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Preface 

With the development of alternating current field measurement (ACFM) technology, 
traditional single excitation frequency and single direction excitation structures 
cannot meet the requirements of multiple types of defect detection (such as cracks at 
different angles, and buried defects). New types of excitation structures and methods 
have been proposed, mainly including rotating electromagnetic field detection, multi-
frequency detection, and defects visual algorithm. First, the sensitivity of cracks 
detection using traditional ACFM is directional, high sensitivity for only perpen-
dicular cracks detection, low sensitivity for other directional cracks, and even no 
signal for parallel cracks. To solve this problem, the rotating alternating current field 
measurement (RACFM) method is present which is capable of effectively giving high 
sensitivity detection for arbitrary underwater cracks in any directions at one pass scan-
ning. Second, in order to solve the problem of deep defect detection, multifrequency 
excitation is generally used to obtain richer defect characteristic signals. The multifre-
quency ACFM can be used to identify surface and subsurface defects. And also, rich 
information can help to obtain more characteristic signals about the size of defects. 
Third, the defect negative problem study of ACFM generally focuses on defect quan-
tization, two-dimensional and three-dimensional (3D) topography visual inversion 
of defects. The dimension of defects can be obtained by the mapping relationship 
between characteristic signals and defects visual signal processing algorithm. The 
visualization of defects in ACFM can provide more data support and visual results 
for structural safety assessment. The changes in the excitation structure and signal 
mentioned above have expanded the scope of application of ACFM and provided 
opportunities for the cross-integration and innovation of ACFM technology with 
other advanced detection methods. So this work mainly focuses on the study of the 
rotating alternating current field measurement (RACFM), the multifrequency ACFM, 
and the visualization method in ACFM, and this book can be divided into three parts. 
In part 1, three articles are employed to introduce the RACFM technology. In part 
2, two articles are introduced to explain the multifrequency ACFM. In part 3, three 
articles are introduced to explain the visualization research in ACFM. 

Chapter 1. “High Sensitivity Rotating Alternating Current Field Measurement 
for Arbitrary-Angle Underwater Cracks”.

v



vi Preface

Chapter 2. “Detection of Cracks in Metallic Objects by Arbitrary Scanning 
Direction Using a Double U-Shaped Orthogonal ACFM Probe”. 

Chapter 3. “A Novel Fatigue Crack Angle Quantitative Monitoring Method Based 
on Rotating Alternating Current Field Measurement”. 

Chapter 4. “Inspection of Both Inner and Outer Cracks in Aluminum Tubes Using 
Double Frequency Circumferential Current Field Testing Method”. 

Chapter 5. “Novel Phase Reversal Feature for Inspection of Cracks Using 
Multi-frequency Alternating Current Field Measurement Technique”. 

Chapter 6. “Visual Reconstruction of Irregular Crack in Austenitic Stainless Steel 
Based on ACFM Technique”. 

Chapter 7. “Visual ACFM System Modeling and Optimization for Accurate 
Measurement of Underwater Cracks”. 

Chapter 8. “Research on High-Precision Evaluation of Crack Dimensions 
and Profiles Methods for Underwater Structure Based on ACFM Technique”. 

Qingdao, China Xin’an Yuan 
xinancom@163.com 

Wei Li 
ronald8044@163.com 

Jianming Zhao 
jianmingzhao123@163.com 

Xiaokang Yin 
xiaokang.yin@hotmail.com 

Xiao Li 
lix2020@upc.edu.cn 

Jianchao Zhao 
zjc_upc@163.com

mailto:xinancom@163.com
mailto:ronald8044@163.com
mailto:jianmingzhao123@163.com
mailto:xiaokang.yin@hotmail.com
mailto:lix2020@upc.edu.cn
mailto:zjc_upc@163.com


Contents 

High Sensitivity Rotating Alternating Current Field Measurement 
for Arbitrary-Angle Underwater Cracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
2 Induced Rotating Alternating Current Field . . . . . . . . . . . . . . . . . . . . . . . . . 3 

2.1 RACFM Theoretical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
2.2 FEM Modeling and Analyzing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 

3 RACFM System for Arbitrary-Angle Cracks Measurement . . . . . . . . . . . . 10 
3.1 RACFM System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 
3.2 RACFM Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
3.3 RACFM Waterproof Shell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 

4 RACFM System Testing and Discussing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
4.1 Experiment System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
4.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 

5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 

Detection of Cracks in Metallic Objects by Arbitrary Scanning 
Direction Using a Double U-ShapedOrthogonal ACFM Probe . . . . . . . . . 21 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 
2 FEM Model of Double U-Shaped Orthogonal ACFM Probe . . . . . . . . . . . 22 
3 Cracks Detection Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 

A Novel Fatigue Crack Angle Quantitative Monitoring Method 
Based on Rotating Alternating Current Field Measurement . . . . . . . . . . . 31 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
2 Theoretical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 
3 Finite Element Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 

3.1 Model Set Up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 
3.2 Characteristic Signal Analysis of Cracks with Different Angles . . . 39

vii



viii Contents

3.3 Characteristic Signal Analysis of Cracks with Different 
Lengths and Depths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 

4 Experimental Setup and Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 
4.1 Probe and System Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 
4.2 Crack Length Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 
4.3 Crack Depth Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 
4.4 Modification of the Measured Angle of the Crack . . . . . . . . . . . . . . . 47 

5 Conclusions and Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 

Inspection of Both Inner and Outer Cracks in Aluminum Tubes 
Using Double Frequency Circumferential Current Field Testing 
Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
2 Finite Element Method Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 

2.1 Simulation Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 
2.2 High Frequency Excitation Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 
2.3 Low Frequency Excitation Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 

3 Testing System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
3.1 Probe with Sensor Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
3.2 Testing System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 

4 Inspection of Inner and Outer Cracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 
4.1 Specimen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 
4.2 Inspection of Different Depth Cracks . . . . . . . . . . . . . . . . . . . . . . . . . . 64 
4.3 Inspection of Different Length Cracks . . . . . . . . . . . . . . . . . . . . . . . . . 71 

5 Conclusions and Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 

Novel Phase Reversal Feature for Inspection of Cracks Using 
Multi-frequency Alternating Current Field Measurement 
Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 
2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 
3 Multi-frequency ACFM Testing System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 
4 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 

Visual Reconstruction of Irregular Crack in Austenitic Stainless 
Steel Based on ACFM Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 
2 An Irregular Crack Simulation Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 

2.1 Simulation Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 
2.2 Simulation Analysis of Electromagnetic Field . . . . . . . . . . . . . . . . . . 102



Contents ix

3 Visualization Reconstruction Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 
3.1 Gradient Field Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 
3.2 Simulation Results Visualization Refactoring . . . . . . . . . . . . . . . . . . . 106 

4 Experimental Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 
4.1 Test System Construction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 
4.2 Experimental Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 
4.3 Reconstruction Accuracy Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . 111 

5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 

Visual ACFM System Modeling and Optimization for Accurate 
Measurement of Underwater Cracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 
2 Underwater VACFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 
3 Analysis and Optimization for Probe Parameters . . . . . . . . . . . . . . . . . . . . . 118 

3.1 Model Development in ANSYS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 
3.2 Excitation Currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 
3.3 Fix Structure Lift-Off . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 
3.4 Probe Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 

4 System Performance Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 
4.1 Experimental System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 
4.2 Accurate Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 

5 Design Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 

Research on High-Precision Evaluation of Crack Dimensions 
and Profiles Methods for Underwater Structure Based on ACFM 
Technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 
2 Marine Environment ACFM Simulation Model . . . . . . . . . . . . . . . . . . . . . . 133 
3 Two-Step Interpolation Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 
4 Establishment of the Experimental System . . . . . . . . . . . . . . . . . . . . . . . . . . 138 
5 Crack Evaluation Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 

5.1 Crack Size Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 
5.2 Crack Profile Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 

6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144



High Sensitivity Rotating Alternating 
Current Field Measurement 
for Arbitrary-Angle Underwater Cracks 

Abstract Alternating current field measurement (ACFM) technology has been used 
for sizing underwater structure cracks. However, conventional ACFM is more sensi-
tive to cracks perpendicular to the induced current than cracks with other angles. In 
this paper, a rotating alternating current field measurement (RACFM) method and 
underwater test system are present for the detection of arbitrary-angle cracks with 
high sensitivity. The RACFM is proved by simulations and experiments. Arbitrary-
angle cracks detection results obtained from ACFM and RACFM have shown that 
the RACFM method overcomes the limitation of directional detection of ACFM 
and effectively achieves high detection sensitivity for arbitrary-angle cracks on 
underwater structures. 

Keywords Offshore oil & gas industry · Rotating alternating current field 
measurement (RACFM) · Highly sensitive inspection system · Arbitrary-angle 
crack detection 

1 Introduction 

In the past few decades, with the development in offshore oil & gas exploitation 
industry, the demand for key equipment, such as offshore platforms and pipelines, 
has increased dramatically. During the equipment’s lifetime, they are suffering from 
a number of hazards including extreme storms, complex loads, and corrosions. Even 
a small crack will diminish the overall capacity of the key equipment significantly. In 
the past few years, several serious incidents were caused by key equipment failures 
in offshore oil and gas industry [1–5]. U.S. mineral management service reported 
that 1443 incidents occurred in offshore during 2001–2007. 

According to the results of the industry and government research programs [6–8], 
it is important to prevent future failure of underwater structures by providing cracks 
information using inspection technologies in early stages. However, there are lots 
of challenges in underwater inspections, because the marine environment is always
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2 High Sensitivity Rotating Alternating Current Field Measurement …

coming with physical, chemical, biological factors and the complex surface situa-
tions, such as attachments on underwater structures, which influence the operations 
and cracks inspection results [3, 9–13]. 

For underwater cracks inspection, visual inspection is a very useful and econom-
ical method, which relies on inspectors’ ability and experience [14, 15]. However, 
small and narrow cracks, such as stress corrosion cracks (SCC), are not visible 
to the unaided eye in most cases. Magnetic particle inspection (MPI) [16, 17] is  
the most widely used method for underwater surface cracks inspection. MPI uses 
small magnetic particles, such as iron filings, to reveal and locate the surface cracks. 
However, its effectiveness depends on the situation of structures surface, which is 
similar to liquid coupled ultrasonic inspection methods [18, 19]. But high levels of 
surface cleaning will be costly for underwater equipment. As a non-contact inspection 
technology, magnetic flux leakage (MFL) [20] technology doesn’t require high level 
surface cleaning before inspection. MFL is based on magnetizing the equipment 
and sensing the flux leakage. About 90% of metal loss detections for underwater 
pipelines are performed with MFL. But it is difficult to detect tight cracks as the 
flux will flow around these cracks without leakage. Eddy current testing (ECT) is 
widely used for the detection of surface and sub-surface flaws in conductive mate-
rials. Conventional ECT is highly sensitive to lift-off because of the variations in 
sensing coil’s impedance [21]. In the underwater environment, the surface of struc-
tures is often uneven due to coatings and attachments. Therefore, constant lift-off 
is difficult to achieve, which affects the accuracy and detectability of conventional 
ECT. 

ACFM is originally developed by University College of London (UCL) for sizing 
underwater cracks as an alternative to MPI, which based on the alternating current 
potential drop (ACPD) [22] technology. When the measurement is performed, the 
induced uniform alternating electromagnetic field will be disturbed by crack on 
structures. As shown in Fig. 1, two components of the disturbed magnetic field are 
measured to calculate the crack depth and length via mathematical models. The 
magnetic field in X direction (Bx) shows a reduction for the decrease of current 
density, which reflects the crack depth, while magnetic field in Z direction (Bz) 
shows a negative and positive peak at both end of the crack, which indicates the 
crack length [23, 24]. With the advantages of high tolerance to lift-off, no or little 
surface cleaning and accurate mathematical model, ACFM has been widely used for 
sizing cracks on underwater structures without calibration in the offshore oil and gas 
industry [25, 26].

There is a signal excitation coil driven by AC current to induce alternating current 
and magnetic field on metal surface in conventional ACFM technology, as shown 
in Fig. 2. The induced current perturbation will be the maximum when the crack is 
perpendicular to the induced current (known as perpendicular crack in this paper). 
But it will be the minimum when the crack is parallel to the induced current (known 
as parallel crack in this paper), as shows in Fig. 3. Due to this phenomenon, the 
sensitivity of conventional ACFM is directional, high sensitivity for perpendicular 
cracks and low sensitivity for other angle cracks and almost no signal for parallel 
cracks. Therefore, traditional ACFM has to scan the same area several times along
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Fig. 1 Perturbations of electric field and magnetic field around a crack and ACFM signals obtained

different directions to avoid missing the cracks, which significantly increases the 
cost of underwater inspections. In our previous work, an optimized double U-shaped 
orthogonal inducer is present to detect perpendicular crack with sensor array. In this 
paper, a rotating alternating current field induced by the double U-shaped orthogonal 
inducer and an underwater test system are present for the detection of arbitrary-angle 
cracks on underwater structure with one pass scanning.

This paper is organized as follows: Sect. 2 shows the theoretical model of RACFM 
and FEM analysis of rotating alternating electromagnetic field. The RACFM system 
is described in Sect. 3. Arbitrary-angle underwater cracks detection experiments are 
conducted and discussed in Sect. 4. Conclusion is made in Sect. 5. 

2 Induced Rotating Alternating Current Field 

2.1 RACFM Theoretical Model 

According to the ACFM principle, it is sensitive to the perpendicular crack as the 
distortion of induced alternating current field is most significant when the perpen-
dicular crack presents, as shown in Fig. 3. If the induced alternating current rotates 
periodically, the arbitrary-angle cracks in any direction will be perpendicular to the 
induced field at one moment in a period, which makes it possible to have high 
detection sensitivity for arbitrary-angle cracks. A rotating magnetic field can be
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Fig. 2 Induced AC current 
and Magnetic field using a 
signal excitation coil in 
traditional ACFM a around 
the excitation coil, and b on 
the metal surface 

Fig. 3 Inducted AC current 
field perturbation caused by, 
a perpendicular crack, and 
b parallel crack

constructed using two orthogonal excitation coils with 90° phase difference alter-
nating currents [27, 28]. In this way, two same excitation coils winding on the U-
shaped MnZn ferrite yokes are placed orthogonally along X direction (excitation 
X) and Y direction (excitation Y) as the double U-shaped orthogonal inducer of 
RACFM [29], as shown in Fig. 4. Excitation X and excitation Y are driven by one 
pair alternating currents, ix(t) and iy(t) respectively, which are defined as follows 

ix(t) = I0 sin(ωt + α0) (1)
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Fig. 4 Structure of double U-shaped orthogonal inducer of RACFM 

iy(t) = I0 sin(ωt + α0 + 90◦) (2) 

where I0 is the amplitude of the alternating current, ω is the frequency of the alter-
nating current, and α0 is the initial phase of the ix (t). Amplitudes and frequencies 
of them are the same, while the initial phases are with 90° delay. 

The time varying conditions of RACFM are given by Maxwell’s equations as 
follows 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

∇ ×  E = − ∂B 
∂t 

∇ ×  H = Je + ∂D 
∂t 

∇ ·  B = 0 
∇ ·  D = ρ 

(3) 

where E is the electric field, B is the magnetic flux density, D is the electric displace-
ment, H is the magnetic field intensity, ρ is the charge density and Je is the current 
density. And the displacement current ∂D/∂t is negligible compared to the current 
density for the relatively low operating frequency (below 10 MHz), such as the 6k 
Hz frequency applied in this paper. 

The constitutive relations for an isotropic, linear and homogeneous medium are 
given as 

⎧ 
⎨ 

⎩ 

B = μH 
D = εE 
Je = σ E 

(4)
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where μ is the magnetic permeability in Henrys per meter (H/m), ε is the electric 
permittivity in Farads per meter (F/m), and σ is the electric conductivity in Siemens 
per meter (S/m). 

According to the Ampere’s Law, when the length of excitation coil is much bigger 
than its radium, the alternating primary magnetic flux densities, Bx(t) and By(t), 
induced by the excitation X and Y, are given as follows 

Bx(t) = μnix(t) = μ0μrnI0 sin(ωt + α0) �X (5) 

By(t) = μniy(t) = μ0μrnI0 sin(ωt + α0 + 90◦)�Y (6) 

where μ0 and μr are free space and relative magnetic permeability, n is the number 
of turns of each coil. �X and �Y just mean the directions of the primary magnetic field 
along X and Y directions respectively. 

When the double U-shaped orthogonal inducer is closed to the conductor surface, 
the alternating eddy currents will be induced in the conductor. Because the double 
U-shaped orthogonal inducer is very close to the surface of conductor, the conductor 
will be assumed as a half-infinite plate. According to the principle of electromagnetic 
field propagation, the induced electromagnetic fields in the conductor rapidly decay 
exponentially with depth z, and z = 0 at the conductor surface. The magnetic field 
intensity in the conductor induced by the excitation X and excitation Y, Hx(z, t) and 
Hy(z, t), is found for time varying conditions as follows 

Hx(z, t) =
√
2kHpe

− z d cos
(
ωt + α0 − 

z 

d

) �X (7) 

Hy(z, t) =
√
2kHpe

− z d cos
(
ωt + α0 + 90◦ − 

z 

d

)�Y (8) 

d = √
2/ωσ μ (9) 

where d is the skin depth, Hp is the amplitude of primary magnetic field intensity 
and k is the ratio of the magnetic field on the surface of conductor to the total primary 
field. 

As shown in Fig. 5, combining the magnetic field intensity with Maxwell’s equa-
tions, the current densities induced by the excitation X and excitation Y, Jex(z, t) and 
Jey(z, t) [30], are given as follows. 

Jex(z, t) = 
2kHp 

d 
e− z d cos

(
ωt + α0 − 

z 

d 
+ 

π 
4

)�Y (10) 

Jey(z, t) = 
2kHp 

d 
e− z d cos

(

ωt + α0 − 
z 

d 
+ 

3π 
4

)

�X (11)
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Fig. 5 Induced alternating current on the surface of ample by excitation X and excitation Y 
respectively 

The induced alternating current density, Je(z, t), can be combined with these two 
orthogonal components, Jex(z, t) and Jey(z, t). In this way, the amplitude and phase 
of Je(z, t), AJ (t) and θ J (t), are calculated as follows 

AJ (z) =
√

Jex(z, t)2 + Jey(z, t)2 = 
2kHp 

d 
e− z d (12) 

θJ (z) = arctan
(
Jex(z, t) 
Jey(z, t)

)

= ωt + α0 − 
z 

d 
+ 

3π 
4 

(13) 

According to Eqs. (12) and (13), the combined induced alternating current in the 
conductor also decays exponentially with depth. At a given depth, the amplitude of 
the induced current density is constant, while the phase is rotating periodically at 
the same frequency with driving alternating current of double U-shaped orthogonal 
inducer, as shown in Fig. 6. 

According to the theoretical model, the rotating alternating current field is induced 
in the conductor using the double U-shaped orthogonal inducer and the set of driving 
currents have been presented in this paper. Thus, there is no directional limitation 
for crack detection using RACFM.

Fig. 6 The theory analysis 
results for induced 
alternating current field in 
the conductor, and T is the 
period 
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2.2 FEM Modeling and Analyzing 

To verify the RACFM theoretical model proposed above, a FEM model of the double 
U-shaped orthogonal inducer is set up and analyzed by using transient analysis 
method in ANSYS. The simulation model consists of a double U-shaped orthog-
onal inducer wound with excitation coils above a mild steel sample, as shown in 
Fig. 7. Each coil is wound by 500 turns 0.15 mm enameled copper wire. Other 
structural parameters of the model are given in Table 1. To simulate the real under-
water environment, the computational domain of the FEM model is set to sea water. 
The material characteristic parameters of both model and environment are shown in 
Table 2 [31, 32]. The excitation coils X and Y carry the alternating currents with 1V 
amplitude, 6 k Hz frequency, and the 0° and 90° initial phases respectively. 

A complete period is divided into 4 transient steps equally. And the transient 
induced current densities on the surface is simulated and analyzed. Simulation results 
show that the direction of induced current field at the uniform area revolves period-
ically at 6k Hz frequency, whose direction is negative Y at t = 0, and negative X at t 
= 0.25 T, and positive Y at t = 0.5 T, and positive X at t = 0.75 T, as shown in Fig. 8.

The average amplitudes of induced magnetic flux densities are almost constant at 
the approximate uniform area on the surface at different transient times, as shown in 
Table 3. The biggest relative change of average amplitudes is only 4.27%. Comparing 
Fig. 6 with Fig. 8, it can be seen that the uniform rotating alternating current field 
is induced by the double U-shaped orthogonal inducer with constant amplitude

Fig. 7 The FEM model of RACFM 
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Fig. 8 The FEM simulation analysis results for induced AC field on the surface at different transient 
time, a t = 0, b t = 0.25T, c t = 0.5T, and d t = 0.75T

and periodically revolving direction, which matches the results of RACFM theory 
analysis. 

