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Abstract-Eddy current testing (ECT) is a non destructive technique that can be used in the measurement of
conductive material thickness. In this work ECT and a machine learning algorithm (support vector machine -
SVM) are used to classify the thicknesses of three different types of conductive plates. Eddy currents are induced
by imposing a voltage step in an excitation coil, while a giant magnetoresistor (GMR) magnetic sensor measures
the transitory magnetic field intensity in the sample vicinity. An experimental validation procedure, including
machine training with linear and exponential kernels and classification errors, was made for each metal type with
sets of sample thicknesses up to 7.5 mm.

1. Introduction

Eddy Current Testing (ECT) is a widely used technique in Nondestrucive Testing (NDT) to detect and
characterize defects in metallic materials [1-3]. Traditional EDT uses sinusoidal excitation signals but, more
recently, transient eddy currents (TEC) produced by a square wave, received interest in several applications such
as the detection of defects [4,5], the characterization of sub-surface cracks [6,7] or thickness measurement [7-9].
Due to the rich frequency content of the signal used deeper penetration of the electromagnetic field on the
sample is achieved and simultaneous evaluation of the material at different depths can be carried out.

The authors of this paper have previously successfully implemented measurement systems either using harmonic
or transitory eddy current techniques with GMR sensors to determine plate thickness [8-11]. The present paper
reports the implementation of a support vector machine (SVM) algorithm to the TEC raw experimental data
obtained with a GMR sensor when plates having unknown thicknesses are being tested.

SVM is a tool capable of recognizing patters, used in regression analysis and classification [12]. The application
of a transformation kernel to the input data is often beneficial [13]. It has been applied in ultrasonics NDT to
classify planar and volumic defects [14]. Defect characterization has also been done resorting to ECT and SVM,
determining the depth [15] and shape [16] of a defect.

The objective of this work is to classify the thickness of conductive plates using ECT and SVM in order to
predict more accurate values.

The rest of this paper is organised as follows. In Section II the setup implemented to acquire the experimental
database and the available metallic samples are described. In Section III the feature extraction and the SVM
based thickness classification are introduced. Next, the proposed method is carried out to determine the
thickness of the plates. The last Section is the conclusion and futher work is proposed.

II. ECT Method and Experimental Setup

The experimental setup, depicted in Fig. 1, includes the eddy current testing (ECT) probe with an
instrumentation amplifier, a step generator, a data acquisition board (DAQ) and a personal computer.
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Figure 1. Experimental setup.

The method used to obtain the experimental dataset to compute the plate thickness uses a probe to induce eddy
currents on the sample material and to measure the magnetic field. The probe, depicted in Fig. 2, includes an
excitation coil with 100 turns and a GMR sensor (AA002-02 from Non Volatile Electronics - NVE). A voltage
step is imposed in the excitation coil while the GMR measures the transient of the magnetic field resulting from
the current pulse that runs in the excitation coil and the eddy currents induced in the sample plate.

Sensitive

Metal Sample Plate

Figure 2. Probe with excitation coil, GMR, permanent magnet and sample plate.

The magnetic sensor includes four GMRs assembled in a Wheatstone bridge configuration and has linear
sensibility in a wide range of frequencies (direct current to 1 MHz) if properly polarized with an external
constant magnetic field obtained from a permanent magnet carefully placed in the probe structure as depicted in
Fig. 2. The magnetic sensor sensitive axis is perpendicular to the plate so that the sensor picks up both magnetic
fields that carry thickness information: the primary magnetic field (resulting directly from the current that runs in
the excitation coil) and the opposing field generated from the induced eddy currents that run in the plate.

The step generator is composed by an arbitrary waveform generator (Agilent 33220A), a power supply and a
MOSFET (NIFINO05). The waveform generator delivers to the MOSFET gate a square wave with a period that
lasts for a time long enough to allow the transient signal to reach steady state (larger than 10 ms). A power
supply of 6V is connected to the coil and with MOSFET acting as a switch, the voltage is periodically applied to
the excitation coil. The MOSFET switches on/off the current in the excitation coil.

The DAQ is triggered by the positive transition of the step generator output voltage and acquires samples at a
sample rate equal to 1.25 MS/s. The personal computer runs an application in Matlab that processes the acquired
signal, extracts the signal features, trains and tests the machine learning algorithm.

