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Abstract: Due to a harsh working environment, micro-cracks in metal structures (e.g., airplane,
oil/gas pipeline, hydro-turbine) often lead to serious accidents, so health monitoring of the metals
is of great significance to ensure their safe operation. However, it is hard to perform quantitative
detection of multiple micro-cracks by a single nondestructive testing (NDT) technique because of their
limits. To monitor for multiple micro-cracks in metals, a Traditional Eddy Current (TEC) and Pulsed
Eddy Current (PEC) fusion NDT technique is proposed in this paper. In the proposed technique, the
TEC technique is adopted to seek the locations of the micro-cracks in the whole of the metal, while
the PEC technique is adopted to acquire information on the depth of micro-cracks automatically
according to the location information by the TEC. The experiments indicate that the TEC–PEC fusion
NDT system can localize the micro-cracks as well as detect the micro-cracks quantitatively and
automatically; therefore, it can be applied in structural health monitoring of metal equipment or in
picking candidate components in re-manufacturing engineering.

Keywords: metals; multiple micro-cracks; nondestructive techniques fusion; pulsed eddy current
(PEC); traditional eddy current (TEC)

1. Introduction

Due to a harsh working environment, micro-cracks in large metal equipment often result in
serious accidents, so health monitoring of the key components of metal equipment is of great
significance. Nondestructive Testing (NDT) technology is one of the effective methods for structural
health monitoring. It is applied for quality control (QC)/quality assurance (QA) and inspection of
critical components in the aerospace, railroad, transportation, and energy plant sectors. For example,
the pulsed eddy current (PEC) technology has a unique advantage in the quantitative detection of
micro-cracks because of its rich spectrum and fast response [1–4].

At present, most of the research for micro-crack detection is focused on single micro-cracks [5–9];
however, multiple micro-cracks usually occur in the same component, so more attention should be
paid to multiple micro-cracks in metals. Gao et al. [10] present a novel unsupervised sparse component
extraction algorithm to identify micro-cracks and their locations by an eddy current pulsed infrared
thermography imaging system, and the proposed method has significantly improved the accuracy of
defect detection by 60% in terms of the F-score.

It is well-known that different NDT techniques exhibit different strengths and limitations. Given
the variety of multiple cracks, it is often necessary to employ more than one NDT technique. When
employing two or more methods and combining their data sets, a unified representation is generated

Sensors 2018, 18, 2909; doi:10.3390/s18092909 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0003-1323-5303
http://www.mdpi.com/1424-8220/18/9/2909?type=check_update&version=1
http://dx.doi.org/10.3390/s18092909
http://www.mdpi.com/journal/sensors


Sensors 2018, 18, 2909 2 of 10

that describes different aspects of the metals at once and thus offers simplified interpretability; this is
called an NDT fusion.

In some cases, sources of information on the same aspect of an object are fused to reduce
uncertainty and thus achieve increased detection robustness and accuracy [11,12]. In some cases,
multi-sensor NDT is capable of combining complementary data, enhancing the signal-to-noise ratio
(SNR), and performing more accurate defect detection [13,14], while in some cases multi-NDT
technologies are fused to obtain more information about the metal structures with high detection
efficiency [15–17]. Some efforts in this direction have been made in mostly academic settings.

In this paper, to detect multiple micro-cracks in metals, the traditional eddy current (TEC) and
pulsed eddy current (PEC) techniques are fused to obtain information on the locations and geometries
of micro-cracks in metal structures by an experimental investigation. The complementary information
from TEC and PEC makes micro-cracks detection rapid and efficient.

The rest of the paper is organized as follows. An approach to measure the locations of multiple
micro-cracks in metal is proposed based on TEC; then, research on a detection approach to micro-cracks
by PEC is presented. Then, the fusion NDT approach for multiple micro-cracks detection in a metal
component based on TEC and PEC is presented, and a quantitative and automatic detection platform
for multiple micro-cracks is set up based on the fusion approach and some experiments are carried out.
Finally, some conclusions are drawn.