Summarizing the results from theoretical analysis and FEM simulation, the 
uniform rotating alternating current field induced by the double U-shaped orthogonal 
inducer meets the requirement of overcoming the limitation of directional inspec-
tion by conventional ACFM and achieves high sensitive detection for arbitrary-angle 
cracks with one pass scanning.
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3 RACFM System for Arbitrary-Angle Cracks 
Measurement 

3.1 RACFM System 

The underwater RACFM system consists of two parts, underwater component and 
topside component, as shown in Fig. 9. The topside component includes power 
supply, data acquisition (DAQ) module and PC. The underwater component consists 
of signal processing hardware including signal generator, power amplifier, 90° 
phase shifter and condition circuit. The RACFM probe includes double U-shaped 
orthogonal inducer and detecting sensor. 

The power supply provides 12V DC for the signal processing hardware. The signal 
generator provides a sine exciting signal (6k Hz and 1 V) as the initial driving signal. 
The initial driving signal and the orthogonal driving signal provided by the 90°phase 
shifter are used to drive the excitation coils of double U-shaped orthogonal inducer. 
The RACFM probe scans the surface of sample and the detecting sensors pick up the 
distorted magnetic field above the cracks. After signal amplification and low pass 
filtering, these analog signals are transformed to digital signals and sent into the PC 
using the DAQ module. The real-time curves of Bx and Bz are plotted and the cracks 
can be determined.

Fig. 9 The underwater RACFM system 
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3.2 RACFM Probe 

The underwater RACFM probe consists of the double U-shaped orthogonal inducer 
and detecting sensors, as shown in Fig. 10a. According to theoretical model and FEM 
model, the double U-shaped orthogonal inducer is built by two orthogonal U-shaped 
MnZn ferrite yokes wound with 500 turns excitation coils of 0.15 mm enameled 
copper wire respectively. As shown in Fig. 10b, the detecting sensors are made up of 
two detection coils (Bx coils and Bz coils), which are wound on a common yoke. The 
planes of the two detection coils are perpendicular to X direction and Z direction for 
picking up the Bx and Bz respectively.

3.3 RACFM Waterproof Shell 

The RACFM probe and the signal processing hardware are fixed together and encap-
sulated in a waterproof shell, as shown in Figs. 11 and 12. The shell material is 
non-magnetic stainless steel (00Cr17Ni14Mo2) and the bottom of the shell is made 
of non-magnetic Perspex. The detecting sensor is installed on the cover of probe at a 
4 mm lift-off above the specimen. To seal against the water pressure, the gland and 
the sealing ring are used to compress the bottom cover together with the shell and 
all the signal wires pass through the cable sealing joint. The signals are transmitted 
via signal wires between the underwater component and topside component.

4 RACFM System Testing and Discussing 

4.1 Experiment System 

To further verify the effectiveness of RACFM method and underwater test system 
present in this paper, arbitrary-angle cracks on underwater sample detection exper-
iments are conducted with a high precise 3D scanner, as shown in Fig. 13. A water  
tank filled with seawater is used to simulate the seawater environment. The RACFM 
underwater components and the sample are placed in water tank as in the FEM 
simulation. The sample under test (SUT) is a Q235 mild steel sheet with a 45mm 
length and 7mm depth artificial rectangular crack produced by the electric discharge 
machining (EDM).

To simulate the arbitrary-angle cracks detection, the probe scans the crack with 10 
different paths accurately controlled by the scanner. The angles between the scanning 
paths and crack change from 0° to 90° with 10° step, as shown in Fig. 14. The 0° 
angle crack indicates that the scanning path is along the crack, while the 90° angle 
crack indicates that the scanning path is perpendicular to the crack.
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Fig. 10 Photo of RACFM probe
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Fig. 11 Photo of the 
RACFM underwater 
component 

Fig. 12 Assembling of RACFM underwater component

4.2 Discussion 

In order to compare the detection sensitivity of different angle cracks using RACFM 
and conventional ACFM [33, 34], the same crack on underwater structure detection 
experiments have been conducted along different scanning paths using the RACFM 
probe and a U-shaped ACFM probe respectively. Furthermore, to keep the elec-
tromagnetic field signals picked up by different probes comparable, the excitation
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Fig. 13 RACFM experiment system

signal of the ACFM probe are the same as the excitation X of the RACFM probe. 
Meanwhile the detecting sensors of these two probes are the same. 

When the probes scanning over the surface of sample, two components of the 
disturbance magnetic field, Bx and Bz, are picked up and drawn in real–time by 
the software after both hardware signal processing and digital signal processing. 
Figure 15a–d show the 0, 30, 60, 90 degree angle cracks detection experimental 
results using the RACFM probe and traditional ACFM probe respectively. Comparing 
Fig. 15a with Fig. 1, it is clear that the Bx and Bz signals obtained from experiments are 
in accordance with the principle of ACFM, which proves the capability of RACFM 
system for detection of cracks on underwater structure [34].

Comparing these experimental results of RACFM with traditional ACFM at 0 
degree angle crack detection, as shown in Fig. 15a, it is apparent that the Bx and 
Bz distributions agree with the principle of ACFM. Meanwhile, the perturbations of 
Bx and Bz caused by the crack are similar using both ACFM and RACFM. When 
the angle is increased to 30°, as shown in Fig. 15b, the perturbations of ACFM 
experimental results are far smaller than those of RACFM, although both the Bx and 
Bz distributions can also describe the presence of the crack using both RACFM and 
ACFM. When the angle is increased to 60°, as shown in Fig. 15c, the Bx and Bz 

distributions of RACFM experimental results are still in accord with the principle 
of ACFM and the perturbations are big enough for recognizing the crack. However, 
the Bx and Bz perturbations of ACFM experimental results are small and almost 
covered by noise, which cannot be used to determine the crack. Finally, when the
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Fig. 14 Experiment sample and scanning path

Fig. 15 BX and BZ signals from experiments using the RACFM probe and traditional ACFM probe 
for, a 0 degree crack detection, b 30 degree crack detection, c 60 degree crack detection, d 90 degree 
crack detection
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scanning path is perpendicular to the crack (90°), as shown in Fig. 15d, the crack can 
be recognized by Bx and Bz distributions of RACFM experiments results perfectly, 
while there are no perturbations caused by the crack in ACFM experimental results. 

According to the principle of ACFM, the perturbations of Bx and Bz are analyzed 
to determine and recognize the crack. The detection sensitivities (Sx and Sz) are  given  
as follows to describe the maximum distorted signals above the crack [32].

{
Sx = MXmax 

MX0 
× 100% 

Sz = MZmax 
MX0 

× 100% 
(14) 

where MX0 is the amplitude of Bx signal without crack, and MXmax and MZmax are 
the maximum perturbations of Bx and Bz caused by crack respectively. 

Table 4 shows the sensitive parameters (Sx and Sz) from the experimental results 
of RACFM and traditional ACFM. When detecting cracks using traditional ACFM 
probe, the fixed direction induced electromagnetic field can be mostly disturbed 
by 0 degree angle crack, and the sensitive parameters decrease sharply with the 
increasing of the cracks’ angle as shown in Fig. 16a. When the angle reaches 40 
degree, the Sx and Sz are only 2.9% and 6.6%, which are less than 10% of the 
maximum sensitivity. Compared with traditional ACFM experimental results, the 
rotating alternating current field induced by the double U-shaped orthogonal inducer 
is disturbed by arbitrary-angle cracks. There is a little decrease of detection sensitivity 
for different angle cracks, as shown in Fig. 16b. The minimum sensitivities of Sx and 
Sz for detecting different angle cracks are still as high as 27.3% and 59.7%, which 
are almost 80% of the maximum sensitivity. It is apparent that the RACFM system 
proposed in this paper can solve the problem of directional detection and achieve 
high detection sensitivity for arbitrary-angle underwater cracks. 

Fig. 16 Inspection sensitivity for different angle of cracks using, a traditional ACFM probe, and 
b RACFM probe
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Table 1 The structural 
parameters of the FEM model Model Length X (mm) Width Y (mm) Depth Z (mm) 

Yoke 90 15 36 

Sample 400 400 20 

Table 2 Material Parameters of the FEM model 

Model Material Relative permeability Resistivity (
·m) 

Sample Q235 mile steel 210 1.43 × 10–7 

Yoke MnZn ferrite 5500 1.5 × 104 

Coil 400 400 20 

Environment Sea water 1 2.0 × 10–1 

Table 3 The FEM 
simulation result at different 
transit time 

FEM transient (Ta) Magnetic flux density (Gb) 

0 30.75 

0.25 29.20 

0.5 30.37 

0.75 30.80 

a T = period 
b Magnetic flux density unit G = Gauss 

5 Conclusion 

In this paper, the RACFM technique based on the induced rotating alternating current 
field is proposed to solve the directional detection problem of traditional ACFM. The 
rotating alternating current field is proved by the FEM simulations. Based on theo-
retical and simulation results, the underwater RACFM test system and encapsulated 
probe are present for the detection of arbitrary-angle cracks. The performance and 
efficiency of the RACFM system is clearly demonstrated by arbitrary-angle cracks 
detection experiments. 

Comparing the experimental results of RACFM system with traditional ACFM 
system, the detection sensitivity of RACFM system does not decay too much for 
the non-perpendicular crack. It is clear that the RACFM overcomes the limitation 
of directional detection of traditional ACFM. Comparing with traditional ACFM, 
the RACFM system almost achieves a relatively high sensitivity for the detection of 
arbitrary-angle cracks on underwater structure with one pass scanning. The RACFM 
system can help to prevent future failures of key equipment during their whole 
lifetime and keep the safety of offshore oil & gas exploitation systems.
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Table 4 The sensitivity of RACFM and ACFM experiments 

ACFM results RACFM results 

Crack angle/degree Sx/(%) Sz/(%) Sx/(%) Sz/(%) 

0 31.7 72.2 32.6 69.5 

10 29.3 70.2 32.2 68.6 

20 21.6 52.4 31.6 69.1 

30 8.2 17.4 30.7 66.5 

40 2.9 6.6 28.1 61.5 

50 – – 27.3 59.7 

60 – – 27.6 62.3 

70 – – 28.0 65.2 

80 – – 27.8 69.5 

90 – – 28.1 73.8 
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Detection of Cracks in Metallic Objects 
by Arbitrary Scanning Direction Using a 
Double U-Shaped Orthogonal ACFM 
Probe 

Abstract Alternating current field measurement (ACFM) technology is developed 
for sizing cracks on structures. According to the theory of ACFM, the induced current 
should be perpendicular to the crack. So traditional ACFM probe needs to scan along 
the cracks. In this paper, a double u-shaped orthogonal ACFM probe is present for 
cracks detection by induced rotating current field at arbitrary scanning direction 
on structures. The finite element method (FEM) model is employed to analyze the 
rotating current field induced by the double u-shaped orthogonal ACFM probe. The 
cracks detection experiments are carried out to test cracks at arbitrary scanning 
direction. Results show that the crack can be detected effectively at arbitrary scanning 
direction using the double u-shaped orthogonal ACFM probe. 

Keywords ACFM · Arbitrary scanning direction · Double u-shaped orthogonal 
probe 

1 Introduction 

Alternating current field measurement (ACFM) is originally developed for sizing 
cracks on structures as an alternative to MPI [1, 2], based on the alternating current 
potential drop (ACPD) technology [3, 4]. ACFM probe induces a uniform alternating 
current on the surface of conductive specimen. The uniform current will be disturbed 
when crack presents. The distortion of magnetic field caused by electric field can 
be measured to deduce both the crack depth and length. As shown in Fig. 1, BX 

(X direction) shows a deep trough, which contains depth information, while Bz (Z 
direction) shows a negative and positive peak at both end of the crack, which gives an 
indication of length [5, 6]. However, the theory of ACFM is based on the assumption 
that the induced current is perpendicular to the crack. As shown in Fig. 2a, when 
the u-shaped ACFM probe scans the specimen along the crack, the induced current 
will be perpendicular to crack. Thus, the perturbation of induced current is obvious 
and the characteristic signals are in accord with the theory of ACFM [7]. While the 
u-shaped ACFM probe is perpendicular to the crack, as shown in Fig. 2b, the induced
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Fig. 1 Theory of ACFM

current will be parallel to the crack. In this case, the perturbation of induced current 
is unconspicuous. Due to leakage flux effect, some magnetic field leaks into the air. 
However, the leakage flux effect does not match the theory of ACFM, which can not 
make some quantitative detection of the crack (depth and length). 

As mentioned above, the traditional ACFM probe needs to scan the specimen 
along the crack. In practice, it is not clear that the crack is present or not on the 
specimen, let alone the direction of the crack before the inspection. Hence, to detect 
the cracks at arbitrary scanning direction effectively, a double u-shaped orthogonal 
ACFM probe is present in this paper. The double u-shaped orthogonal ACFM probe 
can produce a rotating alternating current field on the specimen. The induced rotating 
current field will be perpendicular to the crack at any scanning direction. Thus the 
cracks can be detected at arbitrary scanning direction using the double u-shaped 
orthogonal ACFM probe. 

2 FEM Model of Double U-Shaped Orthogonal ACFM 
Probe 

As Ferraris effect, a rotating magnetic field can be constructed using two orthogonal 
coils with 90° phase difference in their AC currents [8]. In this way, two same 
excitation coils winding on the U-shaped MnZn ferrite material magnetic yokes are 
placed orthogonally along X direction (excitation X) and Y direction (excitation Y). 
Excitation X and excitation Y are driven by one pair alternating currents, ix(t) and
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Fig. 2 U-shaped ACFM probe for cracks detection. a The probe is parallel to the crack. b The 
probe is perpendicular to the crack

iy(t) respectively, which are defined as follows: 

ix(t) = I0 sin(ωt + α0) (1) 

iy(t) = I0 sin(ωt + α0 + 90◦) (2) 

where, I0 is the amplitude of the alternating current, ω is the frequency of the 
alternating current, and α0 is the initial phase of the ix (t). 

Because the excitation array is very close to the conductor surface, the conductor 
will be assumed a half-infinite plate [9, 10]. According to the principle of electromag-
netic field propagation, the alternating eddy currents will be induced in the conductor 
by the alternating primary magnetic fields [11]. 

The FEM model of the orthogonal excitation array is set up and analyzed by 
the transient analysis method in ANSYS [12]. The simulation model consists of a 
double orthogonal U-shaped yoke wound with coils where placed on a mild steel 
sheet sample, as shown in Fig. 3. The excitation coils X and Y carry the alternating 
currents with 1 V amplitude, 6000 Hz frequency, and the initial phases of 0° and 90° 
respectively.

A complete period is divided into 4 transient steps equally. And the transient 
induced current densities on the surface are simulated and analyzed. The simulation
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Fig. 3 The FEM model of the double u-shaped orthogonal ACFM probe

results show that the direction of induced current field at the uniform area revolves 
periodically with the driving alternating current, which the direction is negative Y at 
t = 0, and negative X at t = 0.25 T, and positive Y at t = 0.5 T, and positive X at t = 
0.75 T, as shown in Fig. 4. The rotating induced current field can be perpendicular 
to cracks vertically at arbitrary scanning direction producing a larger distortion in 
magnetic field. The simulation results provide a strong evidence for the detection 
of cracks at arbitrary scanning direction using a double u-shaped orthogonal ACFM 
probe.

3 Cracks Detection Experiments 

The double u-shaped orthogonal ACFM probe is set up, as shown in Fig. 5a. The 
excitation array is built by two orthogonal U-shaped MnZn ferrite yokes wound with 
500 turns current-carry coils of 0.15 mm enameled copper wire each, according to 
theory model and FEM model. The experiment system is shown in Fig. 5b. The 
signal generator provides a sine signal with 6 kHz frequency and 1 V voltage as 
the initial driving signal. The initial driving signal and the orthogonal driving signal 
provided by the 90° phase shifter are used to drive the current-carrying coils of double 
u-shaped orthogonal ACFM probe. The detecting sensor picks up the disturbance 
magnetic signals caused by the disturbed uniform rotating alternating current filed. 
After the signal amplification, phase sensitive rectification and low pass filtering by
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Fig. 4 The FEM simulation analysis results for induced AC field on the surface at different transient 
time, a t = 0, b t = 0.25T, c t = 0.5T, and d t = 0.75T

the condition module, these analog signals are transformed to digital signals and sent 
into the PC using the DAQ module. The intelligent identification software in PC will 
display the signals and identify arbitrary cracks with one pass scanning.

The specimen is a Q235 mild steel sheet with 45 mm length and 7 mm depth 
artificial rectangular crack. As shown in Fig. 5c, the double u-shaped orthogonal 
ACFM probe scans the crack from 0° to 90° with 10° increase simulating the detection 
of cracks at arbitrary scanning direction. The 0° angle indicates the double u-shaped 
orthogonal ACFM probe is parallel to the crack, while the 90° angle indicates the 
probe is perpendicular to the crack. 

Figure 6a–d show the 0°, 30°, 60°, 90° angle cracks detection experimental results 
using the double u-shaped orthogonal ACFM probe. Comparing Fig. 5a with Fig. 1, 
it is clear that the BX and BZ signals are in accordance with the principle of ACFM, 
which proves the feasible of the experiment system. As shown in Fig. 6b, the pertur-
bations of ACFM experiments results are still obvious at 30°. At 60°, as shown in
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Fig. 5 The double u-shaped orthogonal ACFM probe. a The double u-shaped orthogonal ACFM 
probe and detecting sensor. b The experimental system. c Detection of cracks at arbitrary scanning 
direction

Fig. 6c, the BX and BZ are also according with the principle. Finally, when the scan-
ning direction is perpendicular to the crack, as shown in Fig. 6d, the crack still can 
be recognized by the double u-shaped orthogonal ACFM probe perfectly.

The parameters for characterizing the inspection sensitivity, SX and SZ , are  given  
as follows to reduce detection error and improve the SNR (Signal to Noise Ratio) 
[13].

{
SX = MXmax 

MX0 
× 100% 

SZ = MZmax 
MX0 

× 100% 
(14) 

where, MX0 is the amplitude of BX signal without crack, and MX max and MZ max 

are the maximum perturbations of BX and BZ caused by crack respectively. 
As shown in Fig. 7, there is a little decrease of sensitivity by the double u-shaped 

orthogonal ACFM probe at different scanning detection. The maximum sensitivity of 
SX is 32.6%, while the minimum sensitivity of SX is 27.2%. The maximum decrease 
of sensitivity in SX is 16.8%, which meets requirements of sensitive detection of 
cracks at arbitrary scanning direction. Meanwhile, the maximum sensitivity of SZ 
is 69.1% and the minimum sensitivity of SZ is 59.8%, whose maximum decrease 
is 13.5%. It suggests that the detection sensitivity of double u-shaped orthogonal 
ACFM probe changes a little for inspecting cracks at arbitrary scanning direction.
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Fig. 6 BX and BZ signals from experiments using the double u-shaped orthogonal ACFM probe. 
a Crack detection at 0°. b Crack detection at 30°. c Crack detection at 60°. d Crack detection at 90°

Fig. 7 Detection sensitivity for cracks at different scanning direction. a Bx, b Bz
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4 Conclusion 

In this paper, a double u-shaped orthogonal ACFM probe is present for cracks detec-
tion at arbitrary scanning direction on structures. The induced rotating current field 
is analyzed by simulations. The cracks detection experiments at arbitrary scanning 
direction are carried out by the double u-shaped orthogonal ACFM probe test system. 
From these results, we conclude that the feasibility of double u-shaped orthogonal 
ACFM probe is verified by both EFM model and experiments. It is apparent that the 
double u-shaped orthogonal ACFM probe proposed in this paper can detect cracks 
effectively at arbitrary scanning direction. 
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A Novel Fatigue Crack Angle 
Quantitative Monitoring Method Based 
on Rotating Alternating Current Field 
Measurement 

Abstract Under complicated fatigue loading conditions, cracks initiate nd grow in 
the arbitrary direction from corrosion pits in the aerospace equipment. The moni-
toring of crack propagation angle is very important for the safety assessment of the 
aerospace equipment, which is still a challenge by the conventional structural health 
monitoring (SHM) method. In this paper, a novel crack angle quantitative monitoring 
method is presented based on the rotating alternating current field measurement 
(RACFM). A theoretical model of the crack angle measuring method is established 
to analyze the perturbation principle of the induced electromagnetic field. The rela-
tionships between the angle, length and depth of the crack and the Bz signal are 
analyzed. The probe and testing system are established, and experiments are carried 
out. The results show that the phase of the Bz signal has a linear relationship with 
the crack angle for the same crack, and the amplitude of the Bz signal can correct the 
crack angle for the different cracks. The angle of fatigue cracks can be quantitatively 
measured by the Bz phase difference method based on the RACFM. 

