Journal of Nondestructive Evaluation (2018) 37:70
https://doi.org/10.1007/s10921-018-0520-2

@ CrossMark

Study of the Choice of Excitation Frequency for Sub Surface Defect
Detection in Electrically Thick Conducting Specimen Using Eddy

Current Testing

Mahesh Raja Perumal'® - Krishnan Balasubramaniam

2

. Kavitha Arunachalam’

Received: 21 September 2017 / Accepted: 28 July 2018 / Published online: 4 September 2018

© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Understanding the scope and limitations of non-destructive testing procedure is essential for selecting the appropriate test
parameters for material inspection. This paper presents the scope of material (85) and probe dependent (§;) penetration
depths for determining the optimal test frequency ( f,p) for detection of sub surface defects in electrically thick conducting
specimens. Numerical modelling is carried out for a pancake coil above an electrically thick aluminium plate, ¢/§; > 1, to
study the influence of the EC probe and defect location (74¢) on the test frequency for near and deep sub surface defects. The
study concludes that the optimal test frequency, f,p; for detection of deep sub surface defects (z;7/t ~ 1) is determined by
the probe dependent skin depth, &, and the plate thickness is related to f;,,, by,  oc 1/ \/prt . The numerical observations
were experimentally validated for machined sub surface notches on a 10 mm thick (¢) aluminium plate.

Keywords Conducting specimen - Eddy current testing - Sub surface defect - Thick plate

1 Introduction

Eddy current testing (ECT) is one of the most widely used
non-destructive testing (NDT) method for flaw detection
and characterisation, thickness measurement, and estimating
internal structural changes in electrically conducting materi-
als and components [1]. The sensitivity of the eddy current
(EC) coil is largely influenced by the coil parameters namely,
number of turns, spacing between the windings, dimensional
aspect ratio of the coil and the internal ferrite core length [2].
Due to the limited penetration of the EC governed by the
skin depth (§;) effect, ECT is commonly used for inspecting
defects and corrosion in few mm thick metallic structures
and components [3-5]. Besides defect detection, ECT is pro-
posed for bulk material inspection such as evaluating the equi
bi-axial compressive stress in non-ferromagnetic materials
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[6], evaluating the extent of carburization in reformer tubes
[7], and assessing the weld quality of spot resistance welding
technique [8].

In electrically thick conducting specimens, the induced
EC and the magnetic field variation in the specimens are pri-
marily confined to the material surface and near sub surface
regions. Thus, increasing the penetration depth by lowering
the excitation frequency lowers the signal to noise ratio as
the voltage induced in the sensing coil is proportional to the
rate of change of the magnetic field. An alternate to the tra-
ditional single or multi frequency excitation coils that are
operated either in absolute or differential mode is the pulsed
eddy current (PEC) testing. The broad frequency spectrum
allows the detection of surface and near surface defects in
PEC testing [9, 10]. Due to the skin depth limitation of the
pickup coil [11, 12], detection of deep sub surface defects
in electrically thick specimens remains a challenge. Thus,
there is an increased interest in using sensitive magnetic field
sensors such as Giant Magneto Resistor (GMR) [13, 14],
Hall effect sensor [15] and Superconducting Quantum Inter-
ference Device (SQUID) sensor [16] for deep sub surface
defects.

An electrically thick conducting specimen of thickness, ¢
satisfies the criterion, #/8; > 1. Thus, the specimen thick-
ness is several times the standard penetration depth. As the
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Fig. 1 Cross sectional view of the numerical model

