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Nonlinear FEM—-BEM Formulation and Model-Free
Inversion Procedure for Reconstruction of Cracks
Using Pulse Eddy Currents

Gabriel Preda, Bogdan Cranganu-Cretu, Florea loan Hantila, Ovidiu Mihalache, Zhenmao Chen, and Kenzo Miya

~ Abstract—Pulse eddy currents are proposed as a nondestruc- magnetic material to a high-power pulse, the instant magnetic
tive testing (NDT) technique to detect flaws in conductive struc- saturation increases the penetration depth of eddy currents, by
tures with large thickness. The harmonic component of a pulse attenuating the double negative effect of frequency-times-per-

is rich, the pick-up signal containing the amount of information e L .
corresponding to multifrequency analysis. Due to the short time meability-times-conductivity term that appears in eddy-current

length of the pulse, the amplitude of the excitation increases up to Skin-depth computation and the air—iron interface condition,

100 times of the amplitude for an ac signal. Both direct simulation allowing the inspection of structures with large thickness [3].
of pulse eddy-currents phenomena using an A4 FEM-BEM code  Various industrial applications were reported, such as detection
and neural networks-based inversion techniques are performed. ot cracks in multilayered plates around fasteners in aeronautics

Numerical results for the inversion of signals due to outer defects . . . .

are shown. industry [4], thickness and conductivity evaluation and crack
_ _ detection, and sizing in structural steels [3]. The present study

me";j(ijaex Terms—Eddy-current testing, neural networks, nonlinear jjjystrates the possibility of crack shape reconstruction using
' simulated pulse eddy-current signals. The applied inverse
procedure uses neural networks and additional regularization

|. INTRODUCTION methods ashifting apertureand principal component analysis

DDY-CURRENT testing (ECT) using sinusoidal mode(PCA) [51

has been extensively used for detection of flaws in
metallic structures such as steam generator (SG) tubing Ih NUMERICAL FORMULATION FOR THE FORWARD PROBLEM
pressurized water reactor (PWR) power plants. Despite its adA three-dimensional (3-D) finite-element—boundary-element
vantages as high speed and reliability to in-service inspectigiethod (FEM—BEM) coupling, based on @formulation for
this method is limited by skin effect only to thin, nonmagnetigransient nonlinear eddy currents was developed. From Maxwell
structural components. A possible alternative is the use of pulsguations in the limit of quasi-stationary field, taking into ac-
eddy currents. This option provides a multifold advantage: t@unt the constitutive relationships
rich harmonic component of a pulse accounts for a multifre-
quency analysis, the lower harmonics penetrating deeper in H =F(B) (1)
the structure, while the short duration of a signal allows an J—oE )
increase in the power for the same heating exposure of the

coil-probe system [1], [2]. Besides this, by exposing a ferrgg,q using the Coulomb gaug@e- A = 0, the governing equa-
tions are obtained
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netization iteratively corrected through a fixed-point procedure — 0w

based on Polarization method [6]. Equation (1) is replaced by o5 80 % |
M= LB - F(B) = G(B). (6) !
Ho 0.05 |-

On the interface between FEM-domain (conductive and fer- - 0
romagnetic) and BEM-domain (air), the tangential componen £
of H is enforced only in a weak sense [7]

0.05 |-
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fo In FEM Mo On|gpy
Using Galerkin approach, (3)(5) are discretized by pro- | NGy
jecting each term of the equations on the shape functions an 25, 7oz o071 006 008 o5 T2
integrating over the entire problem doméair{8]. The equation t(ms)

system obtained after FEM—-BEM coupling using interface _ _
Fig. 1. Difference signals for cracks ranged from 40% to 80% OD, 0.5 mm

condition (7) is wide, 7 mm long. The signal is component of magnetic flux density at 0.5
mm over the 10-mm-wide conductive plate.
OA /Ot

Ay + @ S/ L = (A + 1My @)

o

where X and @ are banded, partially full matrices. A : i
Crank—Nicholson integration scheme with constant time stef ' N A
and® = 1/2 (or© = 1, for the nonlinear problem) is used and ; § i
the equivalent nonlinear system is solved every time step K] ES—— T — L ;

[ %

(K1{6X{ + (1 - X1} + @] {—X’“ _Af} L R e |
© SN S —

All the coefficients in the matrix system and right-hand side
terms are unchanged through time integration and nonlinear it
erations and, therefore, the resulting matrix system is formec : i i :
and inverted only once. This results in considerable speed-up ¢ %, 2 > 5 > P 5
the overall computation process, when large databases for defe y (mm)
reconstructions are built. Each time step, a nonlinear equation is

. . . . Fig. 2
solved, through a fixed-point procedure described extensw%@%’
elsewhere [6].