The sample plates used are made from three different metal alloys: aluminum 1050, aluminum 3105 and
stainless steel Inox 304. These plates have no arbitrary thickness. The only plates available had a minimum
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thickness of 0.5 mm and maximum of 3 mm (depending on the material) with usually 0.5 mm step (0.5, 1.0, 1.5,
2.0 mm). Hence to simulate larger thicknesses, a bundle of plates were stacked and several measures were taken
for the same thickness with all the plate permutations possible. To reduce the liftoff effect [17] caused by
incorrect probe positioning, the probe was slightly moved above the stack bundle every 10 measures, and a total
of 50 measures per plate permutation was made.
The total thicknesses measured for each metal type were:

e Inox 305: 0.5 to 3.5 mm, 0.5 mm steps.

e  Aluminium 1050: 1 to 5 mm, 1 mm steps.

e  Aluminium 3105: 1 to 7.5 mm, 0.5 mm steps.

II1. Signal Processing and Feature Extraction

The step generator impose an exponential current wave to the probe. The duration of the pulse active state and
the data acquisition last long enough so that the transient response on the GMR sensing element reaches steady
state. The whole the transient is acquired by the data acquisition board. An example of two transient curves
obtained for the same plate is depicted below. A slight difference in the direct current (DC) component is evident
due to the small movements made by the user during tests. To ignore these DC changes the signal was inverted
and it was assumed that the exponential always tends to the value zero.

Two curves for the same thickness with different DC values
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Figure 3. Output voltage of the GMR sensor for two measures concerning the same plate.

Signal processing is required to optimize the machine learning training and classification. The signal processing
consists in the inversion of the signal, removal of the DC component and waveform normalization. Fig. 4 depicts
examples of processed waveforms for several thicknesses of Inox 304 material.
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Figure 4. Examples of processed transitory waveforms for all the thicknesses of the Inox 304 material.
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The chosen features used to train the SVM are the waveform itself (2500 values), the first four values of the
curve's autoregressive (AR) model, the first five discrete cosine transform (DCT) elements and the sum of all the
elements of the waveform. This gives a total of 2510 features per measurement.

A classification model was chosen instead of a regression model because of the limited number of plate
thicknesses available and the accuracy limitation due to the error introduced by stacking plates to simulate larger
thicknesses.

IV. Experimental Validation

It was initially defined that 70% of the samples would be used to train the SVM, while the remaining samples
would be used to validate the model, by comparing the obtained SVM classifications against the corresponding
sample thicknesses. Five-fold cross-validation was implemented to avoid over fitting. Both linear and
exponential kernels were tested. The software used in this work was Matlab with LIBSVM library [18]. Table 1
shows the accuracy of the thickness classification.

Accuracy Linear kernel [%] Exponential kernel [%o]
Inox 304 100.00 100.00

Al 1050 100.00 100.00

Al 3105 98.48 99.64

Table 1. SVM classification accuracies for each metal type and for linear and exponential kernel.

No classification errors were made with Inox 304 and Al 1050 materials (100% accuracy). However, with AL
3105 the best results were obtained with the exponential kernel, using a cost value C=10 and gamma value g=10.
These two parameters were obtained after training and testing the SVM with several C and g values and
choosing the ones that yielded the best results (99.64% accuracy). Only three out of 960 aluminium 3105
measurements were misclassified, in 3.5, 4.5 and 6.5 mm thicknesses.

V. Conclusions

This experimental work demonstrates the ability to classify metal thickness using ECT and SVM. Features were
successfully extracted and used to train a learning machine, achieving classification errors lower than 1.52%. As
future work it would be relevant to also use support vector regression models (SVR) to accurately measure the
thickness of a known metal material.

VI. Acknowledgments

This work was developed under the Instituto de Telecomunicag¢des projects KeMANDE and OMEGA and
supported in part by the Portuguese Science and Technology Foundation (FCT) projects: PEst-
OE/EEI/LA0008/2011, SFRH/BD/81856/2011 and SFRH/BD/81857/2011. The work was also partly supported
by a Czech Technical University students’ grant SGS12/155/0HK3/2T/13 and Czech Science Foundation grant
GA 102/09/H082.This support is gratefully acknowledged.

References

[11 Venkatraman, B.; Raj, B.; “Pratical Eddy Current Testing” in Alpha Science, B.P.C Rao, pp. chapiter 1, pp.1-19, 2007.

[2] Dario Pasadas, T. Jorge Rocha, Helena Geirinhas Ramos, A. Lopes Ribeiro, “Evaluation of Portable ECT Instruments
with Positioning Capability”, Measurement, Elsevier, vol. 45, Iss. 3, pp. 393 404, Merch 2012.