2. Sample Preparation

The sample with the micro-cracks mentioned in this paper was manufactured by the wire electrical
discharge machining (WEDM) process. The material is aluminum alloy 7075, which is commonly
used in aerospace engineering. The conductivity of the sample σ is 26.77 MS/m, and the relative
magnetic permeability µr is 1. The width of cracks is 0.3 mm, which is the minimal size processed by
WEDM. The width of the cracks is much smaller than those in existing investigations of PEC crack
characterization [3,4], so we called the cracks in the paper micro-cracks.

The length of the micro-cracks is 40 mm, and their depth varies from 1 mm to 8 mm with a step
of 1 mm considering the skin depth. In PEC, the standard skin depth δ1 can be calculated according
Equation (1) as 3.1 mm. According to [18], the maximum depth of a crack that can be detected by the
PEC is 4δ1. The geometric parameters of the sample are shown in Figure 1.

δ1 =

√
2

ω1σµ
=

1√
π f1σµ

(1)

where δ1 is the standard skin depth, µ = µ0µr and µ0 = 4π × 10−7 H/m, and ω1 = 2πf 1 is the
fundamental angular frequency of the excitation signal.
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Figure 1. The geometric parameters of the sample: (a) front view; (b) top view (unit: mm). 
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3. Traditional Eddy Current Technique to Locate Multiple Micro-Cracks

3.1. Working Principle of Traditional Eddy Current Technique

For the eddy current testing technique, an alternating current I1 in the driving coil creates an
alternating magnetic field H1, which is the primary magnetic field and induces current I2 in the sample.
The eddy currents simultaneously generate a secondary magnetic field H2, which resists the variation
of the primary magnetic field and changes the resultant magnetic field H. H is dependent on such
factors as the lift-off l, the excitation frequency f, the sample’s electrical conductivity σ, the sample’s
relative magnetic permeability µr, and probe coil geometry parameters (the inner radius r1, the outer
radius r2, height h, and the number of turns N). The Z-component of the magnetic flux density Bz is
commonly used as the detection signal because it is strong enough to be detected by a solid magnetic
sensor (e.g., a Hall sensor, a GMR sensor, or a TMR sensor). Therefore, Bz can be expressed as

Bz ∼ (N, I1, r1, r2, h, l, f , σ, µr). (2)

3.2. Experiments and Result Analysis

In the experiment, the conductivity at points P1, P2, . . . , Pi, . . . , and Pn (Figure 2) are detected
by the sigma 2008 digital conductivity meter (Figure 3), which is a conductivity meter designed
according to the traditional eddy current working principle. Before the experiment, the sigma 2008
digital conductivity meter was calibrated by standard test blocks. In the experiment, the excitation
frequency was 60 KHz, and the interval of the adjacent detection points was equal to 5 mm. The
conductivities at the detection points are detected and plotted in Figure 4. From Figure 4, we can see
that the micro-cracks have an obvious influence on the conductivity of the detection points. When
the probe of the sigma 2008 digital conductivity meter approaches the micro-crack, the eddy current
generated in the sample is seriously disturbed by the micro-crack because the conductivity of the
micro-crack is much less than the conductivity of the sample. The closer the detection point is to the
micro-crack, the stronger the influence of the micro-crack on the eddy current in the sample. Therefore,
the peak value of the relationship between the conductivity along the sample can characterize the
location of the micro-cracks.
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Therefore, we acquired the locations of the peak values and list them in Table 1. In Table 1, Lr is
the calibration location of micro-cracks, Lm represents the location characterized by the sigma 2008
digital conductivity meter, and Ea and Er are the absolute error and relative error, respectively.

Table 1. Micro-crack locations by traditional eddy current (TEC) and errors.

