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Abstract: Eddy-current (EC) testing is an effective electromagnetic non-destructive testing (NDT) technique. Pla-

nar eddy-current sensor arrays have several advantages such as good coherence, fast response speed, and high sen-

sitivity, which can be used for micro-damage inspection of crucial parts in mechanical equipments and aerospace a-

viation. The main purpose of this research is to detect the defect in a metallic material surface and identify the

length of a crack using planar eddy-current sensor arrays in different directions. The principle and characteristics of

planar eddy-current sensor arrays are introduced, and a crack length quantification algorithm in different directions

is investigated. A damage quantitative detection system is established based on a field programmable gate array and

ARM processor. The system is utilized to inspect the micro defect in a metallic material, which is carved to micro

crack with size of 7 mm (length) X 0.1 mm (width) X 1 mm (depth). The experimental data show that the sen-

sor arrays can be used for the length measurement repeatedly, and that the uncertainty of the length measurement

is below 4-0.2 mm.
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0 Introduction

The planar eddy-current CEC) non-destruc-
tive testing(NDT) is a new technology developed
in recent years, which is an effective to detect de-

15 and measure the length of defectst®™,

fects
On one hand, similar to the conventional eddy-
current technique, the planar eddy-current sensor
does not require an acoustic couplant in contrast
to ultrasonic detection. It is more convenience
and less dangerous than radiography. On the oth-
er hand, the planar eddy-current testing possesses
many advantages against the conventional eddy-
current testing, including better coherence, faster
response speed, and higher sensitivity. It can be
used for detecting crack in high-temperature com-

£8]

ponents in power plants'® and gap measurements

between large smooth metallic and nonmetallic
surfaces of arbitrary shapes'’.

Jiao et al. ") studied the model of crack per-
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turbation and eddy-current sensor and detected
the crack with the accuracy of 1 mm. Chen et
al. ') designed an eddy-current probe to inspect
the nuclear power plant pipelines with accuracy of
several millimeters. Cha et al. "' designed a high
detection sensitivity micro-coil sensor with size of
400 pm X 380 pm X 35 pm using microelectro
mechanical system (MEMS) technology . March-
and et al. '* developed a flexible eddy-current ar-
ray probe. It was fairly sensitive to small defects,
but the quantitative detection results were not re-
ported. Endo et al. "**! used a flexible array eddy-
current probe and a 12 dB drop method sizing the
crack length with an accuracy of =3 mm. How-
ever, there were some weakness in all these stud-
ies, such as insufficient detection accuracy and
low detection efficiency. The main purpose of this
paper is to detect the defect with high accuracy

and in different directions based on the planar ed-
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dy-current array sensor and 2-D image.

1 Planar Eddy-Current Sensor Array
and Two-Dimensional Image

The planar sensor array is an inductive, ed-
dy-current-based sensor that is designed specific-
ally for the characterization of material properties
near surface region. As shown in Fig. 1, the pla-
nar eddy-current sensor array consists of a driving
winding wires creating the magnetic field and
sensing elements located below the driving wind-
ing. Ip,A,H and Vg

Fig. 1 are the sinusoidal current, the spatial

—Vg of the sensor array in

wavelength, the spatially periodic magnetic field
the and the inductive voltages at the terminals of

the sensing windings, respectively.
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Fig. 1 Basic structure of the planar eddy-current sensor
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The driving and sensing windings are typical-
ly mounted on a thin and flexible substrate. Mi-
cro-fabrication techniques are used to produce
highly reliable and highly repeatable sensors. The
individual sense elements in x-direction shown in
Fig. 1 can create property images when scanned in
the y-direction. The driving winding is designed
to produce a spatially periodic magnetic field. The
periodic winding pattern permits the sensor array
response to be accurately modeled with rapid
computational methods. The design dramatically
reduced calibration requirements. The response
of sensor array is converted into material proper-
ties using pre-computed database 1™,
The image of response of sensor array is im-

plemented with LibGDX architecture, which is a
kind of cross platform 2-D/3-D game development

engine'™. The LibGDX architecture based on
protocol of Apache License, including OpenGL
ES and Box2D, is programmed by Java/C/C+ +
language and employed free for commercial or
non-commercial. OpenGL ES and Box2D are used
as graphics engine and physical engine, respec-
tively. The 2-D image should employ a significant
Mesh class, which is responsible for graphic pro-
cessing. Mesh class which extends object class is
The color

change of 2-D image, representing cracks or not,

popularly used in game development.
is accomplished by mesh class. On account of
widespread use and easy development, android is

selected as target platform for LibGDX.