frequency dependent skin depth, §; obtained for plane wave
excitation of an infinitely extended plate is greater than the
probe dependent skin depth, §; [17], the criterion, ¢/§; > 1
also defines an electrically thick conducting specimen. In
electrically thick conducting specimens, the sensitivity of
the EC probe for sub surface and deep sub surface defects
vary with the defect location. Thus, it is important to under-
stand the role of probe dependent penetration depth for defect
detection in electrically thick conducting specimens. In this
paper, we present 3D numerical analysis of ECT to under-
stand the scope and limitations of §; and §; for sub surface
and deep sub surface defect detection using a pancake coil
in electrically thick conducting specimen. Thus, simulations
are reported for centrally located defect in a large plate and
the influence of lift-off variation on probe impedance is not
covered. The paper is organised as follows: Sect. 2 presents
the 3D numerical model and study of the influence of probe
size on optimal excitation frequency for varying plate dimen-
sions, and the influence of defect location on the optimal test
frequency for detection. Section 3 presents the experimental
verification of the numerical analysis on an electrically thick
aluminium plate with machined defects of varying depths.
Section 4 concludes this work.

2 3D Numerical Model

A 3D model of a pancake coil above an electrically thick
conducting specimen was developed in COMSOL® Multi-
physics, a Finite Element Method (FEM) based simulation
software to calculate the coil impedance for varying excita-
tion frequency, plate dimensions and defect depth. Figure 1a
shows the zoomed in 2D cross section of the 3D computa-
tional domain implemented in COMSOL. A pancake coil of
height, 4 with inner and outer radii, »; and r, respectively
placed at a distance, d above a planar electrically thick con-
ducting specimen of dimensions, / x w x t was modelled.
The numerical model solves the governing equation,
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where A is the magnetic vector potential, J; is the source
current density maintained by the coil at the excitation fre-
quency, po and o are the magnetic permeability and bulk
electrical conductivity of the material respectively.

The computational domain was enclosed by a spherical
air domain with magnetic insulation boundary condition,
i x A = 0, on the external boundary surface. Coil excitation
was specified at a single frequency using surface source cur-
rent density, fs givenby, (N1/Ac)eqir, where I is the current
flowing through the coil, A, is the wire cross sectional area,
N is the number of turns, and é.,,;; is the current direction in
the coil. The computation domain was discretised into tetra-
hedral elements and numerical solution was obtained using
Flexible Generalised Minimal Residual (FGMREYS) iterative
solver. The best practices for solving 2D/3D EC problems in
COMOSL were implemented in the numerical simulations
for model convergence [18]. With the knowledge of the mag-
netic vector potential (A), the electric and magnetic fields
were computed everywhere in the computational domain.
The impressed current, /(w) and voltage induced in the coil,
Vind(w) calculated from the electric field were used to cal-
culate the coil impedance,

I(@)Rpc — Vin
Z(w) = (w) DIC(w) d(w)

, 2

where Rpc is the DC coil resistance and w = 2xf is the
angular frequency. Simulation results of the EC numerical
model implemented in COMSOL were validated with bench-
mark problems with good agreement between model and
measurements [18].

3 Numerical Analysis

Numerical simulations were carried out for a defect free
10 mm thick (¢) aluminium plate with electrical conductivity,
o =30 MS/m, magnetic permeability, (¢, plate dimensions,
100 mm x 100 mm x 10 mm (/ =100 mm, w =100 mm),
coil parameters, r; =1.5 mm, 4 =3 mm and N =530, and
0.5 mm lift off (d). A sinusoidal coil current of 20 mA (/)
was fed to the coil with wire gauge of 38.

3.1 Influence of Coil Size on Test Frequency

The coil outer radius was swept from 6 to 9 mm in steps
of 0.5 mm. The sweep range for r, was selected such that
the coil diameter (Dy =2 r,) is less than the sample lateral
dimensions (I x w) to avoid plate edge effects in the simula-
tions. Figure 2 shows the zoomed in surface mesh in the coil
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Fig.2 Surface plot of the finite element mesh in coil and specimen
domains (zoomed view)

and sample domains. A non-uniform mesh with higher mesh
density in the coil domain and plate volume beneath the coil
was selected to capture the fast decaying induced EC and the
secondary magnetic field with reduced computational over-
heads. The skin depth at 100 Hz is approximately equal to the
plate thickness i.e., t & §;. Thus, coil excitation frequency
was swept from 100 to 1500 Hz so that ¢ /3, varied over 1-3
satisfying the criterion for an electrically thick conducting
specimen. Numerical simulations were carried out for vary-
ing rp and f, and the induced current density, fe calculated
at the plate bottom defined at (x =0, y =1,z = — t/2)
was used to study the influence of coil size on the excitation
frequency for ECT.