Keywords Fatigue crack · Angle quantitative monitoring · RACFM · Bz phase 
difference method · SHM 

1 Introduction 

Aluminum alloys are widely used in the aerospace industry due to their good specific 
properties such as high-thermal conductivity and high strength-to-weight ratio [1]. 
However, they are prone to localized corrosion pits due to corrosive environments 
such as plain water and saltwater [2, 3]. Because the aerospace structure is affected 
by cyclic loads, it is very easy to generate stress concentrations at the location of 
corrosion pits. Therefore, after corrosive pit formation, the next steps under compli-
cated fatigue loading condition include pit growth, transition from pitting to fatigue 
crack initiation and short crack growth in arbitrary-angles [4–6]. A US Air Force 
airframe teardown analysis showed that 80% of fatigue crack initiation features are 
corrosion pits [7]. Short cracks expand along the depth and surface of the structure,
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and then form typical surface cracks [8]. The entire structure may fail before the 
crack penetrates, which is concealed and hazardous. Therefore, it is necessary to 
inspect the process of pit-to-crack transition and the size and direction of fatigue 
crack growth for the safety assessment of the aerospace equipment. 

The periodical non-destructive inspection of key parts is very important for the 
safety of equipment [9]. Nevertheless, conventional non-destructive testing methods 
to inspect structures regularly are generally expensive and labor-intensive. Moreover, 
it is not possible to repair and replace parts of the structure with cracks immediately, 
especially if the aircraft component is expensive. A new maintenance concept that is 
called structural health monitoring (SHM) technology has been proposed, which is 
to rationally allocate maintenance resources, and improve the safety and reliability 
of in-service aircraft structures [10]. Current SHM technologies mainly include GPS 
technology, optical fiber, strain gauges, accelerometers, acoustic emission, ultrasonic 
and electromagnetic. The GPS technology is used as an overall structure monitoring 
method, and it is difficult to monitor small cracks within large structures in time [11]. 
The optical fiber and strain gauges are commonly used techniques for monitoring 
structural stress and strain, but cannot monitor crack initiation and propagation [12, 
13]. The accelerometers evaluate the structural state by measuring the mode of struc-
tural vibration, but the monitoring effect of nonlinear damage such as fatigue cracks 
needs to be improved [14]. The acoustic emission technology can detect dynamic 
cracks under external structural stress, but static cracks do not produce signals, and the 
application cost is high [15]. The ultrasound technology is not suitable for monitoring 
crack growth due to the need for couplants [16]. 

Electromagnetic monitoring methods are low-cost and easy-to-use based on elec-
tromagnetic induction and have good perspectives for use in the field of metallic struc-
ture health monitoring, which mainly include eddy current [17], alternating current 
potential drop [18] and metal magnetic memory (MMM) [19]. Li et al. measured 
the normal and tangential components of the stress-induced MMM signal by perma-
nently installed magnetic sensor arrays [20]. MMM, that is susceptible to environ-
mental interference and stress, is a weak magnetic signal which can easily cause 
misjudgment of crack monitoring results. Chaudhuri et al. proposed the alternating 
current potential drop method for weld toe fatigue crack initiation [21]. The alter-
nating current potential drop requires alternating current to be applied to both ends of 
the structure, and complex array electrodes are placed on the surface of the structure 
for the crack monitoring. It destroys the anti-corrosion coating on the surface of the 
structures, and the monitoring results are greatly affected by human factors such as 
electrode installation. JENTEK Sensors Inc. has developed the Meandering Winding 
Magnetometer (MWM) sensor for monitoring of crack initiation and growth during 
fatigue tests and in service [22]. A rosette-like eddy current array sensor with high 
sensitivity was proposed for quantitatively monitoring hole-edge crack of aircraft 
structure [23, 24]. Sun et al. used one exciting coil covering the entire thickness 
and several sensing coils distributed along the axial length of the hole to quanti-
tatively monitor a bolt hole crack in the radial and the axial directions [25]. The 
change-prone micro eddy current sensor was designed and fabricated with flexible
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printed circuit board (FPCB) technology to monitor fatigue cracks of a metal struc-
ture [26]. The annular flexible eddy current array (FECA) sensor was developed for 
quantitative monitoring of cracks in ferromagnetic steels under varying loads and 
temperatures [27]. Yusa et al. designed the arrayed uniform eddy current probe for 
crack monitoring and sizing of surface breaking cracks with the aid of a computa-
tional inversion technique [28]. However, the unidirectional eddy current generated 
by the above method is only sensitive to cracks perpendicular to the direction of 
the current. In addition, the traditional electromagnetic monitoring method cannot 
obtain the direction of crack propagation. 

In order to realize the detection of cracks at different angles, the RACFM technique 
was proposed by different scholars. Hoshikawa et al. proposed a new ECT probe 
called the Hoshi Probe which utilizes a uniform direction rotating eddy current to 
reduce noises [29, 30]. Cracks of different angles are detected using the designed 
probe, but it does not quantitatively analyze the relationship between the angle and 
size of the crack and the amplitude and phase of the characteristic signal. Udpa et al. 
designed a rotating current probe with sensor arrays to detect cracks at different 
angles at a fastener site in layered structures [31, 32]. However, only the amplitude 
of the characteristic signal is analyzed, the angle of the crack is obtained through 
the C-scan image. All the above methods are non-destructive testing methods, but 
neither of them involves the fixed-point monitoring of cracks. 

In this paper, a novel fatigue crack monitoring method is proposed based on 
the RACFM. The angle of crack is quantitative measured by the Bz (the magnetic 
field perpendicular to the specimen) phase difference method. Firstly, two alternating 
current signals with a phase difference of 90° and the same frequency are respectively 
loaded on the orthogonal excitation coils, and the Bz signal is extracted by a sensor. 
Secondly, the probe is placed in a position where the specimen has no defects, and the 
real and imaginary components of the Bz signal are recorded as the calibration signal. 
Then, the probe is placed at the corrosion pits, the real and imaginary component of 
the crack is recorded as the monitoring signal. The differential signal is obtained by 
subtracting the calibration signal from the monitoring signal. The real and imaginary 
parts of the differential signal are converted into the amplitude and phase. Thirdly, 
taking the 0° crack phase as the reference, the reference is subtracted from the Bz 
phase of the measured crack to obtain the crack angle measurement result. Finally, 
the crack angle measurement result is modified by the amplitude of the Bz signal. The 
method proposed in this paper provides a new idea for monitoring the fatigue crack 
direction of aluminum alloy materials in the aerospace industry. Compared with the 
traditional eddy current monitering technology, the testing system is simpler and the 
quantification accuracy of the crack angle measurement is improved. 

The rest of the paper is organized as follows. The theoretical model of the RACFM 
is established to analyze the influence of the angle of the crack on the distorted 
electromagnetic field in Sect. 2. The influences of crack angles and sizes on the 
characteristic signal are simulated by the 3D FEM model in Sect. 3. The RACFM 
monitoring probe and testing system are developed and cracks of different angles, 
lengths and depths are monitored in Sect. 4. Finally, the conclusions and future work 
are outlined in Sect. 5.
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2 Theoretical Model 

The rotating uniform alternating current field can be induced using two orthogonal 
unidirectional coils with 90° phase shift alternating currents. The induced current 
Jx1 and Jx2 generated by the two excitation coils can be represent respectively as 
follows: 

Jx1(t) = J0 sin(ωt + α0) �X1 (1) 

Jy1(t) = J0 cos(ωt + α0)�Y1 (2) 

where �X1 and �Y1 are unit vectors along the x and y axis respectively, J0 is the amplitude 
of induced current density, α0 is the phase of induced current, ω is the frequency of 
the induced current, and t is the time. 

The directions of the two induced electric fields are orthogonal, their frequencies 
are equal and the phase difference is 90°, as shown in Fig. 1. When there are no 
defects, the induced electric field is uniform. When defects exist, the induced electric 
field is distorted. 

As shown in Fig. 2, the induced currents are decomposed into the current compo-
nent Jx2 perpendicular to the crack direction and the current component Jy2 parallel 
to the crack direction as follows: 

Jx2(t) = (J0 sin(ωt + α0) cos(θ ) + J0 cos(ωt + α0) sin(θ )) �X2 (3) 

Jy2(t) = (J0 cos(ωt + α0) cos(θ ) − J0 sin(ωt + α0) sin(θ ))�Y2 (4)

Fig. 1 Perturbations of uniform alternating current around corrosion pits 
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Fig. 2 Schematic diagram of induced current decomposition 

where �X2 and �Y2 are unit vectors along the x2 and y2 axis respectively and θ is the 
crack angle. 

According to the vector composition theorem, the total induced current density 
J(t) in the specimen can be regarded as the superposition of two orthogonal induced 
currents Jx2 and Jy2, and the total induced current amplitude AJ(t) and phase angle 
θ J (t) can be represent as follows [33]: 

AJ (t) = 
√
Jx2(t)

2 + Jy2(t)2 = J0 (5) 

θJ (t) = arctan
(
Jx2(t) 
Jy2(t)

)
= ωt + α0+θ (6) 

When there is no defect, the magnitude of the induced electric field generated by 
the rotating alternating current field is a fixed value. The direction of the induced 
electric field rotates periodically with time, and the rotation period is equal to the 
excitation current period. Furthermore, the phase of the induced electric field and the 
angle of the crack show a linear relationship. 

The induced electric field is regarded as a number of straight wires carrying 
current, and the wire currents Ix2 and Iy2 in two directions can be expressed as 
follow: 

Ix2(t) = (I0 sin(ωt + α0) cos(θ ) + I0 cos(ωt + α0) sin(θ )) �X2 (7) 

Iy2(t) = (I0 cos(ωt + α0) cos(θ ) − I0 sin(ωt + α0) sin(θ ))�Y2 (8) 

where I0 is amplitude of the wire current. 
At the no crack position, the magnetic induction intensity in the Z direction (Bz) 

is zero, since the magnetic field components of each long straight wire cancel each
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other out. When the crack exists, the current line at the tip of the crack forms a curved 
arc, so Bz is not zero. 

The micro-current arc Idτ on the current line near one tip of the crack is selected. 
The radius of the arc is r. According to the principle of electromagnetic field superpo-
sition, the integral of the magnetic field formed by the current micro-element along 
the current deflection path in the specimen must be along the Z direction. According 
to the Biot-Savart law, Bzx2 and Bzy2 can be expressed as [34]: 

Bzx2(t)=
∮

μ0Ix2(t)dτ 
4π

(
r2+l2

) (9) 

Bzy2(t)=
∮

μ0Iy2(t)dτ 
4π

(
r2+l2

) (10) 

where μ0 is vacuum permeability and l is lift-off. 
Bz can be expressed as: 

Bz(t) = Bzx2(t) + Bzy2(t) (11) 

As  shown in Fig.  3, the induced current is much more significantly sensitive to 
vertical cracks than to parallel cracks, so Bzx2(t) � Bzy2(t). Bz can be expressed as: 

Bz(t) =
∮

μ0I0cos(ωt + α0+θ)dτ 
4π

(
r2+l2

) (12) 

It can be seen from (12) that at the crack tip, the angle of crack does not affect the 
amplitude of the Bz signal, but it has a linear relationship with the phase. Finally, the 
establishment process of the theoretical model is shown in Fig. 4.

Fig. 3 Schematic diagram 
of current disturbance. 
a Current lines are 
perpendicular to the crack; 
b Current lines are parallel to 
the crack 

(a) (b) 
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Fig. 4 Process of the theoretical model 

3 Finite Element Analysis 

3.1 Model Set Up 

The 3D simulation model for the fatigue crack angle quantitative monitoring is 
built using the finite element software COMSOL, which is widely used to solve 
Maxwell’s equations for modeling the electromagnetic field response due to its 
efficient computing performance and outstanding multi-field bidirectional direct 
coupling analysis capabilities [35, 36], as shown in Fig. 5. The model includes a 
specimen, coil-1, coil-2, crack, pick-up point and air. The lift-off of coil-1 is 0.8 mm 
and the lift-off of coil-2 is 0.5 mm. In order to ensure that the induced current is 
uniform in any direction, the two coils are loaded with different currents due to 
different lift-off heights. Coil-1 carries the alternating currents with a 0.31 A ampli-
tude, 10 kHz frequency, and 0° phase. Coil-2 carries the alternating currents with a 
0.3 A amplitude, 10 kHz frequency, and 90° phase. Two excitation coils are perpen-
dicular to each other. The pick-up point is located at the coil center, whose lift-off 
distance is 1.5 mm. The thickness of the specimen is 10 mm, and the conductivity is 
3.77 E7 S/m. The center of the excitation coils is at the tip of the crack. The mesh of 
the model adopts free tetrahedral. The grid size of specimen, coil-1, coil-2 is set to 
finer and air is set to fine in mesh module. A transient analysis is set for the model. 
The dimensions of the model and the characteristic parameters are shown in Table 1.

To explore the influence of corrosion pits on characteristic signals, cracks with 
and without corrosion pits are established as shown in Fig. 6. The length of the crack 
is 5 mm, the width is 0.2 mm, and the depth is 2 mm. The size of the corrosion pit 
is generally small, and the corrosion pit is spherical with a radius of 0.5 mm. The 
Bz signals of cracks with and without corrosion pits are shown in Fig. 7. The phase 
difference is 1.09°, and the amplitude difference is 3.18%. It shows that corrosion pits 
have little effect on the amplitude and phase of the Bz signal, which is because the 
boundary of the corrosion pit is smoother than the tip of the crack, and the current 
is more likely to gather at the tip of the crack. So, the following simulations and 
experiments adopt a model without corrosion pits to simplify the study.

As shown in Fig. 8, the induced currents at different moments are extracted. It 
can be seen from the figure that the angle of the induced current change between two 
adjacent times is about 45°, and the induced current rotates counterclockwise. So, 
the structure of the orthogonal excitation coils can induce a periodic rotating uniform
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Fig. 5 Fatigue crack angle quantitative monitoring FEM model 

Table 1 Parameters of the model 

Name Value 

Specimen Aluminum, length = 200 mm, width = 150 mm, depth = 10 mm 

Air Length = 300 mm, width = 200 mm, depth = 75 mm 

Coil-1 Length = 54 mm, width = 54 mm, coil turns = 32, diameter = 2 mm, Symmetry 
axis = X 

Coil-2 Length = 54 mm, width = 54 mm, coil turns = 32, diameter = 2 mm, Symmetry 
axis = Y

Fig. 6 FEM models of 
cracks with and without 
corrosion pits

Without corrosion pit 

With corrosion pit 
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Fig. 7 Simulation results of cracks with and without corrosion pits

alternating current on the surface of the specimen, and the induced current will be 
disturbed when it encounters a crack.

3.2 Characteristic Signal Analysis of Cracks with Different 
Angles 

To explore the correlations between the crack angle and the Bz signal, the crack 
(length = 20 mm, width = 0.2 mm, depth = 2 mm) is established, and the cracks 
with different angles (0°, 60°, 120°, 180°, 240°, 300°) are simulated. The Bz signals 
at the tip of crack are extracted, as shown in Fig. 9a. It can be seen from the figure 
that the Bz signals of cracks at different angles have the same amplitude and different 
phases. Hence, the Bz phases of the cracks at different angles are extracted, as shown 
in Fig. 9b. It shows that the phase of the Bz signal has a linear relationship with the 
angle of the crack. This is because the orthogonal excitation coils generate a rotating 
uniform alternating current in the specimen and the direction of the initial distorted 
current has a linear relationship with the angle of the crack.

Taking the Bz phase of the 0° crack as the reference, the reference is subtracted 
from the Bz phases of the cracks at all angles, and crack angle measurement results 
are obtained, as shown in Fig. 9c. It shows that, in the polar diagram, the distance 
from the signal point to the origin is the amplitude of the Bz signal, and the phase of 
the signal point is the measured angle of the crack.
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Fig. 8 Results of induced current at different transient times. a T/8; b 2 T/8;  c 3 T/8;  d 4 T/8;  e 5 T/  
8; f 6 T/8;  g 7 T/8;  h 8 T/8
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(a) (b) 

(c) 

Fig. 9 Characteristic signals of cracks with different angles. a Bz signals of cracks with different 
angles; b Relationships between the crack angle and the phase of the Bz signal; c Crack angle 
measurement results

3.3 Characteristic Signal Analysis of Cracks with Different 
Lengths and Depths 

In order to explore the correlations between the size of the crack and the Bz signal, 
multiple angles (0°, 60°, 120°, 180°, 240°, 300°) of cracks with different lengths 
(2 mm, 4 mm, 6 mm, 8 mm, 10 mm) and different depths (1 mm, 2 mm, 3 mm, 4 mm, 
5 mm) are simulated to determine the angle quantification algorithm for cracks of 
different sizes. Taking the 0° crack phase (length = 20 mm, width = 0.2 mm, depth 
= 2 mm) as the reference, according to the method in Sect. 3.3, the polar diagrams 
of different length and depth cracks are obtained, as shown in Fig. 10a and Fig. 10b. 
The amplitude of the Bz signal is mainly affected by the size of the crack. The longer 
the crack length or the deeper the crack depth, the greater the amplitude of the Bz 
signal. This is because the increase in the size of the crack leads to an increase in 
the perturbation current density. The phase of the Bz signal is mainly affected by the 
angle of the crack. For the same crack, the phase difference of the Bz signal is equal 
to the angle difference of that crack taken in any two directions.

However, the angle measurement results of cracks with the same angle and 
different sizes have certain deviations by the above method. It can be seen from
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(a) (b) 

Fig. 10 Characteristic signal of cracks with different lengths and depths. a Polar diagram of cracks 
with different lengths; b Polar diagram of cracks with different depths

Fig. 10a, b that the amplitude of the Bz signal and the crack angle measurement 
result show a certain correlation. When the amplitude of the Bz signal increases, the 
result of the angle measurement will be smaller, so the amplitude of the Bz signal 
can be used to modify the measured angle of the crack. 

4 Experimental Setup and Result 

4.1 Probe and System Setup 

The RACFM monitoring probe is built, as shown in Fig. 11. It includes two planar 
excitation coils and a magnetic sensor. The length and width of the excitation coils 
are 57 mm and 59 mm, respectively. The two coils are designed to be perpendicular 
to induce a periodic rotating uniform alternating current. Each planar excitation coil 
is composed of two symmetrically distributed coils, and the winding directions of 
the coils are clockwise and counterclockwise respectively. The number of turns of 
each coil is 32, the width of the wire is 0.2 mm, and the pitch of the wire is 0.15 mm. 
The magnetic field sensor is located in the center above the excitation coils, which 
is the commercial TMR packages type 2301 from Duowei in China.

The RACFM testing system is developed, as shown in Fig. 12, which includes a 
signal generator, a power amplifier, a specimen, a low pass filter module, a signal 
amplifier module, a lock-in amplifier module, a computer and a capture card. Two 
sinusoidal signals with 90° phase shift are generated by a signal generator and ampli-
fied by a power amplifier. Two amplified signals are loaded on two orthogonal excita-
tion coils respectively. The periodic rotating electromagnetic field is generated by the 
excitation coils. The TMR sensor picks up the induced magnetic field and converts 
it into a voltage signal. The voltage signal is filtered and amplified. The DC output
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(a) (b) 

Fig. 11 Design of probe. a Schematic diagram of probe; b Picture of probe
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Fig. 12 Block diagram of experimental system 

of the lock-in amplifier is acquired by the DAQ card. These signals can be processed 
and analyzed by an intelligent software developed in LabVIEW and MATLAB [37]. 

4.2 Crack Length Monitoring 

The first specimen tested in this paper is an aluminum plate with five 3 mm deep 
and 0.2 mm wide cracks. Artificial cracks of different length are machined into the
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Fig. 13 Specimen with different length cracks 

plate by electrical discharge machining (EDM) method. The lengths of the cracks 
are 9 mm, 7 mm, 5 mm, 3 mm and 2 mm, as shown in Fig. 13. 