Microcrack # Depth (mm) Lr (mm) Lm (mm) Ea (mm) Er (%)

1 8 36.15 35 1.15 3.18
2 7 72.3 70 2.3 3.18
3 6 108.4 105 3.45 3.18
4 5 144.6 140 4.6 3.18
5 4 180.7 175 5.75 3.18
6 3 216.9 215 1.9 0.88
7 2 253.0 250 3.05 1.20
8 1 289.2 285 4.2 1.45

According to Table 1, we can see that the locations of the peak values of the conductivity of the
sample at the different locations are much closer to their calibrated locations. The maximal absolute
error is 5.75 mm at micro-crack 5, while the maximal relative error is 3.18%. The error comes from
two aspects: one is the systematic error in the detection, the other is a manufacturing error in the
wire electrical discharge machining process during the sample’s manufacture. In our experiment, the
systematic error dominates. The systematic error can be explained as follows: in the experiment, two
extreme cases of the detection point and the micro-crack show up, which are described in Figure 5.
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For case (a), the peak value appears at Pi, while for case (b), the peak value appears at Pi+1;
therefore, the maximal systematic error is the interval of the adjacent detection points (5 mm in this
paper). Therefore, the smaller the interval of the adjacent detection points, the more accurate the
characterizations by the sigma 2008 digital conductivity meter. A smaller interval of the adjacent
detection points means that more detection points and more conductivities should be measured, which
will lower the localization efficiency.

4. Pulsed Eddy Current Technique to Quantitatively Characterize Micro-Cracks

4.1. PEC Experimental Setup

The PEC experimental testing platform for characterization of the micro-cracks in this paper
consists of an excitation source, a probe (including one coil and one magnetic Hall sensor), the sample,
a signal-conditioning circuit, a data acquisition card, and a computer with signal-processing software.
The module diagram and the hardware of the PEC testing system are shown in Figure 6.
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Figure 6. The module diagram of the pulsed eddy current (PEC) testing platform. PC,
personal computer.

In Figure 6, the function generator generates a square wave signal. The square wave signal can be
expressed as the sum of odd harmonic signals according to the Fourier series principle. When the duty
ratio is 50%, the square wave signal used in the experiment can be extended as (3).

Ip(t) =
a2

0
π

(
sin 2π f t +

1
3

sin 3·2π f +
1
3

sin 5·2π f +
1
3

sin 7·2π f + · · ·
)

(3)

where a0 is the amplitude and f is the excitation frequency of the square wave signal. Because the
square wave signal contains rich information in the frequency domain, it is commonly used in crack
characterization [1,2,6].

The detection module is packaged by an excitation coil and a hall sensor, which is fixed to a
high-precision displacement calibrator and is placed over the micro-cracks. The hall sensors in the
probe can measure the magnetic electromagnetic signals related to a micro-crack. An amplification
filter circuit is designed to amplify the weak signal from the hall sensor and to filter the noise signal so
that the characteristic signal can be effectively identified. Then, the conditioned signal was input to
the data acquisition card and further processed by the signal-processing program embodied in the
host computer.

4.2. Experimental Results

In the PEC experiments, a square wave signal with the frequency of 1 kHz, the amplitude
of 12 V, and the duty ratio of 50% was determined as the excitation signal. The height, the inner
diameter, and the outer diameter of the excitation coil is 2 mm, 7 mm, and 15 mm, respectively. The
detection magnetic sensors used were UGN3503 Hall sensors. The sample was prepared as shown in
Figure 1. It is worthwhile mentioning that the PEC probe is located right above the micro-cracks in the
experiment in this section. The detected original signals and the differential signals (the signal of no
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micro-crack is the reference signal) for each micro-crack were obtained and are shown in Figure 7a.
When the crack depth is 8 mm, the original detection signal is almost overlapped by the signal at
the crack depth of 7 mm because the crack depth is bigger than the skin depth. In order to show the
experimental signal clearly, the experimental data at the crack depth of 8 mm was removed. To observe
the peak value of the differential signal at the rising edge of the square wave, the experimental data
from 0 ms to 0.45 ms was extracted and are shown in Figure 7b.
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Figure 7. Time domain signal of PEC experiments: (a) whole period; (b) the differential signal from
0 ms to 0.45 ms.