Figure 3a shows the norm of the eddy current density,
)J; induced at the plate bottom for 12 mm and 18 mm
coil outer diameter (OD) over 100-1500 Hz i.e., f corre-
sponding to 1-3 §;. It can be observed that the maximum
Je

eddy current density (|J.|) is induced at the plate bottom for

larger coil OD (18 mm), and the coil excitation frequency
corresponding to the maximum eddy current density (‘J;‘)
decreases with increase in coil OD, D». The optimal test fre-
quency, f,p; corresponding to the maximum ’Jl’ is 450 Hz
and 550 Hz for 18 mm and 12 mm coil ODs respectively.
Figure 3a clearly indicates that there exists a probe depen-
dent optimal test frequency ( f,p,) below which even though
the skin depth increases, the induced EC at the plate bot-
tom weakens. Figure 3b shows the induced current density
in logarithmic scale at 350 Hz corresponding to /8, of 2
along the specimen depth indicated by cutline AB defined
at (x = 0, y = rp). In Fig. 3b, the true penetration depth,
8; calculated at 350 Hz for D, of 18 mm and 12 mm is
3.5 mm and 2.8 mm respectively. This value is far less than
the standard skin depth, §; of 4.9 mm at 350 Hz. It can also

-

be observed from Fig. 3b that at z = &, ‘Je
37%. As the EC current density is more for the 18 mm coil
OD than 12 mm coil OD, pancake coil with 7| =1.5 mm, rp
=9 mm, 7 =3 mm, and N =530 turns was selected to study
the influence of plate thickness, ¢ and width, w on f,,, and
.

is far less than

3.2 Influence of Plate Dimensions on Excitation
Frequency

Numerical simulations of defect free aluminium specimen
were carried out for 10 mm thick plate of 100 mm (/) length
and varying plate width (w) to study the influence of plate
edges on the test frequency. Simulations were carried out
for a pancake EC probe of 18 mm coil OD and 0.5 mm lift
off (d). Figure 4 shows the normalised eddy current density
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Fig.3 a Eddy current density at plate bottom defined at (x = 0, y = rp, z = — t/2) for 18 mm and 12 mm coil ODs; b normalized eddy current

density in logarithmic scale for 18 mm and 12 mm coil ODs at 350 Hz (¢ = 2 ;) along the specimen depth indicated by cutline AB shown in the

figure inset
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Fig. 4 Influence of plate width on coil excitation frequency (I =
100 mm). Normalized current density at the bottom of a 10 mm thick
plate

calculated at the plate bottom for varying plate widths (w :
30-100 mm). For w >3 D,, the optimal test frequency, f,p;
approached 450 Hz which corresponds to f,,, for a large
specimen without plate edge effecti.e., (I x w) of 100 mm x
100 mm. From Fig. 4 it can be concluded that the plate width
does not significantly influence the optimal test frequency,
JSopr for a finite size plate.

Simulations were also carried out for varying plate thick-
ness (t) of a wide specimen (/ =100 mm, w =100 mm)
excited by a pancake coil of 18 mm coil OD. Figure 5a
shows the normalised EC density induced at the plate bot-
tom for varying plate thickness. In Fig. 5a, as plate thickness
increased, the optimum frequency (f,p;) corresponding to

the maximum ‘jg‘ at the plate bottom decreased monoton-
ically. The induced EC strength at the plate bottom also
decreased with increase in plate thickness, ¢ as shown in
Fig. 5b. It should be noted that the plate thicknesses in
Fig. 5 satisfy the criterion, ¢t > §;, where 8 is com-
puted at the f,,, determined from FEM simulations for the
respective thickness, . From Fig. 5b, it can be observed
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Fig. 6 Normalized skindepths, 85 /¢ and ,/t at the optimal test frequency
(fopr) in electrically thick conducting plate. Plate length and width are
100 mm each