The established testing system is used for monitoring the cracks of different 
lengths. The excitation frequency is 10 kHz, and the voltage is 3 V. Firstly, the probe 
is placed in a position where the specimen has no defects, and the real and imaginary 
components of the Bz signal are recorded as the calibration signal. Secondly. the 
probe is placed at the tip of the crack, and the probe is rotated counterclockwise from 
0°. At the same time, the real and imaginary components of the cracks of different 
length are recorded as the monitoring signal. The differential signal is obtained by 
subtracting the calibration signal from the monitoring signal. Thirdly, the real and 
imaginary parts of the differential signal are converted into the amplitude and phase. 
Finally, taking the 0° crack phase (length = 9 mm, width = 0.2 mm, depth = 3 mm) 
as the reference, according to the method in Sect. 3.3, the angle measurement results 
of different length cracks is obtained, as shown in Fig. 14. It can be seen from the 
figure that when the probe rotates about the centre of the circle relative to the crack 
tip once, the phase and amplitude of the Bz signal also behave in the same manner, 
and the phase angle changes by 360°, which proves that the phase of the Bz signal 
can be used to measure the angle of the crack. What’s more, when the crack length 
is long, the graph drawn by the phase and amplitude is close to a circle, and when 
the crack is short, the graph drawn by the phase and amplitude is elliptical. This is 
because the induced current in the specimen is not ideally uniform in any direction. 
When the crack length is short, the distance between the two tips of the crack is 
closer, the perturbation electromagnetic field generated at the other tip will affect the 
amplitude of the response signal resulting in large changes in the Bz amplitude of 
cracks at different angles.
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Fig. 14 Testing results of different length cracks 

In order to analyze the relationship between the amplitude of the Bz signal and 
the length of the crack, the amplitudes of the Bz signals of the different length cracks 
with an angle of 0° are extracted, as shown in Fig. 15. It can be seen from the figure 
that as the length of the crack expands, the amplitude of the Bz signal also increases, 
and the quadratic function is used fit the relationship between the crack length and 
the Bz amplitude, as shown in Eq. (13). 

A = 0.01L2 + 0.12L − 0.10 (13)

where L is the length of crack and A is amplitude of Bz signal. 

4.3 Crack Depth Monitoring 

The second specimen tested in this paper is an aluminum plate with five 16 mm long 
and 0.5 mm wide cracks. The thickness of the plate is 9 mm. The depths of the cracks 
are 9 mm, 7 mm, 5 mm,3 mm and 1 mm, as shown in Fig. 16.

According to the above experimental steps, the cracks of different depth are 
measured, and the amplitudes and phases are obtained as shown in Fig. 17. The  
phase angle of the Bz changes with the rotation of the probe, and the amplitude and 
phase of the Bz form a complete circle. Compared with cracks of different lengths, 
the depth of the cracks has no obvious effect on the Bz amplitude of different angles. 
But relative to No.5, polar diagrams with different depth cracks are more elliptical, 
because the width of the crack becomes larger, and the tip effect of the rectangular 
crack has an impact on the amplitude of each angle.
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Fig. 15 Relationship between crack length and Bz amplitude

Fig. 16 Specimen with different depth cracks

In order to analyze the relationship between the amplitude of the Bz signal and 
the depth of the crack, the amplitudes of the Bz signals of the different depth cracks 
with an angle of 0° are extracted, as shown in Fig. 18. It can be seen from the figure 
that as the depth of the crack expands, the amplitude of the Bz signal also increases, 
and the quadratic function is used fit the relationship between crack depth and Bz 
amplitude, as shown in Eq. (14). 

A= −0.04D2 + 1.16D+0.05 (14)
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Fig. 17 Testing results of different depth cracks

Fig. 18 Relationship between crack depth and Bz amplitude 

where D is the depth of crack and A is amplitude of the Bz signal. 

4.4 Modification of the Measured Angle of the Crack 

According to Sect. 3.3, it can be seen that the crack angle measurement result has 
a certain deviation, which is also verified by the experimental results. As shown in 
Figs. 14 and 17, the curves of cracks of different sizes do not all start from 0° in the
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polar diagram. So further modification is required to obtain a more accurate angle 
measurement result. The angle measurement result of different size cracks with an 
angle of 0° are shown in Table 2. It can be seen from the table that the maximum 
error of the crack angle is 13.77°. This is because the angle measurement result is 
also affected by the crack size, which leads to inaccuracy in the measured angle of 
the crack. 

The amplitudes of the Bz signal and the angle measurement results are extracted 
as shown in Fig. 19. It shows that when the amplitude of the Bz signal becomes 
larger, the angle measurement result becomes smaller, which is consistent with the 
simulation results. Therefore, the angle measurement result needs to be modified by 
the amplitude of the Bz signal. The quadratic function is used fit the relationship 
between the amplitude and the angle measurement result, as shown in Eq. (15). 

P= 0.73A2 − 8.85A+12.68 (15) 

where P is the angle measurement result. and A is the amplitude of the Bz signal. 
According to Eq. (15), the angle measurement results are modified using the 

amplitudes of the Bz signal, and the modified measured angles of the crack are 
shown in Table 3. And the error of crack angle measurement before and after the 
modification is compared, as shown in Fig. 20. It shows that the measurement error of 
the crack angle is significantly reduced after the modification, and the maximum error

Table 2 Angle measurement results of different size cracks 

Crack 1 2 3 4 5 6 7 8 9 10 

Error – 3.94° 7.45° 10.07° 11.16° −13.81° −13.30° −11.94° −9.86° 1.79° 

Fig. 19 Relationship between phase and amplitude 
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Table 3 Modified measured angles of the crack 

Crack 1 2 3 4 5 6 7 8 9 10 

Error – −0.34° −0.11° 0.31° 0.67° 0.94° −0.19° 0.15° 1.46° 3.11° 

Fig. 20 Comparison of crack angle measurement 

is reduced from 13.81° to 3.11°. It shows that this method can realize quantitative 
monitoring of the angle by the corrosion pit. 

5 Conclusions and Further Work 

In this work, a novel fatigue crack angle quantitative monitoring method is presented 
based on the RACFM, which measures the angle of the crack through the corrosion 
pit. The main research results are shown as follows: 

• The theoretical model of the RACFM is established to analyze the response prin-
ciple of the induced uniform electromagnetic field on the plate and the disturbance 
of the induced current by different crack angles. It indicates that, at the crack tip, 
the angle of crack does not affect the amplitude of the Bz signal, and it has a linear 
relationship with the phase. 

• The 3D simulation model of the fatigue crack angle quantitative monitoring is 
built. When the sinusoidal signals with initial phases of 0° and 90° are loaded on 
the orthogonal excitation coils, a periodic rotating uniform current field is induced 
in the surface of the specimen. The center of the excitation coil is placed at the tip 
of the crack. The relationship between the angle, length, depth of the crack and 
the amplitude, phase of the Bz signal is analyzed. For the Bz signals of cracks
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with the same angle and different sizes, the larger the Bz amplitude, the smaller 
the crack angle measurement result. 

• The RACFM monitoring probe, which includes two planar excitation coils and 
a TMR sensor, and testing system are developed. Cracks with different angles, 
lengths and depths are measured. The amplitude and phase of the Bz differential 
signal are obtained and used to draw polar diagrams. The results show that the 
phase of the Bz signal can be used to quantify the angle of the crack. The amplitude 
of the Bz signal and the length and depth of the crack are in a quadratic function 
respectively, and the amplitude of the Bz signal can be used to modify the crack 
angle measurement result. 

The experimental results suggest that the proposed method has the potential to 
quantitatively monitor crack propagation angle. In addition, the traditional eddy 
current monitoring technology only extracts the amplitude of the characteristic signal, 
and the accuracy of the crack angle monitoring depends on the density of the sensor. 
The proposed the Bz phase difference method utilizes the amplitude and phase of 
the detection signal, and the crack angle can be measured at one end of the crack, 
which greatly improves the quantification accuracy of the crack angle measurement. 
And the use of orthogonal excitation can eliminate the influence of crack angle on 
sensitivity. It should be noted that there are some limitations of the proposed method. 
Most aerospace equipment is a curved structure, and the influence of curvature on 
the induction signal is not considered in this paper. However, the development of 
flexible PCB technology provides an effective method to solve this problem. The 
stability and reliability of the detection system need to be improved if it is to be 
implemented in real case. Further work will focus on the monitoring of bolt hole 
cracks in multilayer structures. 
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Inspection of Both Inner and Outer 
Cracks in Aluminum Tubes Using Double 
Frequency Circumferential Current 
Field Testing Method 

Abstract Aluminum and alloy tubes are widely used in industrial fields because 
of the advantage of good corrosion resistance, high thermal conductivity and light 
weight. Due to the stress corrosion cracking (SCC) and fatigue corrosion cracking 
(FCC), both inner and outer cracks generates in the aluminum tube. It is still a 
challenge to inspect all inner and outer surface cracks in the thick-wall aluminum 
tube in real time by one scan using the nondestructive testing (NDT) method. A 
double frequency circumferential current field testing (CCFT) method is presented 
for the inspection of both inner and outer cracks in the aluminum tube in a one pass 
scan. A simulation model is proposed to extract characteristic signals of inner and 
outer cracks at two excitation frequencies. The bobbin-type probe is developed and 
excited by the synthetic double frequency excitation signal. Both inner and outer 
cracks are tested by the double frequency CCFT system. Results show that both 
inner and outer cracks can be identified, distinguished and evaluated by the double 
frequency CCFT method in a one pass scan. 

Keywords Inner and outer cracks · Double frequency · Circumferential current 
field testing · Aluminum tube · Inspection 

1 Introduction 

Aluminum and alloy tubes are widely used in power generation, transportation, 
construction, automobile and aerospace industries due to the advantage of good 
corrosion resistance, high thermal conductivity, light weight and high strength [1– 
3]. However, most of aluminum tubes suffer from severe environments, such as 
corrosive medium, time-varying thermal stress and heavy load stress. The longi-
tudinal stress corrosion cracking (SCC) and fatigue corrosion cracking (FCC) are 
easily appeared and extended in both inner and outer surfaces of the aluminum tube. 
The SCC and FCC grow and gather rapidly as the complex stress and corrosion, 
which brings potential security problems [4, 5].
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Thus the nondestructive testing (NDT) techniques should be carried out to inspect 
the crack and evaluate the condition of the aluminum tube regularly [6, 7]. However, in 
most case the costs of time and NDT operations are expensive using two techniques or 
multiple scans to test both inner and outer surface of the aluminum tube respectively 
during the in-service time. Thus it is of prime significance to propose an effective 
NDT method to detect both inner and outer cracks in a one pass scan. 

The magnetic flux leakage (MFL) testing method is usually employed to detect 
inner and outer defects in the ferromagnetic tube, such as the well-known pipeline 
pigs. Because there is little leaked magnetic field in the aluminum material, the MFL 
technique cannot be used for the aluminum tube [8]. In the same way, the conventional 
magnetic particle (MP) testing method is inapplicable for the aluminum tube. The 
penetrant testing (PT) is suitable for the surface SCC and FCC. But these coatings 
and attachments on the aluminum tube should be cleaned deeply, which is time-
consuming and difficult in the on-site environment. Besides, the PT is hard to detect 
the inner-wall crack. The radiographic testing (RT) can identify both surface and 
subsurface cracks clearly. However, the RT is harmful to human body, which is 
forbidden in many industrial fields. The ultrasonic testing (UT) is not an effective 
method for thin surface defects, especially the inner cracks. What’s more, the UT 
needs coupling agent along with the probe. It is also a challenge to identify both 
inner and outer cracks using the UT in the aluminum tube [9]. 

Because of the non-ferromagnetic and high-conductive of the aluminum mate-
rial, the current field perturbation NDT technique are excellent methods for the 
detection of surface cracks [10–12]. The conventional eddy current testing (ET), 
alternating current field measurement (ACFM), alternating current potential drop 
(ACPD) technique methods all belong to the current field perturbation NDT tech-
nique. When the surface cracks are present in the aluminum tube, the current field 
will turns obviously around the surface crack. Especially, the excitation frequency 
can be composited as multiple signals to penetrate different depth of the conductive 
material [13]. Bernieri, et al. proposed the multi-frequency ET for the detection and 
characterization of defects on conductive materials [14]. The frequency of the exci-
tation signal is from direct current (DC) to dozens of MHz [15, 16]. He, Gao, Tian, 
Li, et al. combined the eddy current field and the thermography technique to identify 
sub-surface cracks [17–20]. Ge, et al., given the optimal time-domain feature for 
detection of non-surface crack using the pulsed ACFM technique [21]. Fan, Tian, 
et al., proposed the pulsed ET method to test subsurface defects and the wall thick-
ness [22–24]. The pulse excitation signal gives more information about defects in 
frequency domain and time domain. However, these methods cannot distinguish and 
evaluate both inner and outer cracks effectively on the whole 360° cambered surface 
in a one pass scan. In our previous work, we proposed the CCFT system to measure 
outer cracks in pipeline using the external coaxial excitation coil [25]. As the high 
excitation frequency, the induced current gathers in the thin outer surface of the 
pipeline, which cannot penetrate the thick wall of the pipe. As a result, the inner-wall 
cracks cannot be inspected by the high frequency CCFT system. What’s more, due 
to the corner joints and flanges, the external coaxial excitation coil is not suitable for 
the inspection of aluminum tubes in service time. The bobbin-type coil ET is a good
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ways to pass through the aluminum tube for the measurement of the inner defects in 
many piping systems [26]. In the industrial field, detection and evaluation both inner 
and outer cracks are heavy works in the long and large number of aluminum tubes 
[27]. It is significant to inspect all inner and outer surface cracks in the aluminum 
tube in real time by one scan. 

In this paper, all inner and outer cracks in the aluminum tube are inspected by the 
double frequency CCFT method in a one pass scan. The circumferential current field 
is induced by a coaxial bobbin coil excited by the double frequency excitation signal 
which is composed of a low frequency component and a high frequency component. 
The induced circumferential current field can penetrate the wall of the aluminum 
tube due to the low frequency component. Meanwhile, it gathers in a skin layer in 
the inner wall due to the high frequency component. When the crack is present in 
the inner or outer surface, the circumferential current field turns around at the ends 
and the bottom of the crack resulting in the distorted space magnetic field which is 
measured by the multiple magnetic sensor arrays. All inner and outer cracks in the 
360° cambered surface can be inspected by the double frequency CCFT method in 
a one pass scan. 

The rest of the paper is organized as follows. Firstly, the FEM model of the double 
frequency CCFT is present to analyze the distorted electromagnetic field around the 
crack in Sect. 2. The probe and system of CCFT are developed in Sect. 3. The inner 
and outer cracks are identified, distinguished and evaluated by the double frequency 
CCFT system in Sect. 4. Finally, the conclusion and future work are drawn in Sect. 5. 

2 Finite Element Method Model 

2.1 Simulation Model 

As shown in Fig. 1, the FEM model of CCFT probe is set up. In the FEM model, 
the bobbin coil is set as the excitation module which is coaxial with the aluminum 
tube. Two longitudinal cracks are produced axially (X direction) on the inner and 
outer surface of the aluminum tube. The depth of the longitudinal crack is in the 
radial direction (Y direction). The dimensions of the bobbin coil, aluminum tube and 
cracks are given in Table 1.

The bobbin coil is made up of 300 turns copper wires. The excitation signal is 
loaded on the bobbin coil with the frequency f . In the FEM model, the low and 
high frequency excitation signals are proposed to inspect the outer and inner cracks 
respectively. The bobbin coil induces the uniform circumferential current field in the 
aluminum tube. The penetration depth of the induced circumferential current field is 
given by skin effect Eq. (1). 

δ = (
1
/

π uru0γ f
)1/ 2 (1)
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Fig. 1 FEM model of CCFT (Cutaway view) 

Table 1 Dimensions of EFM model 

Model Diameter/mm Length/mm Width/mm Depth/mm 

Tube (D/d) 65/47 300 — — 

Bobbin coil 43 50 — — 

Outer crack – 30 0.5 6 

Inner crack – 30 0.5 6

Table 2 Parameters of EFM model 

f /Hz Excitation current (mA) ur u0 γ Skin depth (mm) 

80 50 1 4πe−7 0.377e8 9.17 

1000 50 1 4πe−7 0.377e8 2.59 

where δ is the skin depth, ur is the relative magnetic permeability, u0 is the vacuum 
permeability, γ is the conductivity of the aluminium tube. 

The parameters of the model are given in Table 2. It has been proven that 2–3 mm 
is the optimized skin depth to test the surface crack in the aluminum specimen. Thus 
the 1000 Hz is set as the high frequency component of the excitation signal [28]. To 
penetrate the wall thickness (9 mm) of the aluminum tube, the 80 Hz is set as the 
low frequency component of the excitation signal. 

2.2 High Frequency Excitation Signal 

In the FEM model, the frequency of the excitation signal is 1000 Hz and the amplitude 
of the excitation current field is 50 mA. Due to the skin effect, the penetration depth 
of the induced current field is 2.59 mm. Thus induced current field cannot be affected 
by the outer crack. As shown in Fig. 2a, the vector field of the induced circumferential 
current is extracted around the inner crack in the aluminum tube. When the current 
field is far from the inner crack, the current vector is uniform in the circumferential
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direction. Due to the material discontinuity of the inner crack, the circumferential 
current field is perpendicular to the longitudinal crack. The circumferential current 
turns clockwise at one end of the inner crack and turns counterclockwise at the other 
end of the inner crack. The current density around the inner crack is shown in Fig. 2b. 
There are two obvious peaks at the ends of the inner crack. Meanwhile, the current 
density decreases in the depth direction of the inner crack. 

The perturbation current field makes the space magnetic field distorted. The 
decrease of the current density produces a trough in the axial magnetic field (Bx).

Fig. 2 Perturbation of the induced circumferential current field caused by the inner crack under the 
excitation frequency of 1000 Hz. a Vector current field (Internal view inside the aluminium tube). 
b Current density (Offset angle means the degree in the circumferential direction) 



58 Inspection of Both Inner and Outer Cracks in Aluminum Tubes Using …

The opposite deflecting direction of the current field produces positive and negative 
peaks in the radial magnetic field (Bz). In practice, the lift-off of the bobbin coil 
(distance between the bobbin coil and the inner-wall of the aluminum tube) should 
be small to improve the current density. Thus the magnetic sensors can be set in the 
bobbin coil to pick up the distorted space magnetic field. 

According to the Lenz’s Law, the distortion of outer magnetic field is opposite 
to the magnetic field in the bobbin coil. Thus the distorted magnetic field around 
the inner crack can be measured by magnetic sensors in the bobbin coil. The space 
magnetic field is extracted below the bobbin coil at the lift-off of 5 mm (the distance 
between the inner wall and the magnetic sensor is 5 mm in radial direction). As 
shown in Fig. 3a, the Bx is normalized by the detection sensitivity Eq. (2): 

SBx = (Bx − Bx0)
/
Bx0 (2)

where SBx is the detection sensitivity of the Bx. Bx0 is the background signal when 
the crack is not present. 

As shown in Fig. 3a, the SBx shows a peak at the center of the inner crack. The 
SBx is mainly caused by the decrease of current field in depth direction of the inner 
crack. Thus the SBx reflects the crack depth. While, the Bz show positive and negative 
peaks at the tips of the inner crack, as shown in Fig. 3b. By measuring the distance 
of peaks (Dp) in the  Bz, the length of the inner crack can be calculated. 

2.3 Low Frequency Excitation Signal 

The excitation frequency of the excitation signal is changed to 80 Hz, while keep the 
current amplitude same (50 mA). The perturbation characteristic of the circumfer-
ential current field around the inner crack is the same with that under the excitation 
frequency of 1000 Hz. But the current density, SBx and Bz are much weak under 80 
Hz than that of 1000 Hz. Here we focus on the perturbation of current field caused 
by the outer crack. As shown in Fig. 4a, the induced circumferential current field 
penetrates the wall thickness because the penetration depth is 9.17 mm in aluminum 
tube at the excitation frequency of 80 Hz. The vector current field deflects around the 
bottom of the outer crack. As shown in Fig. 4b, the vector current field turns around 
with different deflecting direction at the end of the outer crack inside the aluminum 
tube. The current density below the outer crack is extracted in the inner wall of the 
aluminum tube, as shown in Fig. 4c. The current density shows a deep trough in the 
axial direction under the outer crack.

Comparing Fig. 4c with Fig. 2b, the current density caused by the outer crack 
under the excitation frequency of 80 Hz is much weaker than that caused by the 
inner crack under the excitation frequency of 1000 Hz. This is due to the induced 
current field gathers in the skin layer of the inner-wall at 1000 Hz frequency. Thus 
the 1000 Hz excitation frequency is suitable for inspection of inner crack. What’s 
more, the induced current field decays exponentially in the aluminum tube to reach
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Fig. 3 Distorted space magnetic field in the bobbin coil under the excitation frequency of 1000 
Hz. a Sensitivity of Bx (SBx). b Bz

the bottom of the outer crack at the excitation frequency of 80 Hz. Thus the distorted 
space magnetic field cause by the perturbation of current field is weak than that at 
the excitation frequency of 1000 Hz. As shown in Fig. 5a, the Bx is normalized by 
the Eq. (2). There is a weak peak in the SBx at the center of the outer crack, while 
there are two opposite peaks at the end of the outer crack, as shown in Fig. 5b.