The time step is adapted to each particular problem in order_ 10° S/m, using a single pulse with duration @6, with rise

to simulate accurately the fast variable regime of pulse ed v . . :
: . . ) fall time 1 ri nd fall exponentially), recurrence fre-
currents. The mesh is also subject of a particular attention, { eOI alltime 10us (rise and fall exponentially), recurrence fre

i . . . - guency 100 Hz and amplitudg,.,, = 2500 AT (100 A/mn?3).
rich harmonic components of a pulse imposing to adapt its S%ﬁe pancake coil has the dimensions: external raftiys. = 6

tg;mzs::ﬂﬁztEg'ggzgta’tgoggiz%?gd'ng tothe Iargerfrequenrﬁ}{n’ _intern.al radiud ,in = 1 mm and heith = 5 mm. The
' coll lift-off is 1 mm, the pick-up sensor lift-off is 0.5 mm. In

this simulation, time step is Ls; 110 steps were simulated.
Scan velocity admitted is 0.1 m/s with a scan pitch of 1 mm.

As first application of the method, only conductive media aréig. 1 shows the difference between the signal with crack
taken into account. A pancake coil is used to energize the spand the signal without crack (difference signal), as a function
imen and a Hall sensor for detecting theomponent (orthog- of time. We can notice that the maximum amplitude of the
onal on the plate surface) of magnetic flux density under thi#fference signal is reached earlier for defects positioned closer
axis of the coil. The system pancake probe-Hall sensor is ldssthe surface and later for deeper defects. By appropriately
sensible to frequency variation than the classic auto-inductisalecting the sampling time, we can enhance the sensitivity of
pancake used in AC detection [2]. In the case of AC, the patite method toward a subclass of defects (for example, delaying
cake probe is optimized for a certain frequency. In the casetbe sampling moment, we increase the sensitivity to deeper
pulse eddy-current excitation, due to the rich harmonic compembedded defects, reducing in the same time the amplitude of
nent of the signal, such a frequency-optimization techniquetfse signal). Fig. 2 shows the signal obtained while scanning
hampered. over an 80% OD crack, 10 mm long, and 0.5 mm wide, between

The simulations were performed for a 50 mm50 mm y = —6 mm andy = 6 mm (13 points with pitch 1 mm), with
square, 10 mm thick nonferromagnetic plate, with conductivithe sampling moment set at 43.

. Pick-up signal obtained by samplingtat 40 ps. The crack is OD
10 mm long, and 0.5 mm wide.

I1l. SIMULATION SETUP AND SENSITIVITY ANALYSIS
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Fig. 3. A plate specimen havilB—H characteristic of F82H is excited using . : :
a yoke made of pure iron. The dimmensions for the plate and yoke are shov 0 0.1 0.2 0.3 0.4 05 0.
in the figure (dimmensions given in millimeters). Two solenoid coils, with total t(ms)

currentl,,, = 100 AT each (current density 2.85 A/nfjnand with dimensions

inner radiusi? ,;, = 3.6 mm, outer radiug,, .. = 7.1 mmand height = 10 Fig. 5. Comparison between difference signals, for defects 0.5 mm wide, 7
mm, are used to energize the yoke. The air gap between yoke and plate is 1 long, ranged from 20% to 80% deep; scan pointat 0,z = 0.5,y = 0

and the sensor liftoff is 0.5 mm, the B-scan line is betwgen —5andy =5 mm.