As can be seen in Figure 7, the peak value increases with increasing micro-crack depth. Besides
this, the peak time keeps constant after 0.046 ms for each micro-crack. Therefore, the peak value of the
voltage from the Hall sensor can be used to characterize the depth of the micro-crack. The relationship
between the peak value and the micro-crack depth can be expressed as

Dm = 2.77 × 10−4·Vpeak
2 − 9.76 × 10−2·Vpeak + 11.58 (4)

Table 2 lists the characterization depth of micro-cracks according to Equation (4). In Table 2, Dc

is the calibration depth of a micro-crack, Vpeak is the peak value of the voltage signal from the Hall
sensor, Dm is the characterization depth of a micro-crack, and Ea and Er are the absolute error and the
relative error, respectively.

Table 2. Experimental Results and Errors.

Dc (mm) 3 4 5 6 7
Vpeak (mV) 165.1 233.7 263.5 281.9 295.2
Dm (mm) 3.01 3.90 5.09 6.07 6.90

Ea 0.01 0.10 0.09 0.07 0.09
Er (%) 0.33 2.50 1.80 1.17 1.29

For micro-crack depth characterization, as shown in Table 2, the maximal absolute error is 0.10
and the maximal relative error is 2.50%, which indicates that PEC can quantitatively detect the depth
of micro-cracks with high accuracy.

5. Fusion NDT Technique Based on TEC and PEC

5.1. Fusion Strategy

According to the analysis in Sections 3 and 4, TEC can locate micro-cracks in large-scale metal
structures rapidly and conveniently, and PEC can quantitatively characterize the depth of a micro-crack.
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To detect multiple micro-cracks in metals, TEC and PEC can be fused, in which TEC locates multiple
micro-cracks, and PEC detects the depth of micro-cracks according to information on their location
from TEC.

The fusion strategy of TEC and PEC is shown in Figure 8. The TEC–PEC fused NDT system works
as follows: First, the sample is scanned by the TEC probe with the help of the X-Y-Z table controlled
by the host computer, and the detection signal from TEC is sent to the host computer to determine
the micro-cracks’ locations; then, information on the location of the micro-cracks is sent to the motion
control card and drives the X-Y-Z table, where the probe of the PEC system is fixed on, to move to
the first micro-crack location. After that, the PEC system is activated, the quantitative detection of
micro-cracks is carried out, and the micro-crack depth is transmitted to the computer. After 10 s, the
X-Y-Z table fixed to the probe of the PEC system starts and moves to the next micro-crack until the last
crack has been detected by the PEC subsystem.
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According to the fusion strategy of TEC and PEC shown in Figure 8, the interface program
between the TEC subsystem and the PEC subsystem is coded to realize the data transmission, and
then the automatic detection for the locations and the depths of multiple micro-cracks in metals can be
realized. The hardware of the TEC–PEC fused testing system is shown in Figure 9.
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Figure 9. The hardware of TEC–PEC fused system. DC, direct current.

In the fused NDT system, a 9030 motion control card and a ZP140-200 X-Y-Z table were used to
link the TEC subsystem and the PEC subsystem. On the one hand, the 9030 control card connects the
ZP140-200 X-Y-Z table through an RS232 serial port, and it controls the movement of the PEC probe
fixed on the ZP140-200 X-Y-Z table. On the other hand, the 9030 control card is controlled by the host
computer through VB coding according to the location data from TEC. The motion control program
flow chart is shown in Figure 10.
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5.2. Experimental Results and Analysis

The experimental parameters in the TEC–PEC fused NDT testing system were the same as those
in Sections 3 and 4. The detected signals with different depths and their differential signals were
obtained and are shown in Figure 11. Comparing Figure 7 and Figure 11, we can see that the TEC–PEC
fused NDT technique can detect multiple cracks as well as the PEC subsystem. However, the different
signals exhibit obvious intersections. This error comes from the location error in the TEC subsystem,
which is shown in Table 2. The relationship of the peak values of the differential signals at the different
crack depths are expressed as (5).

Df = −4.36Vpeak
2 + 75.73 Vpeak − 34.71 (5)

where Vpeak is the peak value of the voltage signal from the Hall sensor and Df is the crack depth
by the fused NDT technique. According to (4), we can obtain the different crack depths, which are
listed in Table 3. In Table 3, the errors of the TEC–PEC fused testing platform from the experiments are
also listed.

Table 3. Results and errors of the TEC–PEC fusion system.