that plate thickness, 1 o« 1/,/fop for an electrically thick
conducting plate. The simulation results are in agreement
with the empirical relationship reported by Nagendran et al.
for deep sub surface defects [16] Furthermore, the simula-
tion results in Figs. 4 and 5 indicate that for a given coil
design, plate thickness, ¢ significantly influences the opti-
mal test frequency, f,p; than the plate lateral dimensions
(I x w).

3.3 Influence of Plate Thickness on Skin Depth

Figure 6 shows the normalized true (§;/t) and standard
(85/1) skin depths calculated at f,,, for varying plate thick-

ness, t [3, 10] mm with lateral plate dimensions, / =
0.05 —— 1 50
? R2=00984 o =
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Fig.5 Influence of plate thickness on coil excitation frequency (/ =100 mm, w =100 mm). a Normalized current density at plate bottom, b

dependence of f;); and surface current density on plate thickness,
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100 mm and w =100 mm. In Fig. 6, the material depen-
dent standard penetration depth, 8, is computed at the f,;
determined from FEM simulations for the respective thick-
ness, t. From Fig. 6, it can be noted that the graph can be
divided into two regions: region I, where standard skin depth
is more than the true skin depth (§; < J;), and region II,
where §; > &,. In Fig. 6, the standard skin depth at f,,,
computed based on plane wave theory, and true skin depth
numerically calculated based on the coil design at f;,, are
equal for t =4.5 mm (t,,). For ¢ <t (region II), the induced
EC density at f,,, shown in Fig. 5b attenuates slower than
the exponential decay rate for a plane wave source. Thus,
d; > & in region II. As plate thickness increased beyond 7,
(region I), the EC density induced by the pancake coil at f,;
decayed faster than the plane wave source. Thus, deep sub
surface defect detection in electrically thick plates (¢/5; > 1)
must be based on the probe dependent penetration depth, §;
[19], and the scope of §; for defect detection must be limited
to thin plates which lie in region II. In Fig. 6, §, /t varies over
0.876-0.343 for plate thickness, ¢ : [ 3, 10] mm. The ratio,
8/t of 1/3 corresponds to 5% of |7:| at the plate bottom
(z = — t/2) which is relatively weak to induce a measur-
able change in the coil impedance. Thus, sensitivity of the
EC coil for deep sub surface defect detection in electrically
thick plate (#/6; > 1) decreases with increase in . As a
result, defect detection using an absolute coil can only be
improved by increasing either the coil diameter, D, or exci-

tation current, /. Increasing D, increases |J)"**

at the plate
bottom, lowers f,,; and reduces the spatial resolution of EC
coil for defect localization. Increasing coil current, I leads
to coil heating which increases the ohmic loss and causes
measurement instability. To avoid these issues, deep sub sur-
face defect detection is typically carried out using either a
sensitive secondary coil [20] or GMR as the pick-up sensor
[21].

3.4 Influence of Defect Depth on Coil Impedance

Numerical simulations were carried out to study the
influence of defect depth, 75 on coil impedance over
100-2000 Hz covering f,p;. Two dimensional notch of
length, 100 mm, breadth, 2 mm and height, 7; was introduced
at the bottom of a 100 x 100 x 10 mm? plate. Figure 7
shows the change in coil impedance, AZ = AR +jAX
for varying defect depth in the 10 mm thick plate, where
AR = RD — RND, AX = XD — XND7 RD and RND are
coil resistances calculated in the presence and absence of the
notch respectively, and X p and X p are coil reactances cal-
culated in the presence and absence of the notch respectively.
The resistance and inductance values of the simulated coil are
37 2 and 2.4 mH respectively. The coil location above the
specimen with 2D notch is illustrated in Fig. 7. From Fig. 7,