mm (centered over the plate specimen, along with the crack and under the yoke),

with a pitch of 1 mm.
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Fig. 4. Thex component of magnetic flux density. Signal in the central point |\, | NVERSION PROCEDUREUSING NEURAL NETWORKS
of the scan pline, foy = 0 mm, atx = 0 andz = 0.5 mm over the plate. . )
A neural network(NN) is used for reconstruction of crack

) ) _ parameters (output values) from signals of magnetic flux
A second case analyzed includes ferromagnetic materials aghsities (inputs). Additionally, to a statistical analysis and
a low-frequency pulse excitation. A plate specimen made of fgfansformation of input data, hyrincipal component analysis
romagnetic material F82H [9], with dimmensions 50 M50  (pca), and NN with incrementally learning, a special data
mm and thickness 10 mm is energized using a yoke made frgmymentation-data fusion technique is used. The procedure,
pure iron (see Fig. 3). The yoke is equiped with two solenoidgl|ieq shifing aperture[5] reduces the ill-posedness of the
coils, with dimensions as follows: external radilis..x = 7.1 proplem, minimize the network dimensions, and multiply the
mm, internal radiustyin = 3.6 mm and heighZ = 10 mm. .5t data. In each training epoch, one node is added to the
The exu'tatlon |satrape20|da_1l—shaped pulge with total durat|gn]g|e hidden layer of the network. The training algorithm
0.6 ms, rise and fall exponentially, both having 0.2 ms. The pegk ihe employed NN implies the least-squares solution of an

value of the total current in each coilIg,; = 100 AT (current o er_determined equation system [5], [10], for every iteration
density is 2.85 A/mrf). The time step is set to 2, the number (training epoch)

of time steps being 40. In Fig. 4, we show the signal variation in
time, including the effect due to the eddy currents and magne-
tization. The difference signals for OD cracks, 7 mm long, 0.5
mm wide, ranged from 20% to 80% deep are shown in Fig. 5,
sampled in the central position gnaxis. For the same cracks,whereI, O represent the input, and output training sets, re-
we show the peak value of each signal for different positiospectively,f; and f5, the nonlinear activation functions for the
along axisy in Fig. 6. hidden and output node¥y;;, is a randomly generated, fixed

Wio 1
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Fig. 7. Reconstruction of OD cracks in the case of conductive plate. Cell True
dimensions are 1 mm in length and 1 mm in height. Each reconstruction is

obtained by a weighted superposition of eight shifted apertures, each cell value ) L o
being obtained by superposition of one to five windows values. Dark colbi9- 8- In the case of ferromagnetic plate (F82H) and excitation with fixed
means crack (0-value) whilst light color means base material (1-value), Ygke, only the sensor scans indirection, for sampling ther component
blurred areas being associated with reconstructed values in between the @fvg'agnetic flux density. From the set of 10 reconstructions we show here

extremes. True profiles are shown in the left side of each reconstructed onefoUr examples. Cell dimensions are 1 mm in length and 2 mm in height. The
reconstructed profiles are compared with the original ones, plotted for each

. . . ~_ case in the left side.
coefficient matrix, andW,,, W,,, are the matrices containing

the unknowns of the problem, i.e., the input—output (I-O) and
the hidden- output interconnection weights, respectively. V. CONCLUSION

For the case of the conductive plate excited with pancake-typerpe simylations shows that the proposed method, based on
coil, a database of cracks and corresponding signals was cogjication of pulse eddy currents, gives good results for de-
structed thro“g_h S|mu_lat|ons._T_he I—O_paqs of the '”'“f”?' da_‘t‘iléction of crack in thick conductive or ferromagnetic structures.
base are partitioned into training, validation and venﬂcauop\n inverse procedure, based on NN and various regularization
sets. Initially, 250 longitudinal scans were simulated along theaihoq is used for reconstructing the shape of the cracks from
same number of inner defects in a plate specimen. Each ¢l \ajues of the magnetic flux density signals sampled using a

plete scan consisted of 13 sensor readings along a probing §gy sensor. The reconstructions agree fairly well with the true
parallel to the crack mouth, with 1 mm pitch. Apertures of five - ., profiles

elements, and estimation windows of six reading points were

taken. From the total of 250 complete, 13-points scans, were

formed in this way 2000 such I-O vector pairs. For training, REFERENCES
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