Dc (mm) 3 4 5 6 7
Lm (mm) 105 140 175 215 250
Df (mm) 3.04 3.90 5.02 6.13 6.88
Ead (mm) 0.04 0.10 0.02 0.13 0.12

Erd (%) 1.33 2.5 0.4 2.16 1.71
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Figure 11. The original signal (a) and differential signal (b) of the fused nondestructive testing (NDT)
technique by experiment.

In Table 3, Ead and Erd are the absolute and relative error, respectively. As can be seen from Table 2,
the maximal absolute error of the fusion NDT system is 0.13 mm when the crack depth is 6 mm, and
the maximal relative error is 2.5% when the crack depth is 4 mm. The location error by TEC is the main
reason for error in the fused NDT technique.

The experimental result indicates that the TEC–PEC fused NDT technique can locate and
quantitatively characterize micro-cracks in the metal structure at one time with high accuracy. In the
TEC–PEC fused NDT technique, the crack locations detected by TEC can be utilized to automatically
locate the probe of the pulsed eddy current technique, which can quantitatively detect the micro-cracks;
therefore, automatic detection for micro-cracks in metals can be carried out.

6. Conclusions

For key metal structures, a micro-crack’s location and its depth are the parameters that draw the
most concern. This paper proposed a TEC–PEC NDT fusion technique for automatic and quantitative
detection of multiple micro-cracks in metals. Firstly, the capabilities of TEC in locating micro-cracks
and PEC in quantitatively characterizing the depth of the micro-cracks are investigated by experiment.
Then, a fusion strategy for TEC and PEC was presented and the TEC–PEC fusion platform was
designed. Based on the fusion platform, some experiments were carried out. Some conclusions can
be drawn:

(1) Multiple micro-cracks can be located by TEC because the location of the peak signal
corresponds to the micro-cracks’ locations.

(2) Micro-crack (manufactured by the wire electrical discharge machining process) quantitative
detection can be performed by PEC because the peak signal is quadratic with the depth of micro-cracks.

(3) In the proposed TEC and PEC fused NDT system, the probe of the PEC subsystem can be
located over the micro-cracks according to information from the TEC subsystem; therefore, multiple
micro-cracks in metals can be detected automatically and quantitatively by the proposed TEC and PEC
fused NDT system with high accuracy.

The investigations in this paper not only indicate that TEC has high performance in micro-crack
location and that PEC has a strong capability for evaluating the micro-cracks’ depth, but also
indicate that the TEC–PEC fused technique can realize fast and accurate detection of multiple
micro-cracks in metals at one time. The information from the TEC subsystem and that from the
PEC subsystem are complementary, so the TEC–PEC fused diagnostic technique can be readily
applied in health monitoring for large-scale metal structures or in picking candidate components in
re-manufacturing engineering.



Sensors 2018, 18, 2909 10 of 10

Author Contributions: Z.W. conducted the investigation on the fusion diagnostic technique and Y.Y. helped to
carried out some experiments.

Funding: This research was funded by the National Nature Science Foundation of China grant number 51675087
and grant number 61527803, and was also supported by the Fundamental Research Funds for the Central
Universities [Grant number ZYGX2018J067].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yu, Y.; Jia, G. Investigation of signal features of pulsed eddy current testing technique by experiments.
Insight-Non-Destructive Test. Cond. Monit. 2013, 55, 487–491.

2. Yu, Y.; Yan, Y.; Wang, F.; Tian, G.Y.; Zhang, D. An approach to reduce lift-off noise in pulsed eddy current
nondestructive technology. NDT E Int. 2014, 63, 1–6.

3. Tian, G.Y.; Sophian, A. Reduction of lift-off effects for pulsed eddy current NDT. NDT E Int. 2005, 38, 319–324.
[CrossRef]

4. He, Y.; Pan, M.; Luo, F. Defect characterisation based on heat diffusion using induction thermography testing.
Rev. Sci. Instrum. 2012, 83, 104702. [CrossRef] [PubMed]

5. Yu, Y.; Li, X.; Simm, A.; Tian, G. Theoretical model-based quantitative optimization of numerical modelling
for eddy current NDT. Nondestruct. Test. Eval. 2011, 26, 129–140. [CrossRef]

6. Smith, R.A.; Hugo, G.R. Deep corrosion and crack detection in aging aircraft using transient eddy-current
NDE. In Proceedings of the 5th Joint NASA/FAA/DOD Conference on Aging Aircraft, Orlando, FL, USA,
10–13 September 2001; pp. 1–32.