2 Crack Quantification in Different

Directions

Eddy-current testing for crack length quanti-
fication contains two steps: Crack detection and
length measurement of crack. Crack detection is
the first stage where a feature threshold is set to
figure out which of the three works should be
conducted: The part of the specimen being
scanned has a discontinuity (crack) or not. If dis-
continuity is predicted, the second stage of crack
quantification is carried out. The information of
the length of crack can be used to evaluate the se-
verity of the detected crack of the component or
material. It can help judge which of the three
works should be conducted: The component or
material under test can still be used safely, main-
tenance work must be scheduled, or a replace-
ment must be needed.

The spatial resolution in length and the sen-
sitivity is considered in the design of array sen-
sor. In order to obtain a high spatial resolution,
the wavelength A of driving winding is as small as
possible. But a small wavelength value will lead
to a very small induced voltage in sensing ele-
ments that will reduce the sensitivity of sensors.
Therefore, the half-wavelength of 0. 8 mm is em-
ployed in view point of the spatial resolution and
the sensitivity based on the flexible printed circuit

board.
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The transimpedance!'”

of the planar eddy-
current sensor array are given by

Z,=Vgs/Ip QD)
where Z; is the transimpedance of sensing element
1,1, the current of the driving winding, and Vg
the inductive voltages of the sensing elements.
When a crack appears in the material under test
(MUT), the inductive voltages Vg will change,
corresponding to result in the change of transim-
pedance Z; . Thus the crack in the MUT can be
inspected through measuring the transimpedance
Z; .

In this paper, sensor array scanning over the
MUT in y-direction is shown in Fig. 2. The sen-
sor array is parallel to the x-axis as well as the
crack, and scan direction is parallel to the y-axis
but perpendicular to the crack. When the sensor
array move over a crack in the MUT, the tran-
simpedance magnitude jumps to a higher level due
to the crack as shown in Fig.3. It is seen from
Fig. 3 that the transimpedances of the eleventh to
the twenty-second sensing element (channel) is
greater than the one of the other channels. This
curve shown that there is a crack in MUT. We
can find that the sensor array has a spatial resolu-
tion because of its space periodic structure, and
the width of driving winding element isA/2, with
0. 8 mm. In addition, the transimpedances of
Channel 11 and Channel 22 at the two end of
crack is lower than the value of Channel 12 to
Channel 21 within the area of cracks, as shown in
Fig. 3. This is resulted from the end of the crack
covering a portion of Channel 11 and Channel 22.
A reasonable transimpedance threshold value 5. 7
Q is set. And if the transimpedance of the sensing
element is greater or equal to 5.7 Q of threshold
value, the crack can be judged as completely cov-
ering the driving element, and 0. 8 mm is accu-
mulated to the length of crack. When the tran-
simpedance of the sensing element is less than the
5.7 Q of threshold value, the crack partly goes
through. Then the length of crack within the
sensing element is calculated by the normalized
crack signal fitting (NCSF) algorithm™®. Its pri-

marily principle is based on the fact that transim-

pedances of the array unit is different when the
crack edge is at different positions of the array el-
ements. And the relation between the transim-
pedances value and position is monotonous.
Therefore, the position of crack edge correspond-
ing to the transimpdances can be calculated by
linear interpolation with the known measured

point,

Fig. 2 Photograph of the sensor array (Driving winding
in Fig. 1 at the top layer of actual sensor in

Fig. 2) and the crack
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Fig. 3 Transimpedances curve of the sensor array (in-

cluding 64 sensing elements) through a crack

The above length quantification of the crack
is used when the orientation of sensor array is
parallel to the crack. If an angle 0 exists between
the sensor array and the crack,as shown in Fig. 4,

the quantification method should be modified.