[31 Bowler, J. R.; Harfield, N.; “Evaluation of probe impedance due to thin skin eddy current interaction with surface
cracks”, IEEE Transactions on Magnetics 34 (2) (March 1998) 515-523.

[41 Y. He, F. Luo, M. Pan, F. Weng, X. Hu, J. Gao, B. Liu, “Pulsed Eddy Current Technique for Defect Detection in
Aircraft Riveted Structures”, NDT & E International, Vol. 43, No. 2, pp. 176-181, Mar. 2010.

[51 Ali Sophian, Gui Yun Tian, David Taylor and John Rudlin, “Design of a pulsed eddy current sensor for detection of
defects in aircraft lap-joints”, Sensors and Actuators A: Physical, Vol. 101, Issues 1-2, pp. 92-98, Sept. 2002.

[6] G.Y. Tian, A. Sophian, D. Taylor and J. Rudlin, “Multiple sensors on pulsed eddy-current detection for 3-d subsurface
crack assessment”, IEEE Sensors J , Vol. 5, No. 1, pp. 90-96, 2005.

[71 J. C. Moulder, E. Uzal, and J. H. Rose, “Thickness and Conductivity of Metallic Layers from Eddy Current
Measurements”, Rev. Sci. Instrum., vol. 63, no. 6, pp. 3455-3465, Jun. 1992.

143



12th IMEKO TC10 Workshop on Technical Diagnostics
New Perspectives in Measurements, Tools and Techniques for Industrial Applications
June 6-7, 2013, Florence, Italy

(8]

(9]

(10]
[11]
[12]
[13]
[14]

[15]

[16]

W. Yin, A. J. Peyton, “Thickness Measurement of Metallic Plates With an Electromagnetic Sensor Using Phase
Signature Analysis”, IEEE Trans. On Instrum. And Meas., Vol. 57, No. §, pp. 1803-1807, August 2008.

J. Kral, R. Smid, H. G. Ramos, A. L. Ribeiro, "Thickness Measurement Using Transient Eddy Current Techniques",
Proc IEEE Instrumentation and Measurement Technology Conf. , Shangai , China , CD-vol., pp. 138 — 143, May 2011.
Kral, J.; Smid, R.; Ramos, H.M.G.; Ribeiro, A.L., “The Lift-Off Effect in Eddy Currents on Thickness Modeling and
Measurement”, IEEE Transactions on Instrumentation and Measurement, Vol.99, pp.1, May 2013.

A. Lopes Ribeiro, H. Geirinhas Ramos, J. Couto Arez, “Liftoff Insensitive Thickness Measurement os Aluminum Plates
Using Harmonic Eddy Current Excitation and a GMR Sensor”, vol. 45, Iss. 9, pp. 2246-2253, Sept. 2012.

C. J. C Burges, "A Tutorial on Support Vector Machines for Pattern Recognition”, Data Mining and Knowledge
Discovery, Boston, 1998.

S. R. Gunn, "Support Vector Machines for Classification and Regression", Technical Report, Image Speech and
Intelligent Systems Research Group, University of Southampton, 1997.

M. Khelil, M. Boudraa, A. Kechida, "Classification of defects by the SVM method and the principal component
analysis(PCA)", Transactions on Engineering, Computing and Technology, 2005, 9: pp. 226-231.

M. Cacciola, S. Calcagno, F.C. Morabito, M. Versaci, "Support Vector Machines and Eddy-Current Tests for Flaws
Characterisation in Thin Metallic Plates", Proceedings of 4th WSEAS International Conference on Electronics, Control
and Signal Processing, ICECS 2005, Miami, Florida, USA, November 2005, pp.112-116

A. Bernieri, L. Ferrigno, M. Laracca, M. Molinara, "An SVM Approach to Crack Shape Reconstruction in Eddy Current
Testing", XXIII IEEE Instrumentation and Measurement Tecnology Conference IMTC/06. Sorrento (Italy), 24-27 April
2006, p. 2121-2126.

L. Kufrin, O. Postolache, A. L. Ribeiro, H. G. Ramos, "Image Analysis for Crack Detection", Proc IEEE International
Instrumentation and Technology Conf. - 2MTC, Austin, United States, Vol. 1, pp. 1096 - 1100, May, 2010.

C.C Chang, C. J. Lin, LIBSVM: a library for support vector machines. ACM Transactions on Intelligent Systems and
Technology, 2:27:1--27:27, 2011. Software available at http://www.csie.ntu.edu.tw/~cjlin/libsvm

144