7. Sophian, A.; Tian, G.Y.; Taylor, D.; Rudlin, J. A feature extraction technique based on principal component
analysis for pulsed Eddy current NDT. NDT E Int. 2003, 36, 37–41.

8. Tian, G.Y.; Sophian, A. Defect classification using a new feature for pulsed eddy current sensors. NDT E Int.
2005, 38, 77–82.

9. Chen, T.; Tian, G.Y.; Sophian, A.; Que, P.W. Feature extraction and selection for defect classification of pulsed
eddy current NDT. NDT E Int. 2008, 41, 467–476.

10. Gao, B.; Lu, P.; Woo, W.L.; Tian, G.Y.; Zhu, Y.; Johnston, M. Variational Bayesian Sub-group Adaptive Sparse
Component Extraction for Diagnostic Imaging System. IEEE Trans. Ind. Electron. 2018, 65, 8142–8152.
[CrossRef]

11. Mendoza, F.; Lu, R.; Cen, H. Comparison and fusion of four nondestructive sensors for predicting apple
fruit firmness and soluble solids content. Postharvest Biol. Technol. 2012, 73, 89–98. [CrossRef]

12. Edwards, R.S.; Sophian, A.; Dixon, S.; Tian, G.Y.; Jian, X. Dual EMAT and PEC noncontact probe: Applications
to defect testing. NDT E Int. 2006, 39, 45–52.

13. Khan, T.; Ramuhalli, P.; Dass, S.C. Particle-filter-based multisensory fusion for solving low-frequency
electromagnetic NDE inverse problems. IEEE Trans. Instrum. Meas. 2011, 60, 2142–2153. [CrossRef]

14. Osman, A.; Kaftandjian, A.; Hassler, U. Application of data fusion theory and support vector machine to
X-ray castings inspection. In Proceedings of the 10th European Conference on Non-Destructive Testing,
Moscow, Russia, 7–11 June 2010.

15. Mandayam, S.; Polikar, R.; Chen, J.C. A Data Fusion System for the Nondestructive Evaluation of Non-Piggable
Pipes; University of North Texas: Denton, TX, USA, 2005.

16. Amineh, R.K.; Ravan, M.; Sadeghi, S.H.; Moini, R. Using AC field measurement data at an arbitrary liftoff
distance to size long surface-breaking cracks in ferrous metals. NDT E Int. 2008, 41, 169–177.

17. Edwards, R.S.; Sophian, A.; Dixon, S.; Tian, G.Y. EMAT and Eddy Current Dual Probe for Detecting Surface
and Near-Surface. In Proceedings of the AIP Conference Proceedings, Portland, OR, USA, 10 March 2006;
pp. 1515–1522.

18. Li, J.W. Nondestructive Testing Manual; Mechanical Industry: Beijing, China, 2012.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ndteint.2004.09.007
http://dx.doi.org/10.1063/1.4756211
http://www.ncbi.nlm.nih.gov/pubmed/23126785
http://dx.doi.org/10.1080/10589759.2010.521827
http://dx.doi.org/10.1109/TIE.2018.2801809
http://dx.doi.org/10.1016/j.postharvbio.2012.05.012
http://dx.doi.org/10.1109/TIM.2011.2117170
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Sample Preparation 
	Traditional Eddy Current Technique to Locate Multiple Micro-Cracks 
	Working Principle of Traditional Eddy Current Technique 
	Experiments and Result Analysis 

	Pulsed Eddy Current Technique to Quantitatively Characterize Micro-Cracks 
	PEC Experimental Setup 
	Experimental Results 

	Fusion NDT Technique Based on TEC and PEC 
	Fusion Strategy 
	Experimental Results and Analysis 

	Conclusions 
	References