Comparing Fig. 3a with Fig. 5a, the amplitude of the SBx caused by the outer 
crack under the excitation frequency of 80 Hz is much less than that caused by the 
inner crack under the excitation frequency of 1000 Hz. For the outer crack uder the 
excitation of 80 Hz, the SBx is mainly caused by the decay depth where the bottom 
of the outer crack is present. The Bz is mainly affected by the different deflecting
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Fig. 4 Perturbation of current field caused by the outer crack under the excitation frequency of 80 
Hz. a Vector current field flows at the bottom of the crack (Cross-sectional view). b Vector current 
field turns around at the ends of the crack (Perspective drawing from the outside). c Current density
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Fig. 5 Distorted magnetic field below the outer crack in the bobbin coil under the excitation 
frequency of 80 Hz. a SBx. b Bz

direction of the current field at the end of the outer crack. Similarly, the SBx and 
the Dp reflects the residual wall thickness (RWT) and the length of outer cracks 
respectively.
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3 Testing System 

3.1 Probe with Sensor Arrays 

The bobbin-type probe is shown in Fig. 6a. The bobbin coil is made up of 300 turns 
enameled wires whose enameled wire is 0.15 mm. The bobbin coil is installed on 
a plastic yoke. The diameter of the bobbin coil is 43 mm and the length is 50 mm. 
As shown in Fig. 6b, there are two tunnel magneto resistance (TMR) chips on one 
printed circuit board (PCB) for the measurement of Bx and Bz respectively at one 
location. Several PCBs are installed in the plastic yoke, which is covered by the 
bobbin coil. According to the detection range of the TMR sensor inside the bobbin 
coil, 18 PCBs should be employed to cover the 360° inner and outer surface of the 
aluminum tube. To simplify the testing system, 5 PCBs (Including 5 TMR sensors 
to measure the Bx and another 5 TMR sensors to measure the Bz) are used to pick 
up Bx and Bz in the bobbin coil, as shown in Fig. 6c. The lift-off of TMR sensors are 
5 mm in the radial direction as the same in the FEM model. The measured magnetic 
signals are amplified (The Bx is amplified 50 times and the Bz is amplified 100 times) 
preliminarily by the AD620 chip on the PCB.

3.2 Testing System 

As shown in Fig. 7a, the double frequency CCFT system is developed. One signal 
generator produces a sinusoidal signal with the frequency of 1000 Hz and the other 
signal generator produces a sinusoidal signal with the frequency of 80 Hz. The two 
sinusoidal signals are added together by a summator which is made by the OPA134 
chip [29]. The synthetic excitation signal is amplified by a power amplifier to keep 
the current amplitude 50 mA. The bobbin coil is excited by the double frequency 
synthetic excitation signal. Due to the double frequency components, the induced 
circumferential current field can penetrate the wall thickness and gathers in the inner 
thin layer of the aluminum tube at the same time. Thus the circumferential current 
field can turns around at both inner and outer cracks in the aluminum tube using 
the bobbin coil with double frequency excitation signals. The TMR magnetic sensor 
arrays measure the Bx and Bz caused by the perturbation of current field.

The response signals from the TMR sensors (Bx and Bz) and their unilateral 
frequency spectrum are shown in Fig. 8. As shown in the response signal, there are 
two frequency components in the time domain. As shown in the unilateral frequency 
spectrum, there are two peaks at the frequency of 1000 Hz and 80 Hz. It shows that 
the two frequency components are measured by TMR sensors in the response signals.

The two excitation signals, response signals are captured by the acquisition card 
and then transferred to the personal computer (PC). In the computer, the response 
signals are processed by a software developed by the LabVIEW and MATLAB. 
Firstly, the high frequency component of the response signal is extracted by the



3 Testing System 63

Fig. 6 Bobbin type probe with sensor arrays. a Structure of probe. b TMR sensors on PCB. c Five 
PCBs inside the plastic yoke

lock-in amplifier module using the 1000 Hz excitation signal. Meanwhile, the low 
frequency component of the response signal is extracted by the lock-in amplifier 
module using the 80 Hz excitation signal. Secondly, the low frequency component 
and high frequency component response signals are calculated by root-mean-square 
respectively. Thirdly, the Bx signals are normalized by the Eq. (2). 

In the end, five SBx signals and five Bz signals with low frequency component 
are plotted respectively by the interpolation method. In the same way, the five SBx 
signals and five Bz signals with high frequency component are plotted respectively.
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Fig. 7 Double frequency CCFT system. a Block diagram. b Photo of testing system

4 Inspection of Inner and Outer Cracks 

4.1 Specimen 

As  shown in Fig.  9, there are four specimens with different size inner and outer 
longitudinal cracks. The specimens are aluminum tubes whose diameters are the 
same with the FEM model. Four inner and four outer cracks with different depths 
are introduced in the No. 1 and No. 2 specimens respectively, as shown in Fig. 9a, 
b. These cracks are with the same length (30 mm) and width (0.5 mm). Four inner 
and four outer cracks with different lengths are introduced in the No. 1 and No. 2 
specimens respectively, as shown in Fig. 9c, d. These cracks are with the same depth 
(4 mm) and width (0.5 mm). The distance between the crack in each aluminum tube 
is 100 mm. The diameters of these cracks are shown in Fig. 9.

4.2 Inspection of Different Depth Cracks 

The CCFT probe is pushed by a scanner to pass through inside the aluminum tube 
at the constant speed of 5 mm/s. The bobbin coil is excited by the double frequency 
synthetic excitation signal. Thus there are two frequency components in the induced 
circumferential current field. The high frequency component gathers in the thin layer



4 Inspection of Inner and Outer Cracks 65

Fig. 8 Response signals from TMR sensors and unilateral frequency spectrum. a Bx. b Bz.
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Fig. 9 Sizes of inner and outer longitudinal cracks in specimens. a No. 1 specimen with different 
depth inner cracks. b No. 2 specimen with different depth outer cracks. c No. 3 specimen with 
different length inner longitudinal cracks. d No. 4 specimen with different length outer longitudinal 
cracks

inside the aluminum tube. The low frequency component penetrates the wall thick-
ness of the aluminum tube. The perturbation of current field will happen near both 
inner and outer cracks. The distortion of the space magnetic field can be measured 
by TMR sensor arrays. The distortion of space magnetic field caused by different 
depth inner cracks in No. 1 specimen is shown in Fig. 10.

As  shown in Fig.  10a, c, there are four peaks in the SBx at 1000 and 80 Hz frequency 
components. Meanwhile, the Bz shows four peaks and troughs at the two frequency 
components at the same location, as shown in Fig. 10b, d. Comparing Fig. 10a with 
Fig. 10c, the distortion of magnetic caused by different depth inner cracks at the 1000 
Hz frequency component is greater than that at the 80 Hz frequency component. The 
peak value of the SBx raises up with the growth of crack depth. Similarly, the peak of 
the Bz caused by each inner crack at the 1000 Hz frequency component is stronger 
than that at the 80 Hz frequency component, as shown in Fig. 10b, d. The peak of the 
Bz raises up as the crack depth increases. The Dp keeps the same because of the same 
length of cracks. The results show that the inner crack can be identified by both the 
1000 Hz and 80 Hz frequency components. The distortion of space magnetic field 
caused by the inner crack at the 1000 Hz frequency component are much stronger
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Fig. 10 Distortion of space 
magnetic field caused by 
different depth inner cracks. 
a SBx under at 1000 Hz 
frequency component. b Bz 
at the 1000 Hz frequency 
component. c SBx at the 
80 Hz frequency component. 
d Bz at the 80 Hz frequency 
component
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Fig. 10 (continued)

than that at the 80 Hz frequency component. The conclusions fit with the results from 
the FEM model. Thus SBx is a key parameter of inner crack depths, while Dp is a 
key parameter of inner crack lengths. 

Due to the stronger distortion of magnetic field caused by inner cracks at the 1000 
Hz frequency component, the SBx in Channel 3 from the Fig. 10a is used to evaluate 
the depth of the inner crack. The peaks of the SBx (Sp) are given in Table3. The first 
two cracks are set as the calibration cracks to evaluate the last two cracks by Eq. (3). 

ED = 66.67Sp − 0.33 (3) 

where the Sp is the peak value of the SBx, the  ED is the evaluated depth of inner crack. 
The ED of the last two cracks is shown in Table 3. The absolute errors of the 

evaluated depth of the last two inner cracks are 0.2 mm and 0.3 mm. Because it is 
not a linear relationship between the crack depth and the Sp, the evaluated errors 
will increase for deeper inner cracks. However, when the crack depth varies in a 
certain rang (Due to the limited wall thickness), the evaluated depth is accurate. The 
measured errors are negligible in the industrial field. Thus the depth of inner crack 
is identified and evaluated by the 1000 Hz frequency component. 

The No. 2 specimen is tested by the CCFT probe with the same parameters. As 
shown in Fig. 11, the distortion of magnetic field caused by different depth outer 
cracks are imaged. Due to the limited penetration depth of the induced current field 
at the excitation frequency of 1000 Hz, the current field cannot flows at the bottom 
of the outer crack. As a result, there is no obvious distortion in the SBx. Because the 
penetration depth of the induced current field can reach the deepest outer crack at

Table 3 Peak of SBx with different depth inner cracks 

Depth/mm 2 4 6 8 

Sp/% 3.5 6.5 9.8 12.1 

ED/mm – – 6.2 7.7 
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1000 Hz frequency component, the current field turns around slightly at the tip of 
the outer crack. Thus the Bz shows weak peaks at the deepest crack and no obvious 
distortion in other depth outer cracks.

Because the induced current field penetrates the wall of the aluminum tube under 
the excitation frequency of 80 Hz, the current field will flows at the bottom of the 
crack and turns around at the tip of the outer crack. Thus there are four obvious 
peaks in the SBx at the 80 Hz frequency component. Meanwhile, the Bz shows four 
peaks and troughs at the tips of outer cracks. The peak of the SBx increases as the 
residual wall thickness decreases, as shown in Fig. 11c. Comparing Fig. 11c with 
Fig. 10a, although the amplitudes of the distortion of magnetic field caused by outer 
cracks at 80 Hz frequency component are much weaker than that of inner cracks at 
1000 Hz frequency component, the signal to noise ratio (SNR) is acceptable in the 
Fig. 11c, even for the shallow outer crack (Wall thickness is 7 mm). The Dp keeps 
the same because of the same length of outer cracks. It shows that outer cracks can 
be identified effectively by the 80 Hz frequency component, but cannot be identified 
by the 1000 Hz frequency component. 

Similarly, the SBx in Channel 3 from the Fig. 11c is extracted to evaluate the 
residual wall thickness (RWT) of the aluminum tube. The Sp of the outer crack with 
the RWT is shown in Table 4.

The first two outer cracks are set as the calibration cracks. The residual wall 
thickness of last two cracks can be evaluated by Eq. (4). 

ER = −1667Sp + 15.17 (4) 

where the ER is the evaluated residual wall thickness of the aluminum tube. 
The evaluated residual wall thickness of the 6 mm depth outer crack is 3.0 mm, 

which equals the actual residual wall thickness. However, the evaluated residual wall 
thickness of the 8 mm depth outer crack is −12.2 mm. It does not accord with the 
actual residual wall thickness. This is due to the induced current field at the 1000 
Hz frequency component has penetrated the residual wall thickness of the deepest 
outer crack. Thus the distorted current field and magnetic field are different from the 
first three outer cracks. The Sp of the last crack is much greater than that of the first 
three outer cracks. Meanwhile, this is a good phenomenon for the evaluation of the 
aluminum tube with little residual wall thickness, which has a higher risk of leakage. 
The last outer crack can be set as the trough crack in advance. 

In conclusion, the outer crack can only be identified by the 80 Hz frequency 
component and the inner crack can be identified by the 1000 Hz and 80 Hz frequency 
components. Thus the outer and inner cracks can be distinguished by the response 
signals with low and high frequency components. The inner crack depth and the RWT 
of the outer crack can be evaluated by the peak of the SBx at the 1000 Hz and 80 Hz 
frequency component respectively. Thus the development of the crack depth in the 
aluminum tube can be evaluated by periodic detection using the double frequency 
CCFT method.
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Fig. 11 Distortion of magnetic field caused by different depth outer cracks. a SBx at the 1000 Hz 
frequency component. b Bz at the 1000 Hz frequency component. c SBx at the 80 Hz frequency 
component. d Bz at the 80 Hz frequency component
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Fig. 11 (continued)

Table 4 Sp with different residual wall thickness 

RWT/mm 7 5 3 1 

Sp/% 0.49 0.61 0.73 1.64 

ER/mm – – 3.0 Trough crack

4.3 Inspection of Different Length Cracks 

The No. 3 specimen is tested by the CCFT probe at the same speed. Because response 
signals of inner crack are sensitive at the 1000 Hz frequency component, the response 
signals of different length inner cracks at 1000 Hz frequency component are presented 
only, as shown in Fig. 12.

The SBx shows four obvious peaks in the center of the inner crack, while the Bz 
shows four peaks and troughs at the tips of the inner crack. The four different length 
inner cracks are identified by the 1000 Hz frequency component. The Dp of the Bz 
with different length inner cracks is shown in Table 5.

The Dp is less than the length of the inner crack and the maximum absolute error 
is 2.8 mm. As a matter of fact, the absolute errors can be eliminated by calibration 
method. The first two cracks are set as the calibration crack. The length of the last 
two inner cracks can be estimated by Eq. (5). 

EL = 1.04Dp + 1.04 (5) 

The estimated length (EL) of the last two cracks is 29.54 mm and 39.73 mm 
respectively. The absolute errors are 0.46 mm and 0.27 mm. which is negligible in 
the industrial field.
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Fig. 12 Distortion of magnetic field caused by different length inner cracks at the 1000 Hz 
frequency component. a SBx. b Bz

Table 5 Dp with different length inner cracks 

Length/mm 10 20 30 40 

Dp/mm 8.6 18.2 27.4 37.2 

EL/mm – – 29.54 39.73

The No. 4 specimen is tested at the same speed. There are no obvious distorted 
response signals of the different length outer cracks at the 1000 Hz frequency 
component. The response signals at 80 Hz frequency component are shown in Fig. 13.

There are four obvious peaks at the center of the crack. Meanwhile there are 
four opposite peaks at the same location. The four different length outer cracks are 
identified by the 80 Hz frequency component. The Dp of the Bz is given in Table 6. 
The maximum absolute error is 3.8 mm. Similarly, the first two cracks are set as the
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Fig. 13 Distortion of magnetic field caused by different length outer cracks at the 80 Hz frequency 
component. a SBx. b Bz

calibration crack. The length of the last outer cracks can be estimated by Eq. (6). 

EL = 1.02Dp + 3.06 (6) 

where EL is the estimated length of the crack. 
The EL of the last two cracks is shown in Table 4. The absolute error is 0.02 mm 

and 0.29 mm. 
In a word, the length of inner and outer cracks can be estimated by the Dp at the 

1000 Hz and 80 Hz frequency component respectively. The extension of inner and

Table 6 Dp with different length outer cracks 

Length/mm 30 35 40 45 

Dp/mm 26.4 31.3 36.2 41.4 

EL/mm – – 39.98 45.29 
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outer cracks can be monitored by the periodic detection using the double frequency 
CCFT method. 

5 Conclusions and Further Work 

The double frequency CCFT is presented for the detection and evaluation of both 
inner and outer cracks in the aluminum tube in a one pass scan. The FEM model of 
the CCFT is set up to analyze the disturbed current field and distorted magnetic field 
around inner and outer longitudinal cracks with the excitation frequency of 1000 
Hz and 80 Hz respectively. The CCFT probe is built with TMR sensor arrays inside 
the bobbin type excitation coil. The 1000 Hz frequency excitation signal and 80 Hz 
frequency excitation signal are added together as the synthetic excitation signal to 
excite the bobbin coil in the probe. The response signals with 1000 Hz and 80Hz 
frequency components are separated by the lock-in amplifier module in the software. 
The CCFT system is developed for the inspection of different size inner and outer 
longitudinal cracks in the aluminum tube. The results show that outer cracks can 
only be identified by the 80 Hz frequency component, while inner cracks can be 
identified by the 1000 Hz and 80 Hz frequency component. Thus the outer and 
inner cracks can be distinguished by the double frequency components. The RWT 
of outer cracks and inner crack depth can be evaluated by the SBx. The crack length 
can be measured by the Dp of the Bz. As a result, both the inner and outer cracks 
can be identified, distinguished and evaluated using the double frequency CCFT 
method with TMR sensor arrays inside the aluminum tube in a one pass scan. The 
double frequency CCFT probe and system can be used in the in-service inspection 
by crawling through the aluminum tube. Further work will focus on the inspection 
of samples with complex defects, the development of the portable instrument. 
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Novel Phase Reversal Feature 
for Inspection of Cracks Using 
Multi-frequency Alternating Current 
Field Measurement Technique 

Abstract Aluminum and its alloys have been widely used in aerospace and other 
industrial fields. Aluminum and its alloy structures are prone to surface and subsur-
face cracks when they are used in harsh environments. In this paper, a novel phase 
reversal feature is found to classify and evaluate cracks using the multi-frequency 
alternating current field measurement (ACFM) technique. The theoretical model 
of the phase reversal feature is developed. The distorted electromagnetic field and 
response signals of surface and subsurface cracks are analyzed by the finite element 
method. The multi-frequency ACFM testing system is set up. The experiments are 
carried out to test surface and subsurface cracks. The results show that the response 
signals of the surface and subsurface cracks have distinct characteristic due to the 
phase reversal feature using the multi-frequency ACFM technique. The surface and 
subsurface cracks can be classified by the amplitude reversal phenomenon of the Bz 
signal caused by the novel phase reversal feature. The buried depth of the subsurface 
crack can be evaluated accurately by the reversal frequency component. 

Keywords Phase reversal feature · Surface and subsurface cracks ·
Multi-frequency ACFM · Classification and evaluation 

1 Introduction 

Aluminum is the second largest metal material next only to the steel material [1]. 
Because of the advantages of the light weight, the high strength, the good corrosion 
resistance, and the high thermal conductivity, aluminum and its alloys have been 
widely used in the power generation, the transportation, the construction and the 
aerospace industries [2–4]. The aluminum and alloy structures usually surfer from 
the huge wind load, the thermal shock, and other extreme conditions. As a result, 
cracks initiate and propagate in the surface and subsurface of the aluminum structure, 
which threatens the safety of the structure [5, 6]. Hence, it is of prime importance to 
inspect and evaluate these cracks for the health assessment of the structure.
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It is well known that the electromagnetic nondestructive testing (ENDT) technique 
such as the eddy current testing (ET) is an excellent method for the detection of 
surface cracks in the aluminum. Generally, the excitation signal of the conventional 
ET is a high frequency sinusoidal signal [7]. Due to the skin effect, the conventional 
ET cannot be used to detect subsurface defects. The pulsed excitation signal and the 
multi-frequency excitation signal are introduced by some scholars [8–11]. 

In the pulsed eddy current testing (PECT) field, a strong and transient square 
pulsed excitation signal is loaded on the excitation coil. Because of the strong energy 
and the rich spectrum information, the response signal contains more characteriza-
tions about the subsurface defect. Ali Sophian et al. [12] developed a new PCA-
based feature extraction method for the PECT. The method can effectively classify 
defects, and its performance is better than the conventional method using the response 
peak characteristics. He et al. [13] employed the peak amplitude and zero-crossing 
time of response signal in time domain to detect and characterize defects. Giguere, 
Fan, Tian, et al. [14–16] found the lift-off point of intersection (LOI) in the PECT 
method. The LOI is regarded as the potential feature for the evaluation of the subsur-
face defect. However, due to the wide frequency band in the frequency domain, the 
energy wasting is a great and unavoidable malpractice. Especially, the energy of 
the high frequency component is limited, which reduces the detection sensitivity of 
surface defect. Besides, because of the critical time domain analytical method, there 
are many features and factors that affect the testing results using the PECT. 

