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Abstract: In Pulsed Eddy Current (PEC) testing, the response éafuone-dimensional
magnetic field component, perpendicular to the conductorfacyris used to detect and quantify
the defects. It is not sufficient for signal interpitatn and noise suppression. A novel PEC probe,
which consists of a tangential driver-coil and three orthorhopickup coils, is introduced in this
paper. It is greatly advantageous to realize three diomaisfield components measurement
independently. Moreover it is characteristic of self-diffeeand lower lift-off noise. Using Finite
Element Method (FEM), three dimensional magnetic flux ithlemesponses due to a defect in
conductor plate, have been calculated. The result shows tiiefect’'s depth and edges can be
evaluated quantitatively by extracting three dimensior@t fcomponents responses features.
Numerical predication is in good agreement with experialemeasurement. These merits are
valuable for imaging inspection of defects (such as compslent, rivet hole, etc) in the aircraft

structures.
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1. Introduction

Pulsed eddy current testing is arousing interest frditection of cracks and corrosion in
ageing metallic aircraft structdté. Typically, a pulse eddy current probe is composed of a
cylindrical driver coil and a smaller pick-up coil onmgnetic field senséF> &7 The driver coil,
carrying on a pulse current, induces a broadband electromaguiéte to propagate through a
conducting material. The pick-up coil or magnetic senswesethe changing field, perpendicular
to the conducting material, as a transient response itinteedomain. Generally, the signal peak,
the time to peak or zero-crossing are extracted éfeat detection and identificatiéh®®. In
order to obtain more information to improve detectabilitypofsed eddy current testing for
surface/subsurface defects, a novel probe, which censisa tangential driver-coil and three
orthorhombic pickup coils, is introduced in this paper. Thetmefithe proposed probe are that it
is greatly advantageous to pickup three-dimensional madiretl components for detection, and
is characteristic of self-difference. In the following $&et2, the electromagnetic field distribution
characteristics and eddy current flow pattern, produced tangential driver coil have been
investigated by 3-D finite element method. In section 3, Bdynetic field responses to a defect
in conductor plate, have been analyzed. By peak featurtbsesf dimensional field components
responses, a defect's depth and edges can be evaluatethtjualyti Experiments and results are
presented in Section 4. Finally, conclusions and further workwhaed.



2. Probe modeling and its characteristics
2.1 Problem formulation

A tangential coil above a conducting plate is shown in Fiquit€onsidering the orientation
of the coil to the conducting plate, a Cartesian coordiggstem is introduced here and its origin
is located in the center of the plate surface. Theaadd is parallel to the plane=0, which is
coincided with the plate surface. The coil is wound Withvire turns and is driven by a pulse
current, with time constart=304s, duty ratio t; =05 and periodl =10ms. The
dimension of the platg =b =5L, is adequately larger than the tangential coil thaeptage
effect on the eddy current flow can be neglected. Tobl@m domain is restricted to a finite
range i-10L < X,y,z<10L. A homogeneous Dirichlet condition for the magnetic field is
imposed on the outer boundarieX, {f,z=+10L). The basic equation for 3-D eddy current
problem based on the~ ¢ method, is given By

1 w 1 W 0A :

Ox—0Ox A-0(—00A) +0—+0dg=0 inthe conductor (1)
H H ot

W

0A :

D(Uﬁ + 01]40} =0 inthe conductor @)
1 W 1 W

Ox—0OxA-0O(—0O0A) =J, intheair (3)
Ho Ho

Where,& is the magnetic vector potentiglelectric scalar potentia.l],U: is the source current
density,l(, is the free-space permeabiliy, and 4 are material conductivity and permeability
separately.

Taken into consideration of source current characteriiiie,is 3-D transient eddy current
problem and can be solved based on variable time-step méfkod) Finite element software
ANSYS, the electromagnetic field and eddy current have batlated at time intervalit
during T /2, At is chosen a9.01msin the transition period and.1mmin the steady state
according to current change rate.
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Figure 1 Schematic diagram of a tangential driver-coil to ducting plate
2.2 Flow pattern of eddy current produced by a tangential driver-coil