Inset: Defect location

20
ot
- tg 17
- -
c X, Defect height (t)
Cp— i -=-6mm
N \
é-zo -10 20" "O’-imm
Y --e--4mm
Ll l/. —~-0- -3 mhm
- _.F{ ----2mm
_56' n-nn-u-u" 3 N pot= 450 Hz
Increasing t;
AR (mQ)

Fig.7 Simulated change in coil impedance, AZ = AR+ jAX for vary-
ing defect height, #; over 100-2000 Hz. Inset: Coil location simulated
for impedance calculation

Table 1 Coil impedance, AZ at f,,; for a2 mm wide 2D notch at the
bottom of an electrically thick aluminium plate (¢ /§; =2.9, §; =3.4 mm,
fopr =450 Hz) for varying notch height, z;. Change in the impedance
magnitude (|AZ|), and phase Z(AZ) were calculated with reference to
the coil impedance above a defect free plate

SI. no. Notch height, I AZ | at fop; Phase change,

tg (mm) (m ) L(AZ) at fop,
©)

1 2 1.35 —41.99

2 3 2.62 —40.36

3 4 5.39 —21.80

4 5 11.02 —3.12

5 6 19.84 16.70

it can be observed that the coil impedance, Z at f,,, varies
with notch height, and the phase change rotates to the 1st
quadrant as the notch moves closer to the coil. Table 1 lists
the change in coil impedance, A Z for varying notch height,
t4 in an electrically thick plate (t/8; =2.9, 6, =3.4 mm, f,,;
=450 Hz). From Fig. 7 and Table 1, it can be concluded that
the change in coil impedance at f,),, can be used to detect
and also estimate the location of the defect.

4 Experimental Validation
4.1 Test Specimens and Measurement Set Up

Two aluminium plates of 10 mm thickness were used as
test specimens. Specimen A is a calibration block of dimen-
sion 100 x 30 x 10 mm? made of 2024-T3 aluminium alloy
with a centrally located 2D notch and specimen B is a rect-
angular aluminium plate of dimension 400 x 100 x 10 mm?
containing three equally spaced 2D notches located 120 mm
apart. The dimensions of the notches fabricated using Electro

@ Springer
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Table 2 Dimenions of the 2D EDM notches in aluminium specimens

Sample EDM Length Breadth  Height, Defect
notch (mm) (mm) tg (mm) depth
(sample) from
surface,
tqf (mm)
Specimen N1 30 0.5 1.5 8.5
A
Specimen N2 100 2 2 8
B
N3 100 2 3 7
N4 100 2 6
Scanner
LCR meter
Sample with
EC probe

Fig.8 ECT experimental set up

Discharge Machining (EDM) are summarized in Table 2. A
pancake coil with r; =1.5 mm, r, =9 mm and 7 =3 mm
was fabricated using a 38 gauge copper wire and charac-
terised using a LCR meter (E4980A, Agilent Technologies
USA). The coil inductance and resistance values were mea-
sured as 2.72 mH and 25 2 respectively. Figure 8 shows the
experimental set up for ECT.

The impedance of the EC probe was measured using a
LCR meter as the probe was scanned in steps of 1 mm with
the help of a XY scanner controlled using LabVIEW® pro-
gramming interface. The coil impedance measured by the
LCR meter was logged at excitation frequencies in the neigh-
bourhood of the optimal test frequency, f,,; calculated in
Sect. 3.1. The coil lift-off and current was maintained as
0.5 mm and 20 mA respectively. The probe impedance above
the defect free region, Zy p was taken as the reference to cal-
culate the change in coil impedance, AZ,, = AR, + jAX,,
at the nth scan position, where AR, = R, — Ryp, AX, =
X, — Xnp, and R,, and X, are the coil resistance and reac-
tance at the nth scan position respectively.