In the multi-frequency eddy current testing (MFECT) field, two and more 
sine signals are added together as a multi-frequency excitation signal. The multi-
frequency response signal can achieve specific permeation depth and obtain accurate 
characteristic information about the defect. Bernieri et al. [17] proposed a combi-
nation of a multi-frequency excitation and an optimized support vector machine for 
regression (SVR) for the reliable estimation of the geometrical characteristics of a 
thin defect. Zhang et al. [18] proposed a new approach to measure the multi-layer 
conductive coatings’ thickness based on the MFECT. Xie et al. [19] presented a 
novel frequency-band-selecting pulsed eddy current testing (FSPECT) method for 
the detection of local wall thinning defects in a certain depth range. In their work, a 
specific excitation signal was designed to replace the pulsed signal, which improved 
the detection sensitivity of subsurface defects in a certain depth range significantly. 
Gao et al. [20] presented the spectrum method for the identification and classification 
of defects using the MFECT method. From the above, the multi-frequency excitation 
method has gained great progress in the ET field. However, there are still two critical 
issues should be addressed for the inspection of cracks in the aluminum material. 
Firstly, the ET method is sensitive to the lift-off effect. Thus, there are many inter-
ference signals when the probe variations above the roughened surface, such as the 
weld. Secondly, the MFECT usually is presented to detect the surface and subsur-
face cracks in the aluminum by the amplitude of the response signal. Both surface 
and subsurface cracks have response signals from the multi-frequency excitation. 
The classification and evaluation of surface and subsurface cracks is still a challenge 
only by the amplitude characteristic when the buried depth of subsurface cracks is 
shallow.
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The alternating current field measurement (ACFM) is an emerging ENDT method 
for the detection and evaluation of cracks [21–24]. Due to the advantages of the non-
contact testing, the high tolerance to lift-off and the quantitative evaluation ability, 
it has been widely used in the petrochemical industry [25–29], the electric power 
industry and the rail transportation industry. As the same with the conventional ET, 
the ACFM probe is excited by a sinusoidal signal. Thus, the ACFM is usually used 
to inspect surface cracks. In our previous work, a double frequency circumferential 
current field testing (CCFT) method was presented for the detection and evaluation 
of both inner and outer cracks in the aluminum tube [30]. The amplitude feature 
is used to classify and evaluate the surface and subsurface cracks. However, the 
amplitude of response signal is affected by the length, the depth or the buried depth 
of the crack. Thus, the evaluation result is obtained at the certain conditions, such 
as the same length crack, the large buried depth. Thus, new features should be find 
to classify and evaluate surface and subsurface cracks in the aluminum using the 
multi-frequency ACFM. 

In this paper, a novel phase reversal feature is found to classify and evaluate surface 
and subsurface cracks based on the multi-frequency ACFM. The phase reversal 
feature is a inherent feature of the multi-frequency excitation ACFM, which is not 
affected by the dimensionality of the subsurface crack. Thus the surface and subsur-
face cracks can be classified and the buried depth can be evaluated accurately. The 
rest of the paper is organized as follows. In Sect. 2, the physical principle and the 3D 
finite element method (FEM) model of the multi-frequency ACFM are developed to 
analyze the phase reversal feature. In Sect. 3, the multi-frequency ACFM system is 
developed. In Sect. 4, the surface and subsurface cracks are detected. The surface 
and subsurface cracks are classified using the amplitude reversal phenomenon of 
the Bz signal. The buried depth of the subsurface crack is evaluated by the reversal 
frequency. In Sect. 5, the conclusion and further work are drawn. 

2 Methodology 

A. Physics Principle 

In the classical ACFM model, an induced uniform current field is excited on the 
aluminum specimen when an alternating excitation signal is loaded on the excitation 
coil, as shown in Fig. 1a. Due to the skin effect, the induced currents mainly gather 
in the thin surface of the specimen. When a surface crack is presented, the surface 
current field will be disturbed. It makes the magnetic field distorted. Thus, the surface 
crack can be detected by measuring the distorted magnetic field.

Generally, we only focus on the surface thin induced current. In fact, the induced 
current field penetrates inside the aluminum specimen. The induced currents at 
different depths inside the aluminum specimen can be given by Eq. (1). It can be 
seen that the amplitude of the induced current field decreases exponentially and the 
phase of the induced current field lags linearly with the increase of depth.
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Fig. 1 Theoretical model. a ACFM model. b Transformer circuit model

JZ = J0e− z 
δ (1+j) (1) 

where Jz is the induced current at the depth Z, J0 is the current in the surface of the 
specimen. When the current density in a certain depth of the specimen decays to 1/e 
of that on the surface of the specimen, the certain depth is called skin depth, as given 
in Eq. (2). 

δ = (
1
/

πρfuru0
)1/ 2 (2) 

where δ is the skin depth, f is the excitation frequency, ur is the relative magnetic 
permeability, u0 is the vacuum permeability, ρ is the electric conductivity of the 
specimen. 

The phase change of the induced current field can be modelled as a transformer 
circuit [31], as shown in Fig. 1b. The excitation coil is regarded as the input side of 
the transformer and the specimen is regarded as the output of the transformer. The 
electromagnetic coupling equivalent circuit follows the Kirchhoff’s law, as given in 
Eqs. (3)–(5). 

V1 = I1(R0 + jωL0) + Ie(jωM ) (3) 

0 = Ie(Re + jωLe) + I1(jωM ) (4) 

M = k 
√
L0Le (5) 

where k is the coefficient of coupling between the two inductors. M is the mutual 
inductance in the circuits. 

Ie is given in Eq. (6) by rearranging Eq. (4).
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Ie = −I1 
jωM 

Re + ω2Le 
= −I1 

ωM 

R2 
e + ω2L2 e 

(ωLe + jRe) (6) 

For plane wave excitation, the resistive and reactive components of the induced 
current impedance are equal in magnitude (Re = ωLe = Xe) [2]. So that Ie is calculated 
in Eq. (7). 

Ie = −I1ωL0 
k2 

2 
(1 + j) ≡ I1ωL0 

k2 √
2 
e− 3π 

4 j (7) 

Therefore, when the phase of the excitation current is 0°, the phase of the induced 
current on the surface of the aluminum specimen is −135°. In addition, the phase 
of the induced current field lags linearly with the increase of penetration depth. The 
phase suddenly reverses from −180° to 180° at a specific penetration depth, which 
is called a phase reversal feature in this paper. The phase reversal feature represents 
a change of the induced current direction. When the thickness of the aluminum 
specimen is infinite, the direction of the induced current changes periodically. In 
practice, the plate thickness is limited. The induced currents inside the specimen are 
more severely attenuated and the disturbance around cracks is weaker. Thus, only 
one time phase change of the induced current field is considered in this paper. So the 
induced currents in the specimen can be divided into the forward phase current and 
the reverse phase current. 

In this paper, the phase of the excitation signal is set 0°. The reverse phase induced 
current field is in the surface of the aluminum specimen. The forward phase induced 
current field is under the reverse phase induced current field in the depth direction 
of the specimen, as shown in Fig. 1a. The phase reversal feature can take place with 
variational depths as the excitation frequency is different. 

For surface cracks, when the crack is shallow, only the reverse phase induced 
current field is disturbed, as shown in Fig. 2a. The induced currents turn around at 
the tips of the surface crack in one direction all the time. Thus, the space magnetic field 
distorted in the vertical direction (Called Bz) is always in one direction because the 
reverse phase induced current field deflects in the same direction. When the crack 
is deep, the reverse phase and forward phase induced current fields are disturbed 
simultaneously, as shown in Fig. 2b. The two induced current fields turn around 
at the tips of the surface crack at the same time and the deflection directions are 
opposite. However, the density of the reverse phase induced current field is much 
greater than that of the forward phase current field. Thus, the direction of the Bz 
signal is still determined by the deflection direction of the reverse phase induced 
current field. In a conclusion, the direction of the distorted magnetic field is always 
the same direction regardless of the depth of surface cracks.

For subsurface cracks, when the crack is only in the forward phase induced current 
field [32], as shown in Fig. 2c. The induced currents turn around at the tips of 
the subsurface crack in one direction and the direction of the Bz signal is always 
in one direction. However, when the subsurface crack is in the reverse phase and 
forward phase induced current fields, as shown in Fig. 2d, the turned direction of
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Fig. 2 Cracks in different current fields. a Surface crack in the reverse phase current field. b Surface 
crack in the reverse and forward phase current fields. c Subsurface crack in the forward phase current 
field. d Subsurface crack in the reverse and forward phase current fields

the reverse phase current filed is opposite to that of the forward phase current filed. 
What’s more, the reverse phase current filed is stronger. As a result, the direction 
of the distorted magnetic field changes to the opposite direction due to the deeper 
buried depth of the surface cracks (Called amplitude reversal phenomenon). Thus, the 
phase reversal feature can be used to classify the surface crack and the subsurface 
crack when the multi-frequency excitation ACFM is carried out. When the phase 
reversal feature appears near the buried depth, there will be no obvious peak or 
trough (Called transitional signal) in the Bz signal. The buried depth can be obtained 
by the transitional signal using the multi-frequency response signal. 

B. FEM Modeling and Analyzing 

To verify the theoretical model proposed above, a 3D finite element method (FEM) 
model of ACFM was set up by the COMSOL software, as shown in Fig. 3. The  
simulation model consisted of a specimen, a U-shape core, a coil, and an air domain. 
The excitation coil (500 turns) was wound on the U-shape Mn–Zn ferrite yoke. The 
excitation signal was loaded on the excitation coil. The amplitude of the excitation 
current was 100 mA and the frequency was 1 kHz. The specimen was an aluminum 
plate, whose conductivity was 3.774 × 107 S/m and relative permeability was 1. The 
lift-off value of the probe was 1 mm.

The induced uniform current field at different depths in the aluminum were 
extracted, as shown in Fig. 4a. It is worth noting that the direction of the induced 
current field turns to the opposite direction at the depth of 3 mm. This is because 
the phase of induced current field changes from −180° to 180° from depth 2 mm to 
3 mm. The crossing 0° phase point is called phase reverse point (PRP) at this specific 
depth. The current density attenuates exponentially and the phase of the induced
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Fig. 3 FEM model

current lags linearly with the increasing depth of the aluminum specimen, as shown 
in Fig. 4b. This phenomenon is consistent with the theoretical model proposed above. 

As mentioned in the theorical model, the depth of the phase reverse feature is 
affected by the excitation frequency. The phase of the induced current field at different 
depths was obtained with different excitation frequencies from 200 to 1000 Hz, as 
shown in Fig. 5a. The original phase of the induced current field is around the − 
135° with different excitation frequencies. The phase goes down sharply as the exci-
tation frequency increases. All the phases reverse at a specific depth with different 
excitation frequencies. The depth of the PRP drops with the increasing of the exci-
tation frequency, as shown in Fig. 5b. For a lower excitation frequency, the PRP 
is in a deeper depth in the aluminum specimen. For example, when the excitation 
frequency is 300 Hz, the depth of the PRP is 4.89 mm. It means that the direction of 
the induced current field is in the reverse direction when the penetration depth is less 
than 4.89 mm. However, the direction of the induced current field is in the forward 
direction when the penetration depth is greater than 4.89 mm.

Fig. 4 Induced current field at different depths. a Directions of induced currents. b Induced current 
density and phase 
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Fig. 5 Phase of induced current with different excitation frequencies. a Phase of induced current. 
b Depths of PRP 

C. Characteristic Signal Analysis 

To analyze the magnetic field response signals of cracks, a surface crack and a 
subsurface crack were set up in the simulation model. The size of the surface crack 
was 30 mm (Length) × 0.5 mm (Width) × 2 mm (Depth). The buried depth of the 
subsurface crack was 3 mm, and the length and width were the same as the surface 
crack. The 200 Hz and 1 kHz were selected as the frequencies of the excitation 
signal. According to the simulated results, the depths of the PRP were 2.19 mm 
(1 kHz excitation) and 6.6 mm (200 Hz excitation), respectively. 

For the surface crack, the reverse phase current field deflects in the clockwise 
direction at one end of the surface crack with the excitation frequency of 200 Hz, 
as shown in Fig. 6a. Meanwhile, the reverse phase current field deflects in the anti-
clockwise direction at another end of the surface crack. According to the Ampere’s 
Law, the Bz shows a trough at one tip of the surface crack and a peak at another tip 
of the surface crack, as shown in Fig. 6c. Because the PRP of the 200 Hz is 6.6 mm, 
the surface crack is not affected by the phase reverse feature. When the excitation 
frequency is 1000 Hz (PRP is 2.19 mm), although the surface crack is located in the 
reverse phase and forward phase current fields at the same time, the reverse phase 
current field maily deflects in the same way around the surface crack, as shown in 
Fig. 6b. Thus, the Bz also shows a trough at one tip of the surface crack and a trough 
at another tip of the surface crack, as shown in Fig. 6c. Due to the different current 
density, the peaks of the Bz with 1000 Hz excitation frequency are stronger than that 
of the 200 Hz excitation frequency.

For the subsurface crack (Buried depth 3 mm), the reverse and forward phase 
induced currents are disturbed at the same time when the excitation frequency is 
200 Hz, as shown in Fig. 7a. When the depth is less than the PRP (6.6 mm), the 
deflection direction of the induced current is in the clockwise direction at one end of 
the subsurface crack (reverse phase induced current field). However, When the depth 
is more than the PRP (6.6 mm), the deflection direction of the induced current is in
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Fig. 6 Disturbed current field and distorted magnetic field of surface crack. a 200 Hz excitation 
frequency. b 1000 Hz excitation frequency. c Distorted magnetic field signal Bz

the anticlockwise direction at the same end of the subsurface crack (forward phase 
induced current field). Because the density of the reverse phase current is greater 
than that of the forward phase current, the Bz still shows a trough at one end and a 
peak at another end of the subsurface crack, as shown in Fig. 7c. However, when the 
excitation frequency is 1000 Hz, there is only the forward phase current field which 
is disturbed by the subsurface crack, as shown in Fig. 7b. This is because the buried 
depth of the subsurface crack is under the depth of the PRP (2.19 mm). Thus, the 
deflection direction of the induced current is in the anticlockwise direction at one 
end of the subsurface crack. As a result, the Bz shows a peak at one end and a trough 
at another end of the subsurface crack, which is opposite to the Bz signal excited by 
the 200 Hz sine signal, as shown in Fig. 7c.

When the excitation frequency is 500 Hz, the depth of the PRP is 3.4 mm. The 
edge of the subsurface crack is near the PRP area. The phase of the induced current 
changes from the reverse direction to the forward direction, which shows stray state,
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Fig. 7 Disturbed current field and distorted magnetic field of subsurface crack. a 200 Hz excitation 
frequency. b 1000 Hz excitation frequency. c Distorted magnetic field signal Bz

as shown in Fig. 8a. The stray currents cannot turn regularly. As a result, there is 
no obvious peak or trough in the Bz signal (Called transitional signal), as shown in 
Fig. 8b. In a conclusion, there are always peak and trough in the Bz signal for the 
surface crack with different frequency excitation signals. The peak and trough of the 
Bz signal can turn to the opposite direction for the subsurface crack with different 
frequency excitation signals. Especially, the transitional signal of the Bz is excited 
by a specific excitation frequency because of the stray current. Thus, the surface 
and subsurface cracks can be classified by the amplitude reversal phenomenon of 
the peak and trough of the Bz with multi-frequency excitation method. Because 
the transitional signal is caused by the stray current near the top side of the surface 
crack, the buried depth of the subsurface can be evaluated using the specific excitation 
frequency.
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Fig. 8 Disturbed current field and distorted magnetic field of subsurface crack. a Stray current 
field. b Transitional signal 

3 Multi-frequency ACFM Testing System 

A. Multi-frequency Excitation Signal Synthesis 

To verify the theoretical and simulated results, the multi-frequency excitation signal 
was synthesized. It has been proved that the 1 kHz was the optimal excitation 
frequency to detect surface cracks in the aluminum specimen [30]. Therefore, 1 kHz 
was set as the highest frequency component of the multi-frequency excitation signal. 
To get a penetration depth of 5 mm and above, 200 Hz was set as the minimum 
excitation frequency in this paper. The sinusoidal signals were added together with 
200, 300, 400, 500, 600, 700, 800, 900, and 1000 Hz to generate the multi-frequency 
excitation signal. The amplitude of the sinusoidal signals was 1 V and the phase was 
0°. The multi-frequency excitation signal was generated by LABVIEW software and 
output through an acquisition card (NI, USB6351) that was provided analog signal 
output function. The output multi-frequency excitation signal is shown in Fig. 9.

B. Probe and Testing system 

As  shown in Fig.  10a, a U-shape magnetic core, an excitation coil, a tunnel magneto 
resistance (TMR) sensor, and a signal processing circuit were packaged in the ACFM 
probe. The excitation coil (copper wire whose diameter was 0.15 mm) was wound 
around the U-shape core with 500 turns. The TMR sensor (Type: TMR2301, made 
by MULTI DIMENSION, China) was placed at the bottom of the probe, which was 
used to measure the Bz signal. The signal processing circuit was used to amplify the 
Bz signal and filter the interference noise.

As  shown in Fig.  10b, the multi-frequency ACFM testing system included a probe, 
an acquisition card, a power amplifier, a DC power, and a personal computer (PC). 
The signal acquisition card was controlled by the PC to output the multi-frequency 
excitation signal. And then the excitation signal was amplified by the power amplifier. 
The amplified excitation signal was loaded on the excitation coil of the ACFM probe.
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Fig. 9 Multi-frequency excitation signal. a Time domain signal. b Frequency domain signal

Fig. 10 Probe and testing system. a Detection probe. b Testing system

The uniform current field was excited into the aluminum plate by the probe. When 
a crack was presented, the induced current field would be disturbed. The disturbed 
current field made the space vertical magnetic field distorted (Bz) the above the crack. 
The Bz signal was picked up by the TMR sensor. Then the Bz signal was sent to the 
acquisition card. In the end, the Bz signal was processed and displayed by software 
in the computer. 

4 Experiment 

A. Classification of cracks 

The specimen was an aluminum plate with a thickness of 10 mm, as shown in Fig. 11. 
There were five cracks (No. 1–5) with the same length (30 mm) and width (0.5 mm).
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The five cracks could be considered as surface cracks or subsurface cracks (turned 
to another side). The depths of the surface cracks were 5 mm (No. 5), 6 mm (No. 4), 
7 mm (No. 3), 8 mm (No. 2), and 9 mm (No. 1) respectively. The buried depths of 
the subsurface cracks were 1 mm (No. 1), 2 mm (No. 2), 3 mm (No. 3), 4 mm (No. 
4), and 5 mm (No. 5) respectively. 

The probe was set on the aluminum plate to measure the response signal of the 
Bz signal (one end of a surface crack), as shown in Fig. 12. There were 9 frequency 
components in the Bz signal. The amplitude of each frequency component in the 
frequency domain was set as the Bz amplitude at this location. 

Firstly, the surface cracks were tested using the multi-frequency ACFM testing 
system. The peak value of each frequency component was extracted to obtain the Bz 
signals of the five surface cracks, as shown in Fig. 13. The Bz signals show negative 
peaks and positive peaks at the two ends of the surface crack. For a specific depth crack 
(for example 5 mm depth), the peak value of Bz increases as the excitation frequency 
goes down, as shown in Fig. 13a. This is because the amplitudes of different frequency 
components are different, as shown in Fig. 12b. For different depth surface cracks, all 
the Bz signals show peaks and troughs in the same direction. It indicates that the Bz 
signals of the surface cracks do not have the amplitude reversal phenomenon. This

Fig. 11 Dimensions of the specimen and cracks 

Fig. 12 Bz signal. a Bz time domain signal. b Bz frequency signal 
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Fig. 13 Bz signals of the surface cracks. a 5 mm deep crack. b 6 mm deep crack. c 7 mm deep 
crack. d 8 mm deep crack. e 9 mm deep crack 

is mainly because the Bz signals are influenced by the deflection direction of the 
reversal current. Although the forward phase current field is also disturbed around 
the bottom of the surface cracks, it only affects the magnitude of the Bz signal due 
to the weak current density. 

Secondly, the subsurface cracks were tested by turning the aluminum plate to 
another side. The testing results of the subsurface cracks are shown in Fig. 14. It  
can be seen that the peak and trough of Bz signal changed to the opposite direction 
for each subsurface crack. It indicates that the Bz signals of the subsurface cracks 
show the amplitude reversal phenomenon. For the lower frequency component (for 
example 200 Hz in Fig. 14c), the Bz shows a trough and then a peak. For the higher 
frequency component (for example 1000 Hz in Fig. 14c), the Bz shows a peak and 
then a trough. This is because the 200 Hz excitation frequency has a deeper depth of 
the PRP (6.6 mm), which is larger than the buried depth (3 mm) of the subsurface 
crack. Although the reverse and forward phase induced currents are disturbed at the 
same time, the density of the reverse phase current is greater than that of the forward 
phase current. Thus, the peak and trough directions of the Bz signals keep the same 
all the time for the 1 mm to 5 mm buried depth subsurface crack when the excitation 
frequency is 200 Hz. The 1000 Hz excitation frequency has a shallower depth of 
the PRP (2.19 mm), which is less than the buried depth (3 mm). Only the forward 
current turns around the subsurface crack. The peak and trough of the Bz excited by 
1000 Hz is opposite to that of the 200 Hz excitation signal.

All the peaks of the Bz goes down with the increases of the buried depth. This is 
because the attenuation of the current density in the depth direction. And it should be
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Fig. 14 Bz signals of the subsurface cracks. a 1 mm buried depth crack. b 2 mm buried depth  
crack. c 3 mm buried depth crack. d 4 mm buried depth crack. e 5 mm buried depth crack

noted that the transitional signals always exist in all buried depth cracks. The transi-
tional signals are caused by the reversal frequency component near the buried depth 
of the subsurface crack. Thus, the reversal frequency component of the transitional 
signal can be used to evaluated the buried depth of the subsurface crack. 