When unimpeded by the intrusion of material boundaries or discitigs, eddy-current



distribution characteristic is determined by the oriéotabf the probe-coil to the test material.
Figure 2 (a) shows that the distribution of the eddy currehiced by a cylindrical driver-cail.
Eddy currents flow paths are circular and paratieht turns of the coil and perpendicular to the
axis of the coil's flux field. In the central region tfie conducting plate, eddy current is
self-canceling, that makes its density very small theene, decays rapidly to zero as the depth is
increasing®. The maximal eddy current density appears in the adpinégion to the coil
diameter. So, it is a rule that the flaw size, whickaiger than or compared with the diameter of a
cylindrical coil, can be detectaBfe. As shown in Figure 2(b), eddy currents, produced by a
tangential driver-coil, flow uniform underneath the coil aedd to circular pattern on either side
of the coil. In the central rectangle region of the conducdtoe eddy-current density is
approximately equal and maximum. Thus, it is greatly aigeous for small flaw detection, and
makes the signal measured in self-difference. Moredhisrtangential coil is lower sensitive to
lift-off (4,
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Figure 2 The distribution of eddy current induced by (a) a aytiatcoil (b) a tangential coil
2.3 Thedistribution characterigtics of 3-D magnetic field components

The magnetic flux density at locations5.0mmx<5.0mm, y=0, z=0.25mmand k=0,
-5.0mnxy<5.0mm, z=0.25m)nare listed in Table I. It is obvious that the magnestdf B, ,
changes slightly and is considered as to approximatghal in the extent$.0mnax, y<5.0mn).
Furthermore, the relationship of three magnetic fielshgsonentsB, , By andB, is expressed as :
B, >>B,,B, >>B,andB, =B,,. B andB,is almost equal to zero an®, is uniform.
These characteristics are determined by the coiigumattion and orientation to the conductor and
the extent of uniform field is varied closely by theladimensions. Table | is the results of
magnetic field produced by a cylindrical coil witk40mm, W=25mm, H=25mm.

Table | Magnetic flux density produced by a tangential driver-coil, t=0.26ms

(x,y,2) (mm) RT) B(T) B(T) Bsun(T)

(-5.0, 0, 0.25) 1.7959x 1D 5.2807x10° 2.8804x10" 1.8181x10°

(-4.0, 0, 0.25) 1.8047x1d 3.3319x10° 2.1631x10" 1.8261x10°




(-3.0, 0, 0.25) 1.8136x1d 1.4146x10° 1.4506x10" 1.8341x10°
(-2.0, 0, 0.25) 1.8172x1d 1.425x10° 9.6920x10° 1.8374x10°
(-1.0, 0, 0.25) 1.8209x 1D 4.0851x10° 4.8942x10° 1.8406x10°

(0, 0, 0.25) 1.8209x 10 4.2462x10° 1.3897x10° 1.8406x10°
(1.0, 0, 0.25) 1.8209x 1D 4.4076x10° 5.1716x10° 1.8407x10°
(2.0, 0, 0.25) 1.8172x1d 2.3160x10° 9.9871x10° 1.8374x10°
(3.0, 0, 0.25) 1.8135x1d 5.3128x10° 1.4825x10" 1.8341x10°
(4.0, 0, 0.25) 1.8043x1d 1.5541x10¢° 2.2121x10" 1.8258x10°
(5.0, 0, 0.25) 1.7951x1d 2.6790x10° 2.9487x10" 1.8175x10°
(0, -5.0, 0.25) 1.7796x1D 4.1020x10° 1.6643x10° 1.8003x10°
(0, -4.0, 0.25) 1.7929x1d 3.1175x10° 1.8067x10° 1.8133x10°
(0, -3.0, 0.25) 1.8063x1d 2.1425x10° 3.5896x10° 1.8264x10°
(0, -2.0, 0.25) 1.8136x1d 8.0587x10 2.8182x10° 1.8335x10°
(0, -1.0, 0.25) 1.8209x1d 3.0766x10° 2.1034x10° 1.8407x10°

(0, 0, 0.25) 1.8209x 10 4.2462x10° 1.3897x10° 1.8406x10°
(0, 1.0, 0.25) 1.8208x1d 5.4159x10° 7.3918x10 1.8406x10°
(0, 2.0, 0.25) 1.8134x1d 4.7069x10° 1.2636x10° 1.8333x10°
(0, 3.0, 0.25) 1.8059x1H 4.1391x10° 2.5744x10° 1.8260x10°
(0, 4.0, 0.25) 1.7924x1D 4.9706x10° 2.2446x10 1.8128x10°
(0, 5.0, 0.25) 1.7789x1D 5.8051x10° 2.8219x10° 1.7996x10°

3. The characteristics of the perturbed field by a defect

The magnetic field changes produced by a defect are simofvigure 3. The dimension of
defect, located in the center of aluminum platé5isimx10mmx2miiThe excitation current, in a
tangential driver-coil wittAOmmx25mmx25mmis clockwise. Thus, the uniform eddy-current
flows toward +Y direction. In order to interpret thertpebed magnetic field accurately, the
difference signal#B,, 2By and2B,, which are obtained by subtracting a reference signal from the
defect signal are given in the airzat0.5mm It is observed that time responses of three differenc
signal at various locations change distinctly and decnegsély to zero in a short time after that
the current is turned on. They are a series of pulygakiWe also observed that the uniform
distribution of the field is disturbed intensely by efett. 2B, sinks suddenly above the whole
defect,2By and2B, change like sine wave.