MUT

I:>

Scan direction

Sensor direction

Crack direction

Fig.4 Angle between the sensor and crack
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A viable improvement of quantification algo-
rithm is how to obtain the information of § , then
the actual length of the crack is given by

L =Lp X cosl (2)
where L is the actual length of crack and L, the
length of the sensor sensing crack. Fortunately,
can be obtained from image of sensor array scan-
ning crack in Fig. 5. Therefore, we can see that
the image is useful for the quantification of the

defects.
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Fig. 5 2-D diagram of sensor array for scanning crack

3 System Design and Experiment

3.1 Experimental set-up

The experimental set-up we developed is em-
bedded system, consisting of a probe and an im-
pedance measurement systems. The data are col-

lected by synchronous data acquisition chip AD9272,

which are processed with a digital lock-in ampli-
fier (DLIA) based on the field programmable gate
array (FPGA).
transmitted to an ARM processor via RS232 in-

The processed data are then

terface, in which the image is accomplished and
the possible crack is detected and quantified. A
voltage control current source (VCCS) circuit is
designed to supply a constant current flowing
through the driving winding of the planar eddy-
current sensor array. The inductive voltage are
first amplified with a preamplifier and then col-
lected by AD9272 after switched with multiple-
xer. The schematic diagram of the experimental
set-up is shown in Fig. 6.

An aluminum specimens whose conductivity
is 18. 9 MS/m and thickness is 10 mm is designed
to verify the performance of the system. A defect
with size of 7 mm in length, 0. 2 mm in width and
1 mm in depth is carved on the surface of the alu-
minum. A probe with the array sensor scanning
the aluminum could lead to a 2-D image of crack
in different angle in Fig. 6. And the excitation
frequency of probe is 3 MHz. The flexible mate-
rial can keep the array sensor good contact with
the aluminum. The probe and material are shown

in Fig. 7.
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E Probe E i Impedance measurement system E
i Sensor array i i FPGA i
' . - ! iExcitin '
i Sensing Driving : 1 f VCCS [+ DDS *+11 DDS control i
! elements winding 1o curren ARM !
| r o I
! o :
: > F— b Lep |
] I
| Multiplexer [ ompHealion b N Apgy7p DLIA |
! circuit ! , !
______________________________________ 1 g e

Fig. 6

Flexible material

Aluminum alloy: 0=18.9 MS/m

Fig. 7 The material (Aluminum alloy) and probe

The

difference between before and after

Schematic diagram of the experimental set-up (DDS:Direct digital synthesizer; LCD: Liquid crystal display)

probe responses to the crack is shown in Fig. 8.
The output signal of probe is smooth, and the
value of transimpedance of array sensor is about
5.4 Q when the crack cannot appear in the alumi-
num alloy. If there is a crack in the material, the

output signal occurs, as shown in Fig. 8.
3.2 Experimental result and discussion

The main purpose of this section is to verify

the quantification accuracy of the system based on
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Fig. 8 The before and after probe responses to the crack

planar eddy-current sensor array in different di-
rections and 2-D image. Fig. 9 depicts the image
of the crack (7 mm in length) measured at differ-
ent angles between the scan direction and the sen-
sor array orientation. In this image, the scanning
direction of the sensor array is always along the
horizontal orientation. As shown in Fig. 9, the
smaller the absolute angle between the sensor and
the scan direction, the longer the image of crack.
However, the quantification accuracy of crack
keeps unchanged with different angle, and the
corresponding quantification length of the crack
image are measured and listed in Table 1. For the
special case that the angle is zero, a false quantifi-
cation length 0.8 mm is measured. The real
length of the crack can be measured by repetitive
measurements with different angles. It can be
seen that the length quantification of the crack
can be implemented based on the sensor array and
2-D image in different orientation, and the quanti-

fication accuracy is below &= 0. 2 mm. The above

Channel:1—64

Fig. 9 2-D image of the crack with 7 mm length in dif-

ferent angle

results show that the planar sensor technique and
2-D image technique are useful to detect and
quantify the crack.

Table 1 Quantification of the crack in different scan angles

Value
Angel/ (") 90 45 30 0 —30
Crack length/mm 7.10 7.18 7.02 0.80 7.09

Parameter

4 Conclusions

The length quantification technique of cracks
based on planar eddy-current sensor array and 2-D
image is studied. Crack detection technique, as
the first step of quantification, is also achieved by
the change of transimpedance of sensor array.
The experimental result shows that the crack
length can be measured in multi-direction, and
the accuracy of length is less + 0. 2 mm except
that the angle equals to zero or the crack is curve.
However, the conclusion should be useful for the
quantification of cracks and future work. There-
fore, our future research will include scanning
method and length quantification of abnormity
cracks by image processing, which may contain

more information of cracks.
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