In conclusion, the Bz signal has one peak and one trough all the time whether it is 
a surface crack or a subsurface crack. However, the Bz signal shows different peaks 
and troughs for the subsurface crack with different excitation frequency components. 
With the increase of the excitation frequency, the amplitude reversal phenomenon 
will occur in the Bz signals. The results consistent with the previous theorical and 
simulated results. Thus, the surface and subsurface cracks can be classified by the 
amplitude reversal phenomenon of the Bz signal caused by the novel phase reversal 
feature using the multi-frequency ACFM technique. 

B. Evaluation of subsurface cracks 

Many scholars have proposed many methods to evaluate the depth of surface cracks. 
However, the buried depth of subsurface cracks is still a big challenge. Because 
the conventional amplitude characteristic is confused by the dimensionality and the 
buried depth of subsurface cracks, the buried depth cannot be evaluated well and truly. 
As mentioned above, there is transitional signal caused by the reversal frequency 
component near the buried depth of a subsurface crack. So the reversal frequency 
component can be used to evaluate the buried depth. Because the reversal frequency 
component is only related to the buried depth, it is not affected by the dimensionality 
of subsurface cracks. To find the reversal frequencies of the different buried depth 
subsurface cracks, the Bz signals of the five subsurface cracks were further processed 
using Eq. (8). All the frequency components were ploted in figures, as shown in
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Fig. 15. 

Bzp = Bz/Bzmax (8) 

Fig. 15 Different frequency component signals of the subsurface cracks. a 1 mm buried depth  
crack. b 2 mm buried depth crack. c 3 mm buried depth crack. d 4 mm buried depth crack. e 5 mm  
buried depth crack
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where Bzp is the normalized Bz signal, Bz is unprocessed magnetic response field 
signal, Bzmax is the maximum value of the Bz signal. 

As shown in Fig. 15, the distance between the peak and trough of the Bz signal 
indicates the crack length. The peak and trough of the Bz signals reverse at different 
reversal frequency components for the different buried depths cracks. The forward 
and reverse currents are mixed together to present the stray current state. Because the 
stray current caused by the reversal frequency component is a current area, it turns and 
gathers around the buried depth. The peak and trough of the Bz signals do not reverse 
at the same time as the frequency increases. Thus, the reversal frequency component 
is a transition zone, as shown in Fig. 15a. The two boundaries of the transition zone 
are the frequency of the peak reverse and the frequency of the trough reverse. To get 
a consistent and accurate reversal frequency component, the intermediate frequency 
component in the reversal frequency area was selected as the reversal frequency 
component to evaluate the buried depth. The reversal frequency components of the 
5 subsurface cracks were marked with the dotted lines, as shown in Fig. 15. 

The reversal frequency components were picked up, as shown in Fig. 16. The  
reversal frequency component decreases linearly with the increasing of the buried 
depth. It is consistent with the phase linear transmission of the induced current field, 
as shown in Fig. 4b. Thus, the buried depth can be evaluated by the reversal frequency 
component using the linear relationship function. 

Three reversal frequency components of the subsurface cracks (1, 3 and 5 mm 
buried depth) were used to fit the linear relationship function. The relationship func-
tion between the buried depth and the reversal frequency component is shown in 
Eq. (9). 

bde = −0.01775 × fr + 10.54 (9) 

Ebd = |bde − bd |/bd (10) 

where bde is the measured buried depth, fr is the reversal frequency component. Ebd 

is the relative evaluation error, bd is the actual buried depth.

Fig. 16 Reversal frequency 
components of different 
buried depth cracks 
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Table 1 Results of buried 
depth evaluation bd/mm bde/mm Ebd (%) 

No. 2 2 2.02 1.0 

No. 4 4 4.0612 1.53 

The remaining two subsurface cracks (No. 2 and No. 4) can be evaluated using 
Eq. (9). The evaluated results are 2.02 mm and 4.0612 mm respectively. The relative 
evaluation error of the buried depth is defined in Eq. (10). The buried depth evaluated 
results and the relative evaluation errors are shown in Table 1. The relative evalu-
ation errors of No. 2 and No. 4 cracks are 1.0 and 1.53% respectively. The buried 
depth of the subsurface crack can be evaluated accurately by the reversal frequency 
component. 

In order to verify the generalisability of the proposed classification and evalua-
tion method, a subsurface crack in another aluminium plate was detected using the 
developed system. The length of the subsurface crack was 14 mm, the width was 
0.2 mm, and the buried depth was 4 mm. First of all, the probe was pushed to detect the 
subsurface crack. The detection result is shown in Fig. 17. The Bz signals of different 
frequencies show peaks and troughs. And as the frequency increases, the positions 
of the peak and trough exchange. It suggests that the Bz signals of the subsurface 
crack show the amplitude reversal phenomenon. It means that the proposed classifi-
cation method is effective. Secondly, to evaluate the subsurface crack, the Bz signal 
was further processed using Eq. (8). The processed signal is shown in Fig. 17b and 
the reversal frequency of the subsurface crack is 353 Hz, which is marked in the 
figure. Finally, the subsurface crack was evaluated using Eq. (9), and the error was 
calculated using Eq. (10). The evaluated buried depth is 4.274 mm and the relative 
evaluation error is 6.85%. It shows that the novel phase reversal feature proposed in 
this paper is also effective and calculate for other specimens. 

Fig. 17 Detection result of the subsurface crack. a Bz signals. b Bzp signals
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5 Conclusion 

In this paper, the novel phase reversal feature is found to classify and evaluate cracks 
in the aluminum based on the multi-frequency ACFM technique. The physical prin-
ciple of the phase reversal feature is developed. The distorted electromagnetic fields 
around the surface and subsurface cracks with different excitation frequencies are 
analyzed by the FEM model. The multi-frequency ACFM testing system is set up 
to test the surface and subsurface cracks. The results show that the peak and trough 
of the Bz signal caused by the subsurface crack can reverse with different excita-
tion frequency component due to the phase reversal of the induced current field. 
The peak and trough of the Bz signal caused by the surface crack do not reverse. 
Thus, the surface and subsurface cracks can be classified by the amplitude reversal 
phenomenon of the Bz signal caused by the phase reversal feature. As the transi-
tional signals of the Bz always exist in different buried depth caused by the stray 
current, the reversal frequency component is selected to evaluate the buried depth of 
the subsurface crack. The buried depth and the reversal frequency component have 
a good linear relationship. The buried depth of the subsurface crack can be evalu-
ated accurately. Further work will focus on the evaluation of the buried depth with 
different lift-off distances and the evaluation of other complex subsurface defects. 
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Visual Reconstruction of Irregular Crack 
in Austenitic Stainless Steel Based 
on ACFM Technique 

Abstract For the advantages of corrosion resistance, high toughness and plasticity, 
the austenitic stainless steel is widely used in the petrochemical special equipment and 
offshore structure. The austenitic stainless steel usually services in high temperature, 
high pressure and corrosive medium environment. Various types of irregular cracks 
are easily introduced in the surface of the austenitic stainless steel, which threats 
the safety of the structure. Due to the property of non-magnetic, weak conductivity 
and coarse grain, it is still a challenge to detect and evaluate irregular cracks in the 
austenitic stainless steel using the nondestructive testing (NDT) method. The visual 
reconstruction method is presented to detect and evaluate the irregular crack in the 
austenitic stainless steel based on the alternating current field measurement (ACFM) 
technique. The austenitic stainless steel irregular crack ACFM finite element simula-
tion model is set up. The distorted electromagnetic field around the irregular crack is 
analyzed. The vertical direction magnetic field (Magnetic field perpendicular to spec-
imen, called Bz) image gradient field visual reconstruction method is presented to 
reconstruct the surface profile of the irregular crack. The irregular crack testing exper-
iments are carried out to verify the efficiency of the visual reconstruction method. 
The results show that the current field induced by the ACFM probe gathers at the tips 
of the irregular crack in the austenitic stainless steel. The gathered current makes the 
vertical direction magnetic field Bz distorted. The Bz image gradient field can reflect 
the location of the gathered current. The surface profile of the irregular crack can 
be imaged visually and evaluated accurately by the Bz image gradient field visual 
reconstruction method. 

Keyword Visual reconstruction · Irregular crack · Austenitic stainless steel
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1 Introduction 

Austenitic stainless steel possesses excellent corrosion resistance, high toughness, 
and machinability, making it widely used in various fields such as petrochem-
ical equipment, marine equipment, and power generation equipment [1]. Gener-
ally, austenitic stainless steel serves in high-temperature, high-pressure, and corro-
sive environments, where various types of stress corrosion cracking (SCC), fatigue 
cracking, and intergranular corrosion are prone to occur on the surface of the structure, 
ultimately forming irregular crack defects [2, 3]. Irregular cracks can rapidly accu-
mulate and propagate under external forces, leading to structural failure and posing 
a serious threat to structural safety and serviceability [4]. Therefore, conducting 
research on the visualization and reconstruction techniques of irregular cracks on 
the surface of austenitic stainless steel is of significant importance and engineering 
application value for timely grasping crack propagation morphology information and 
facilitating structural safety assessment and maintenance decision-making. 

Austenitic stainless steel exhibits non-magnetic properties, weak electrical 
conductivity, and coarse grain size, which make conventional magnetic particle 
testing (MT) and magnetic flux leakage testing (MFL) techniques impractical. Ultra-
sonic testing (UT) is mainly used for internal defect detection and is not sensi-
tive to surface cracking [5, 6]. Additionally, due to the coarse grain size and 
complex acoustic reflection signals within austenitic stainless steel, UT is not suit-
able for detecting surface irregular cracks [7]. Penetrant testing (PT) can be used 
for detecting small surface cracks and revealing the opening direction of surface 
cracks. However, PT requires thorough cleaning of the surface of austenitic stain-
less steel from adhering substances, oil contamination, and coatings, resulting in 
low operational efficiency and difficulties in on-site testing. Moreover, the pene-
trant agents can cause environmental pollution. Alternating current potential drop 
(ACPD) method can detect and monitor local structural crack detection by injecting 
current and using contact probes, but the probes need to penetrate the coating and 
directly contact the structure surface [8]. Eddy current testing (ET) is a widely used 
non-destructive testing technique for surface defect detection in structures. It relies 
on impedance analysis to detect and evaluate defects. However, ET is susceptible to 
lift-off disturbances and requires high surface smoothness of the structure [9, 10]. 

Alternating Current Field Measurement (ACFM) is an emerging electromagnetic 
non-destructive testing technique in recent years. It integrates the advantages of eddy 
current testing and alternating current potential drop method. By using an excitation 
coil to induce uniform current on the surface of a structure, ACFM can detect and eval-
uate surface cracks by measuring the distorted magnetic field above the defect when 
cracks occur, causing the current to accumulate at the crack endpoints and perturb the 
spatial magnetic field [11, 12]. The advantage of a uniform electric field makes the 
probe less susceptible to lift-off height and enables crack detection and evaluation 
without the need to remove attachments and coatings (up to a thickness of 10 mm). 
The ACFM mathematical model is precise and allows for accurate assessment of 
crack length and depth [13]. In addressing the issue of irregular crack detection and
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evaluation, Nicholson et al. applied ACFM technology to the detection of irregular 
rolling contact fatigue cracks on steel rails and proposed an evaluation method for 
inclined surface cracks [14]. Noroozi et al. utilized ACFM technology and fuzzy 
learning methods for arbitrary profile crack detection and reconstruction [15]. Ravan 
et al. developed a computational model for calculating the electromagnetic field 
perturbations around arbitrary profile cracks and solved for the analytical solution of 
the electromagnetic field inside the crack region using the finite difference method 
[16]. Pasadas et al. investigated the current perturbation patterns around irregular 
surface cracks on aluminum plate specimens under uniform current excitation and 
proposed a Tikhonov normalization surface crack visualization inversion method 
[17]. Li Yong et al. [18] achieved visualization and imaging display of buried depth 
defects in aluminum plates using pulse uniform eddy current technology and char-
acteristic signal gradient fields. In previous research, our research group proposed 
a method for detecting arbitrarily oriented cracks using rotating alternating current 
electromagnetic fields, achieving high sensitivity detection of arbitrarily oriented 
cracks [19, 20]. While the aforementioned studies have laid the foundation for irreg-
ular crack detection and evaluation, there is limited research and reporting on the visu-
alization and reconstruction methods of surface contour irregular cracks specifically 
in austenitic stainless steel. 

In response to the issue of detecting and evaluating irregular cracks on the surface 
of austenitic stainless steel, this study proposes a method for visual reconstruction 
of such cracks based on the Alternating Current Field Measurement (ACFM) tech-
nique. By analyzing the electromagnetic field distortion patterns around irregular 
cracks through simulation models, the study introduces a technique for visualizing 
the surface contour of irregular cracks using the gradient field of the vertical magnetic 
field (Bz) image. Experimental tests are conducted to detect irregular cracks on 
austenitic stainless steel using ACFM, and the proposed visualization reconstruction 
method based on the Bz image gradient field is employed for precise imaging display 
and accurate assessment of the surface contour of irregular cracks. 

2 An Irregular Crack Simulation Model 

2.1 Simulation Model 

An ACFM simulation model of an irregular crack on austenitic stainless steel is 
established using the ANSYS finite element simulation software, as illustrated in 
Fig. 1. The simulation model primarily consists of an excitation coil, a U-shaped 
magnetic core, a test specimen, and the irregular crack. The excitation coil is wound 
around the crossbeam of the U-shaped magnetic core with 500 turns, and the irregular 
crack is located beneath the excitation coil.

The simulation model and experimental specimen utilize austenitic stainless steel 
316L for the test. The U-shaped magnetic core is made of manganese-zinc ferrite,
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Fig. 1 ACFM simulation model of austenitic stainless steel irregular crack

Table 1 Parameters for the simulation model 

Model parameters Media 
environment 

Exciting coil U-shaped 
magnetic core 

Stainless steel test 
block 

Resistivity/(Ω·m) 0.5 × 104 1.7 × 10−8 1.9 × 10−6 7.4 × 10−7 

Relative 
permeability μr 

1.0 1.0 2000 1.1 

while the excitation coil is composed of copper wire. The remaining medium is 
air. The material parameters for the simulation model are provided in Table 1. The  
irregular crack consists of four segments, each with the same length of 20 mm and a 
depth of 3 mm. The crack angles are oriented at 0°, 30°, 60°, and 90° relative to the 
scanning direction. 

2.2 Simulation Analysis of Electromagnetic Field 

A sinusoidal excitation signal with a frequency of 2 kHz and an amplitude of 5 Vpp 
is applied to the excitation coil. The excitation coil induces a uniform current field 
on the surface of the austenitic stainless steel. The surface induction current vector 
map of the test specimen is extracted, as shown in Fig. 2. In the defect-free region, 
the induction current appears uniform. However, due to the presence of the irregular 
crack, the induction current accumulates at the endpoints and on both sides of the 
irregular crack.

In the defect-free region, the induction current is uniformly distributed, resulting 
in a vertical magnetic field Bz of 0. However, in the presence of an irregular crack,
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Fig. 2 Law of perturbation around irregular cracks by induction current

the accumulation of current causes spatial magnetic field distortion. The currents 
with different rotational directions lead to peak or trough values of Bz at the crack 
endpoints. The Bz image is extracted at a position 2 mm from the surface of the test 
specimen, as shown in Fig. 3. Bz exhibits peaks and troughs at different positions 
along the crack, and the distorted peak and trough positions align with the locations 
where the current accumulates at the endpoints of the irregular crack.

The simulation results indicate that the ACFM induction current can accumulate 
at the endpoints and on both sides of the irregular crack. This accumulation of current 
causes distortion in the vertical magnetic field Bz. The Bz image exhibits positive 
and negative peaks at the locations where the current accumulates, reflecting the 
surface topography information of the irregular crack.
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Fig. 3 Vertical magnetic 
field Bz image

3 Visualization Reconstruction Method 

3.1 Gradient Field Algorithm 

The gradient field reflects both the magnitude and direction of a scalar field. It can 
be obtained by taking the gradient of the scalar field. The gradient field is defined as 
follows: 

grad u(x, y, z) =
(

∂u 

∂x 
, 
∂u 

∂y 
, 
∂u 

∂z

)
= ∇u(x, y, z) (1) 

In the formula, u(x, y, z) is the quantity field, grad u(x, y, z) or ∇u(x, y, z) is 
referred to as the gradient field of the quantity field u(x, y, z). 

The positions of positive and negative peaks in the vertical magnetic field Bz reflect 
the surface topography information of the irregular crack. By calculating the gradient 
field of the Bz image, we can obtain information about the distorted peak positions 
and their orientations. As shown in Fig. 4, the gradient fields in the X-direction (probe 
scanning direction) and Y-direction (direction of the induction current, perpendic-
ular to the scanning direction) are calculated from the Bz image. These gradient 
field images represent the feature signals in both directions (the gradient images are 
dimensionless and only represent relative changes in magnitude).

In Fig. 4a, the gradient field image in the X-direction of the Bz image represents the 
surface contour of the irregular crack. In Fig. 4b, the gradient field in the Y-direction 
of the Bz image reflects the contours on both sides of the irregular crack. The gradient 
field image in the X-direction of the Bz image is more suitable for reconstructing the 
surface contour of the irregular crack. Therefore, this paper proposes a visualization 
reconstruction method for the surface contour of irregular cracks using the gradient
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Fig. 4 Bz image gradient 
field signal

(a) X-direction gradient field 

(b) Y-direction gradient field 

field of the vertical magnetic field Bz image. The specific steps of the method are 
illustrated in Fig. 5.

Step 1: Calculate the X-direction gradient field of the vertical magnetic field Bz. 
Define the probe scanning direction as the X-direction and calculate the X-direction 
gradient field (GXBz) from the feature signal Bz. 

Step 2: Determine the extrema. Determine the sign of the gradient field GXBz 
(PGXBz). If it is positive, proceed to the next step. If it is negative, multiply it by 
(−1). 

Step 3: Remove negative background values. Check if GXBz is greater than 0. 
Keep the positive values and discard the negative values. 

Step 4: Normalize the data. Normalize GXBz to the range of 0–1, obtaining the 
normalized signal representing the surface of the crack. Plot it as a color map.
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Fig. 5 Visual reconstruction 
method of Bz image gradient 
field

Step 5: Convert to a grayscale image. Convert the obtained normalized signal 
color map to a grayscale image, resulting in a visualization of the surface contour of 
the crack. 

3.2 Simulation Results Visualization Refactoring 

Using the algorithm described above, the second and third steps are applied to further 
process the X-direction gradient field of the vertical magnetic field Bz image in 
Fig. 4a. This results in a gradient field signal with the background field removed, 
as shown in Fig. 6a. The gradient field signal with the background field removed 
clearly depicts the visual contour of the crack surface. Next, in step four, the signal 
in Fig. 6a is normalized to the range of 0–1, resulting in a normalized signal color 
map shown in Fig. 6b. Finally, step five is applied to convert the normalized color map 
in Fig. 6b into a grayscale image, resulting in the visualization reconstruction of the 
irregular crack in the austenitic stainless steel, as shown in Fig. 6c. The visualization 
reconstruction result in Fig. 6c closely matches the contour of the irregular crack, 
indicating that the gradient field method using the vertical magnetic field Bz image 
can effectively visualize the surface contour of irregular cracks.
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Fig. 6 Visual reconstruction 
simulation results of 
irregular crack in austenitic 
stainless steel l

(a) Remove background field signals 

(b) Remove background field signals 

(c) Remove background field signals 
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4 Experimental Verification 

4.1 Test System Construction 

To verify the feasibility of the visualization and reconstruction method for the vertical 
magnetic field gradient (Bz) of irregular cracks in austenitic stainless steel, an ACFM 
experimental test system was constructed. The irregular cracks on the surface of the 
austenitic stainless steel specimen were visualized and reconstructed. As shown in 
Fig. 7, the ACFM test system mainly consists of a probe, a signal box, a control 
cabinet, and a three-axis platform. The probe includes an excitation coil, a U-shaped 
magnetic core, a magnetic field sensor, and an amplification and filtering circuit. 
The signal box generates a 2 kHz sinusoidal excitation signal with an amplitude of 
5 Vpp, which is amplified and loaded onto the excitation coil inside the probe. The 
excitation coil induces a uniform current field on the surface of the specimen. When 
cracks are present, the current disturbance causes spatial magnetic field distortion. 
The magnetic field sensor (tunneling magnetoresistance magnetic field sensor) inside 
the probe picks up the distorted magnetic field signal. After initial processing by the 
amplification and filtering module inside the probe, the signal is further amplified by 
the processing module inside the enclosure. Finally, the magnetic field sensor detects 
the analog signal, which is then converted to a digital signal by the signal acquisition 
module and sent to the computer. The computer program performs digital filtering, 
phase-locked amplification, and averaging on the signal to obtain the characteristic 
signal Bz [21, 22]. The PLC inside the control cabinet controls the three-axis platform 
to move in a grid pattern along the surface of the specimen. The platform drives the 
probe to extract the vertical magnetic field Bz above the specimen using a step-by-step 
method, and finally, the Bz image of the scanning area is plotted.

