954525E-3	-2.0000000000095497E-3	2.0000000000095497E-3	4.9999999999954525E-3	9.0000000000145519E-3	1.1000000000024102E-2	1.2999999999976808E-2	1.4000000000010004E-2	1.4999999999986358E-2	1.4000000000010004E-2	1.2000000000000455E-2	1.1000000000024102E-2	6.9999999999481588E-3	2.9999999999859028E-3	2.0000000000095497E-3	0	0	0	0	Resistance


Inductive reactance



Comparison of the two different responses from two defects, mesured from coil 2

Defect 1mm	0	10	17.5	22.5	27.5	28.5	29.5	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	41	42	43	48	53	60.5	70.5	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.286	329.28800000000001	329.291	329.29500000000002	329.29700000000003	329.29899999999998	329.3	329.30099999999999	329.30099999999999	329.3	329.298	329.29700000000003	329.29500000000002	329.29399999999998	329.29199999999997	329.291	329.29	329.28899999999999	329.28800000000001	329.28800000000001	329.28699999999998	329.286	329.286	329.28500000000003	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	Defect 1.5mm	0	10	17.5	22.5	27.5	28.5	29.5	30.5	31	31.5	32	32.5	33	33.5	34	34.5	35	35.5	36	36.5	37	37.5	38	38.5	39	39.5	40	41	42	43	48	53	60.5	70.5	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.286	329.28699999999998	329.29399999999998	329.29700000000003	329.29899999999998	329.30099999999999	329.303	329.303	329.303	329.30200000000002	329.30099999999999	329.29899999999998	329.29700000000003	329.29500000000002	329.29399999999998	329.29199999999997	329.291	329.29	329.28899999999999	329.28800000000001	329.28699999999998	329.28699999999998	329.286	329.28500000000003	329.28500000000003	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	329.28399999999999	Distance Travelled (mm)


Resistance (ohms)




Mesh density optimisation

Energy reading	1	1	1	2	2	3	3	3	4	5	8	13	30	78	144	310	6.4009899999999998E-4	6.4013899999999996E-4	6.4015000000000003E-4	6.4015100000000004E-4	6.4015199999999995E-4	6.4017100000000003E-4	6.4018500000000004E-4	6.4020099999999996E-4	6.4024399999999999E-4	6.40265E-4	6.4027500000000005E-4	6.4028999999999996E-4	6.4030100000000002E-4	6.4030900000000004E-4	6.4031099999999996E-4	6.4031299999999999E-4	Solve time


Energy reading
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