4.2 Measurements and Data Analysis

Figure 9 shows the change in the coil impedance as the probe
was scanned over specimen A with a deep sub surface notch
(N1). Measurements indicate maximum impedance change
at 450 Hz which is close to the optimal test frequency, f,p;
(470 Hz) based on the true penetration depth, §; for the 30 mm
wide specimen (Fig. 4a). The change in coil impedance for
notch N1 at 450 Hz was measured as 1.60 mS2 Z —48.07 °©
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Fig.9 Change in coil impedance for the deep sub surface notch, N1 (47
=8.5 mm, + =10 mm) specimen A

with phase change close to —45°. At frequencies below f,,;,
though the test frequency satisfy the criteria, ¢ /35 <3, the coil
response to deep sub surface defect at 150 Hz and 250 Hz
is poor and noisy than at f,,,. At frequencies above fop,
EC strength decreases due to decrease in probe penetration
depth.

Figure 10 shows the change in coil impedance for spec-
imen B as the EC probe was moved above the deep sub
surface notches, N2 and N3 with defect location, t4¢ >1/2.
The change in coil impedance at f,,; was measured as 5 m2
/ —38.81° and 7.93 mQ2 / —34° for N2 and N3 notches
respectively. As the defect depth from the plate surface (t;7)
decreased, the phase change at f,,, moved away from —45°
as observed in the simulations (Fig. 7, Table 1). Further-
more, due to the close proximity of the sub surface defect,
the change in coil impedance is more for N3 than N2.

Figure 11 shows the change in coil impedance for the near
sub surface notch, N4 located 4 mm from the plate surface
Le., tqf <t/2. Figure 11 shows the measurements at the test
frequencies used for the deep sub surface notches, N2 and
N3 shown in Fig. 10. The rotation of the impedance plane
trajectory in Fig. 11 confirms that the impedance change is
due to the defect. The phase change at f,,;(450 Hz) is +
19° (1st quadrant) indicating that the defect is a near surface
defect. Thus, the experimental observation is in agreement
with the simulations (Fig. 7, Table 1).

5 Conclusion

Unlike a plane wave source, the true penetration depth of
an EC test coil depends on the material property as well as
the coil dimensions. Furthermore, the magnetic field induced
by a finite size coil approaches the field induced by a plane
wave source as the coil becomes infinitely large. Thus, a
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Fig. 10 Change in coil
impedance for deep sub surface

2D notches. a tgy =8 mm (N2), 1 29 —6
and b 755 =7 mm (N3) in // :
specimen B 150 // 4
/
/ 2

- \-~350'Hz
\ ——450 Hz
210 \--- 550 Hz

(Nj‘/:) \
4 \\
//

e,
~.
T~ -

240 300

270

Fig. 11 Change in coil impedance for the sub surface 2D notch, N4 in
specimen B. Impedance plane trajectory of the EC probe in the neigh-
bourhood of FEM based f;; of 450 Hz

larger test coil induced more EC in the specimen. As a result,
the true penetration achieved by a finite size coil, §; is lower
than the standard penetration depth, §;. 3D FEM simulations
presented here clearly indicate the importance of the true
(8¢) penetration depth of a test coil for sub surface defect
detection in electrically thick conducting specimens using
ECT. The optimum test frequency, f,p; for deep sub surface
defect detection in electrically thick specimens is given by §;
which is primarily determined by the outer diameter of the
EC probe and not the material dependent standard penetration
depth, §,. Thus, the scope of standard penetration depth, §

for determining the test frequency is applicable for inspection
of thin plates (/85 <1). As the defect location from the plate
surface decreases, the change in the phase of the complex
coil impedance, ZAZ at f,p; could be used to estimate the
defect location. The numerical findings were experimentally
verified on electrically thick aluminium plates for the EC
probe dimensions studied in the FEM simulations. It is shown
that the plate thickness, ¢ o 1/,/ fops, and defect depth (745)
can be estimated from /AZ measured at f,,;. The close
agreement between simulations and measurements indicate
that the proposed approach could be used for selecting EC
probe and the optimal test frequency for defect detection in
electrically thick conducting specimens.
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