Generally, current flows into higher conductivity medium, 8@ presence of a defect will
divert eddy-current away from its original path. The umifaeddy-current, flowing toward +Y
direction, deflects and concentrates along the defectis. 8dge resultant magnetic field presents
new characteristic as shown in Figure2B, appears a trough in that a portion of eddy-current
flows the defect bottom. The deeper a defect is, thethesproportion of eddy-current, flowing
along the defect bottom, is. Thus the deejigrsinks. At the same time, a portion of eddy-current
deflects clockwise or anticlockwise on the two sideslefect, and concentrates tightly near the
defect ends. ConsequentiB, and2B, have a crest and a trough separately.



Figure 3 The characteristics of 3-D magnetic Field Componentsodu defect
(x=-25mm~25mm, y=0, z=0.5mm)

4. Experiments and discussions

In this experiment, a tangential driver-coil, with lengthmm width 25mm height25mmand
450 turns, is supplied by a amplitu@® V, frequencyl0O0Hz and duty ratidd.5 pulse voltage.
Three pick-up coils, shown in Table Il, are fabricatedensisg three dimensional field change
rate as induced voltagg Wy and Y. Experiments are carried out for three defects in aialum
plate. The dimensions of defects are as follonE55mmx10mmx0.5mm (defectl),
15mmx10mmx1mm (defectahd15mmx10mmx2mm (defect3)

Difference signals of three-dimensional induced voltagd,, 2Uy and 2U,, caused by
defects are shown in Figure 4, 5 and 6. Unexceptionally, ttaesi¢nt responses are pulse signal
in time domain. As the defect depth is deeper, the peaks of traresponses are larger. ArndJ,
is highly sensitive to depth variation. At a given tip@nt t, the scanning signals, as a function
of distance to the defect, are shown. Figure 4(b) showsadatends to a broad trough along the
whole defect. As shown in Figure 5(b)UJ, appears a crest and a trough as the probe is scanning
along the defect width direction. The distance betweest @nd trough is approximately equal to
defect width. Similarly,2U, has a crest and a trough at the ends of the def€igume 6(b), the
distance, from crest to trough, indicates the length of acde®®, defect detection, using three
dimensional field components, are achieved by the proposed padgdurrent probe.

Table || Dimensions of three pickup coils

pick-up coil inner diameter outer diameter height turns
X-axis 1.5mm 1.8mm 2.5mm 300
y-axis 1.5mm 2.9mm 2.5mm 900
z-axis 1.5mm 2.9mm 2.5mm 900
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Figure 6 (a) Transient response df, at (x=-7.5mm, y=0, z=1.25mm)

(b) 2U, as a function of distance to a defect (t=0.10ms, y=0)
In the experiment, we also observed that induced voltagés Bufficiently stronger that,U

and U when there is on defect in the aluminum plate. BusUess sensitive to the presence of a
defect than Yand Y. For example,2U,/ U, is just 9.8%,2U,/ U, is 100% and2U,/ U, is 300%



for a defect with 2mm depth. Moreover, the amplitude pand U is changing clearly as the
probe is scanning along the defect. The probe is characterisgtf-ofifference in the y-direction,
parallel to flow paths of the induced eddy current, and z-dirggtierpendicular to the plate
surface. So it is highly sensitive.

5. Conclusions

A novel pulsed eddy current testing probe, which consists of a t@dgdriver-coil and three
orthorhombic pickup coils, is presented in this paper. Tleetreimagnetic field distribution
characteristics and eddy current flow pattern, produced tangential driver coil have been
investigated by 3-D finite element method. The numerical reshdis that:

® The tangential probe is greatly advantageous to extr@an@nsional magnetic field

components changes for defect detection.

® |t is characteristic of self-difference in the y-ditien, parallel to flow paths of the

induced eddy current, and z-direction, perpendicular toeitentaterial surface. So it is
highly sensitive.

Furthermore, 3-D magnetic field responses to a defeatdefect have been calculated and
compared with the experimental results. The results shatiat defect's depth and edges can be
evaluated quantitatively by the features of the thiewedsional transient responses. These merits
are valuable for imaging inspection of defects (sucltasosion, dent, rivet hole, etc) in the
aircraft structures.
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