4.2 Experimental Test 

As  shown in Fig.  8b, a 316L austenitic stainless steel specimen was used for the exper-
iment. The specimen surface was processed using electrical discharge machining to 
create irregular cracks consisting of four sections. The crack length was 30 mm, and 
the crack angles with respect to the scanning direction were 0°, 30°, 60°, and 90°, as 
shown in Fig. 8. The crack width was 0.5 mm, and the crack depth was 3.0 mm.

The probe, driven by the three-axis platform, performed grid scanning of the 
irregular crack area. The probe was lifted to a height of 2 mm, and the scanning 
area was 100 × 100 mm2 with a scanning step size of 0.5 mm. After completing the 
scanning, the Bz image was obtained, as shown in Fig. 9. The vertical magnetic field 
Bz exhibited positive and negative peak values in the area of the irregular cracks, 
with strong peak signals observed at the endpoints and both sides of the cracks.

The processing of Fig. 9 using the gradient field visualization and reconstruction 
method for the Bz image is performed in step one. This step involves obtaining the
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(a) ACFM test system block diagram 

(b) Probe structure diagram 

(c) Photo of ACFM test system 

Fig. 7 ACFM test system
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Fig. 8 Austenitic stainless 
steel with irregular crack test 
block

Fig. 9 Experimental results 
of vertical magnetic field Bz

X-direction gradient field signal image of the Bz image. The positions of magnetic 
field distortion peaks are connected by lines, reflecting the contour direction of the 
irregular crack surface, as shown in Fig. 10a. In step two, step three, and step four of 
the visualization and reconstruction method, further processing is applied to Fig. 10a, 
resulting in a normalized gradient field image with the background removed, as shown 
in Fig. 10b. Step five is then applied to Fig. 10b, resulting in a visual reconstruction 
of the surface contour of the irregular crack, as shown in Fig. 10c. The visual recon-
struction image reflects the positions of the crack endpoints and surface contours. 
Due to the current concentration effect at the crack endpoints, the vertical magnetic 
field Bz is stronger at the endpoint positions. The calculation results of the Bz image 
gradient field reflect the positions of extreme signals. Since the extreme signals are 
stronger and can overshadow the image of the intermediate crack region, they provide 
particularly prominent information about the positions of the crack endpoints.
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Fig. 10 Experimental 
results of visual 
reconstruction of irregular 
cracks in austenitic stainless 
steel 

(a) Gradient field in the X direction 

(b) Normalized image by removing background gradient field 

(c) Visual reconstruction results 

4.3 Reconstruction Accuracy Evaluation 

Based on the peak positions in the visualized image of the surface contour of the 
irregular crack in Fig. 10c, the irregular crack can be divided into four sections. The 
coordinates of the endpoints of each crack section are as follows: (13.5, 16.0), (42.0, 
17.0), (75.0, 29.0), (89.0, 56.0), (86.5, 87.0). Using these endpoint coordinates, a 
plot of the crack endpoints and their directions is created, resulting in an accurate 
assessment of the irregular crack on the surface of the austenitic stainless steel, as 
shown in Fig. 11.
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Fig. 11 Evaluation results 
of irregular cracks 

Based on the coordinates of the crack endpoint positions, the length and angle 
of each crack section can be calculated. The calculated lengths and angles for each 
section are as follows: Length = 28.5 mm, Angle = 2.0°. Length = 35.1 mm, Angle 
= 20.0°. Length = 30.4 mm, Angle = 62.6°. Length = 31.1 mm, Angle = 85.4°. By 
comparing these values with the true dimensions and angles of the irregular cracks on 
the surface of the austenitic stainless steel specimen, we can see that the maximum 
reconstruction error in the length of the irregular cracks is 5.1 mm, and the maximum 
error in the angle is 10°. This indicates a relatively high level of assessment accuracy 
in the visualization and reconstruction of the irregular crack lengths and angles. 

5 Conclusions 

(1) This study simulated the electromagnetic field distortion around irregular cracks 
in austenitic stainless steel. The results showed that the ACFM-induced currents 
can accumulate at the endpoints and sides of irregular cracks, causing distortion 
in the vertical magnetic field Bz. The Bz exhibits peak and valley values at the 
positions of the crack endpoints, reflecting the information of the irregular crack 
endpoints and contours. 

(2) The gradient field visualization and reconstruction method using the vertical 
magnetic field Bz image was applied to reconstruct the ACFM simulation results 
of irregular cracks in austenitic stainless steel. The results showed that the X-
direction gradient field image of the Bz image can present the surface contour 
of the irregular crack. By removing the background, normalizing the image, and
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converting it to grayscale, a clear visualized image of the surface contour of the 
irregular crack can be obtained. 

(3) An ACFM testing system was constructed to conduct experiments on the 
detection of irregular cracks in austenitic stainless steel, and the feasibility of 
the gradient field visualization and reconstruction method using the vertical 
magnetic field Bz image was validated. The results showed that the X-direction 
gradient field image of the Bz image can present a visualized image of the 
surface contour of the irregular crack, exhibiting extreme values at the crack 
endpoint positions. Through evaluation of the visualized results, the maximum 
error in crack length was 5.1 mm, and the maximum error in angle was 10°, 
validating the feasibility of the method. The research results of this study have 
strong guiding significance and engineering application value for the detection 
and evaluation of irregular cracks on the surface of austenitic stainless steel. 
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Visual ACFM System Modeling 
and Optimization for Accurate 
Measurement of Underwater Cracks 

Abstract Alternating current field measurement (ACFM) has been proven to be 
a promising technique for sizing cracks on underwater structures. Precision and 
visualization are two big challenges for measuring underwater structure cracks, which 
is constrained by signal attenuation, interference factor and lags of signal processing. 
In this paper, an optimum visual ACFM (VACFM) system based on time-constant 
method (TCM) is proposed for visualization and accurate measurement of underwater 
structure cracks. Based on optimized results by finite element model (FEM), a novel 
probe and signal processing system are developed and sealed. Results obtained from 
crack inspection experiment with TCM show that the VACFM system is able to 
size the lengths and visually display the profiles of underwater structure cracks. The 
measuring errors of the crack length increase as the scanning speed increases; it is 
less than 10% at scanning speed of 3.81 mm/s, and smaller to longer cracks. 

Keywords ACFM · Underwater · Visualization and accurate measurement · Crack 

1 Introduction 

In the last few decades, the number of subsea oil and gas key equipment, such as 
platforms and deepwater pipelines, has increased dramatically with the development 
of subsea oil and gas exploitation industries [1]. The development of underwater 
equipment makes it important to develop an intelligent and accurate cracks detection 
technology and system for discovering the defects and eliminating hidden dangers 
in underwater structures [2–4]. 

The conventional ACFM is used to detect and size the crack in offshore welded 
structures [5, 6]. The theoretical model of ACFM is shown in Fig. 1. The ACFM probe 
induces alternating current into the surface of the metal slab. If a surface-breaking 
crack is present, the current flows around ends of the crack. The changed current 
disturbs magnetic field above the crack. The magnetic field component, denoted as 
Bx (parallel to the slab), produces a deep trough in X direction, which contains depth 
information of the crack. Meanwhile, the magnetic field component, denoted as Bz
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Fig. 1 The theoretical model of ACFM 

(perpendicular to the slab), shows a peak and trough to the ends of the crack, which 
is indicative of the crack length [7, 8]. Because of the advantages of non-contact, 
fewer requirements of surface preparation, fast defects recognition and quantification, 
ACFM has become a promising alternative non-destructive test (NDT) technique for 
the conventional magnetic particle and penetrant testing methods [9]. 

Since the oil exploitation advances to abyssal sea, the demand for precise and 
high reliability underwater ACFM probe is increasing sharply [10]. For the existing 
challenges like signal attenuation and distortion in long-distance transmission [11], 
other interfering signals in the sea [12] and the lag of signal comparing with scan-
ning speed for complex processing program [13], they are all critical factors to test 
the underwater crack precisely. Although ACFM does not need calibration, detec-
tion accuracy is still a big challenge in deepwater for interference signals [14]. In 
the last few years, commercially available ACFM technology has already offered 
visual results [15]. However, the conventional ACFM system cannot reconstruct the 
profile of crack visually and immediately, which brings difficulties to the operators 
to evaluate the test results [16]. 

In this work, a simulation model of underwater VACFM probe is built. The optimal 
excitation current, lift-off and structure are selected from simulation results. The 
underwater VACFM system is set up and tested by the crack inspection experiments 
in underwater environment. At the last part, a TCM is introduced to improve precision 
of the detected crack length.
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2 Underwater VACFM 

The schematic of underwater VACFM system is shown in Fig. 2. The system 
consists of two parts, underwater component and topside component. The underwater 
component of VACFM integrates excitation circuit, amplifier circuit, excitation coil, 
detecting sensor and conditioning circuit, which makes the system smaller and easier 
to handle. The topside component includes A/D acquisition card, DC power supply 
and personal computer. 

In order to reduce the signal attenuation in long-distance transmission between 
topside and underwater, the excitation circuit, amplifier circuit, excitation coil, 
detecting sensor and conditioning circuit (amplification and filtering) are encapsu-
lated the underwater probe. The excitation circuit produces driving signals. Signals 
are transferred to excitation coil through the power amplifier circuit. The excitation 
coil induces alternating current into the surface of sample under test (SUT). The 
detecting sensor pikes up the distorted magnetic field above the SUT surface. The 
signals are sent to topside after signal conditioning by the conditioning circuit. Then 
the signals are converted into digital signals by a A/D acquisition card and sent to 
PC at last. The intelligent identification software in PC will display the signals and 
identify defects.

Fig. 2 The underwater VACFM system 
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3 Analysis and Optimization for Probe Parameters 

3.1 Model Development in ANSYS 

To optimize parameters of underwater VACFM probe, a FEM model is set up using 
ANSYS software, as shown in Fig. 3a. The model includes an alternating current-
carrying coil with a U-shaped ferrite core, encapsulation shell and metal slab. The 
medium in the shell is air while the outside surrounding medium is seawater. A 
rectangular crack is introduced on slab surface in X direction. The dimensions of the 
model are shown in Table 1 and the characteristic parameters are shown in Table 2.

The current density is extracted on slab surface, as shown in Fig. 3b. Two eddy 
areas appear right under the legs of the U-shaped ferrite core; meanwhile a uniform 
current area [17] is generated between two legs on the slab. The uniform currents 
gather at ends of the crack and become sparse in the middle of the crack. A path 
is defined along X direction above the crack at the height of 2 mm from −0.03 to 
0.03 m. The magnetic field is picked up on the path with 100 points, as shown in 
Fig. 3c. There is a peak (the absolute value is a trough) in Bx and a peak and trough 
in Bz. The peak of Bx lies in the middle of the crack, meanwhile the peak and trough 
of Bz locate at ends of the crack. 

3.2 Excitation Currents 

The induced current intensity on SUT surface is affected by the excitation current. 
When the excitation current is weaker, the current intensity becomes smaller, which 
is unfavorable for detecting the signal. Due to the power constraints, the excitation 
current should not be too big. Figure 4a and b shows the Bz and Bx with different 
excitation current. It can be seen, the excitation current increases as the amplitude 
of Bx and Bz increases. The maximum distortion (�Max) of Bx and Bz are showed 
in Fig. 4c respectively, which are both grow linearly with the excitation current. The 
sensitivity of Bx and Bz are given as follows [18]. 

ξx = �Bxmax 

Bx0 
(1) 

ξz = �Bzmax 

Bx0 
(2)

�Bxmax and �Bzmax are the maximum distortion of Bx and Bz above defect. Bx0 
is the amplitude of Bx signal without defects. ξ can reduce detection errors and 
improve the signal-to-noise ratio, which affects the measurement accuracy of the 
VACFM system [19]. The�Max and sensitivity of Bx and Bz are showed in Table 3.
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Fig. 3 The results of 
simulation. a The FEM of 
underwater VACFM probe. 
b The current density on the 
surface of the slab. c The 
magnetic field above the 
crack

(a) 

(b) 

(c) 
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Table 1 The size of the  FEM  
Model Length/mm Width/mm Depth/mm 

Sample 300 150 10 

Core 90.4 16.4 36 

Water 300 150 20 

Crack 45 0.8 7 

Table 2 The characteristic parameters of the FEM 

Coil diameter Number of turns String material On-load voltage Frequency 

0.15 mm 500 Steel 1 v 6 k Hz

As shown in Table 3, the  ξx (40.0%) and ξz (36.7%) remain the same basically 
as the excitation current increases. Hence the sensitivity of detecting signal has no 
significant effect by the excitation current. However, the larger distortion signal can 
minimize other interfering signals. The maximum allowable continuous working 
current of circuit modules is 50 mA for the power constraints. In order to provide 
strong enough current intensity without the need for cooling the system, the excitation 
current is set as 40 mA here. 

3.3 Fix Structure Lift-Off 

Lift-off is the distance between the probe and the specimen; it influences the desired 
characteristics of the ACFM signals [20]. The magnetic field is weaker as the lift-
off distance longer. However, the signals induced and received by ACFM probe are 
unstable when the lift-off is too small. A small variation of lift-off, which may be 
due to varying coating thickness, irregularities on sample surface or movement of 
probe, will lead to a large change in the signal response [21, 22]. As shown in Fig. 4a, 
b, Bz is an order of magnitude less than Bx. So the weaker Bz component is more 
susceptible to the lift-off. Simulations are performed to analyze the lift-off effects. 
Figure 5a shows that the amplitude decreases as the lift-off increases.

As shown in Fig. 5b, the sensitivity of Bz drops steeply as the lift-off increases 
from 1 to 3 mm. For the uneven specimen or movement of probe, the lift-off value 
normally changes within ± 1 mm errors. The minimum relative rate of change in 
signal characteristic vectors is 22.9% with ± 1 mm lift-off variation when the lift-off 
is below 3 mm. When the lift-off is greater than 4 mm, the maximum relative rate 
of change is 18.7%. So when the lift-off is below 3 mm, a slight perturbation can 
result in significant error. Meanwhile, when the lift-off distance is greater than 4 mm, 
the sensitivity of Bz becomes smooth, which introduce smaller error. However, as 
the lift-off increases, the amplitude of Bz becomes weak, which is not conducive to 
detection. To balance the stability and strength of signal, 4 mm is the selected lift-off.
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Fig. 4 The optimization for 
excitation current. a The Bx 
with different excitation 
current. b The Bz with 
different excitation current. 
c The �Max of Bx and Bz 
against the excitation current

(a) 

(b) 

(c) 
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Table 3 The results of simulation with different excitation current 

Excitation current Bx0 �Bzmax(T ) ξz �Bxmax(T ) ξx 

0.005 −5.03E−05 1.85E−05 0.36742 2.01E−05 0.399594 

0.01 −1.00E−04 3.69E−05 0.36743 4.02E−05 0.399642 

0.02 −2.01E−04 7.39E−05 0.36743 8.03E−05 0.399572 

0.03 −3.02E−04 1.11E−04 0.36741 1.21E−04 0.399609 

0.04 −4.02E−04 1.48E−04 0.36742 1.61E−04 0.399587 

0.05 −5.03E−04 1.85E−04 0.36742 2.01E−04 0.399594 

0.06 −6.03E−04 2.22E−04 0.36742 2.41E−04 0.399599 

0.07 −7.04E−04 2.59E−04 0.36743 2.81E−04 0.399602 

0.08 −8.04E−04 2.95E−04 0.36742 3.21E−04 0.399600 

0.09 −9.05E−04 3.32E−04 0.36742 3.62E−04 0.399591 

0.1 −1.01E−03 3.69E−04 0.36743 4.02E−04 0.399642

3.4 Probe Structure 

The underwater VACFM probe consists of the excitation coil with a U-shaped ferrite 
core [23], detecting sensor, excitation circuit, amplifier circuit, conditioning circuit, 
cover, gland, shell, sealing ring and cable sealing joint, as seen in Fig. 6. These are 
encapsulated in the probe shell. The material of the shell is 316L (00Cr17Ni14Mo2), 
which is a kind of non-magnetic stainless steel. The cover of the probe is on the 
bottom of the shell, which uses non-Magnetic plexiglass. To keep the lift-off, the 
detecting sensor is fixed on the cover at the thickness of 3 mm (the lift-off of the 
sensor center is 4 mm). The U-shaped ferrite core, excitation circuit, amplifier circuit 
and conditioning circuit are fixed in the shell. To seal against the water pressure, the 
gland compresses the cover with a Sealing ring and all the signal wires pass through 
the cable sealing joint. The signals are transmitted via signal wires between the 
underwater and topside.

4 System Performance Testing 

4.1 Experimental System 

Figure 2 shows the experimental system of underwater VACFM. It consists of two 
main parts: the underwater probe, the topside signal acquisition and processing 
system. According to the results of simulations, the experiment parameters are 
adopted in Table 4.

The excitation coil consists of 500 turns of winding wire on the beam of U-shaped 
ferrite core with an excitation frequency 6 kHz and magnitude 1 V [24]. The detecting
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(a) 

(b) 

Fig. 5 The optimization for lift-off. a The Bz with diffreent lift-off. b The sensitivity of Bz against 
the lift-off

sensor is made up of two coils (the Bx coil is 150 turns and Bz coil is 200 turns) with 
one common magnetic core. The detecting planes of Bx and Bz coil are perpendicular 
to X-axis and Z-axis direction respectively. 

The test piece is a mild steel specimen with three cracks. The defects are 
rectangular-shaped cracks with different lengths and same depth, length, which are 
artificially introduced using the electric discharge machine, as shown in Fig. 7a, the 
size of cracks are given in Table 5. The 3D scanner is driven by stepper motors and 
the test system is shown in Fig. 7b. By driving the underwater VACFM probe above 
the surface of crack (No.1 crack) on the slab at a certain speed in the water tank,
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Fig. 6 The structure of underwater VACFM probe

Table 4 The experiment parameters of underwater VACFM 

Excitation frequency Excitation current On-load voltage Lift-off 

6 kHz 40 mA 1 V 4 mm

the test results are showed on the PC, as shown in Fig. 7c, which includes the Bx 
and Bz, Butterfly plot and Inverse results. From the Bx and Bz, the crack length 
can be detected. Sometimes, the curves of Bx and Bz could not be distinguished for 
nonuniform scanning speed. At the moment, the butterfly plot is useful to identify 
the crack, in which Bx is plotted against Bz. A loop butterfly plot helps the operator 
to decide whether a crack is present or not for decreasing misdetection frequency 
[25]. The Bx signal with scanning speed is processed by the software to calculate 
the profile of crack. By this inversion operation, the crack profile can also be seen in 
the inverse results, which is described in previous studies [26]. Thus, the crack can 
be identified visually by the VACFM.

4.2 Accurate Measurements 

Crack lengths are critical parameters for underwater structures safety estimation [27]. 
In the laboratory, the VACFM probe is drive by stepper motor and screws keeping a
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(a) 

(b) 

(c) 

Fig. 7 The specimen and test results. a The crack on the surface of the test piece. b The VACFM 
test system. b The test results
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Table 5 The size of cracks  
Crack number Length (mm) Width (mm) Depth (mm) 

No. 1 48 0.8 7 

No. 2 30 0.8 7 

No. 3 66 0.8 7

certain speed. The detecting signals from probe are sent to the topside and collected 
by A/D card and processed by software. In this process, the signal lags seriously. So 
there is a great error in the scanning time and the nominal time of the signal. What’s 
more, other interference factors cannot to be neglected for the detection precision of 
crack length. 

To offset the error of the lag of signal processing and other interference factors, 
TCM is introduced using a compensation factor time-constant (t). A specimen is 
calibrated before the test experiment, which has the same material with SUT. With 
the same material, the same scanning speed, the same interference factors and the 
same lag degree of signal processing, crack length can be sized accurately with the 
help of compensation factor t. 

Firstly, the calibration crack is detected for several times at a certain speed to get 
a stable t. The lengths of the crack can be given as follows: 

L1 = t1VN1 

L1 = t2VN2 

· · · · · · · · ·  
L1 = t6VN6 (3) 

L1 is actual length (AL) of crack. V is scanning speed. N is the number of sampling 
points (NSP) between the peak and trough of crack, t is the time-constant. So the 
mean value of t can be given as: 

t = L1 
6V

(
1 

N1 
+ 1 

N2 
+  · · ·  +  1 

N6

)
(4) 

The scanning speed is calculated by the rotate speed of stepper motor and the 
transmission ratio of screws. So the scanning speed should be chosen at some special 
value only. The target crack is scanned at a certain speed and the measuring length 
(ML) of the crack is given as follows: 

L = tVN (5) 

To get t, No.1 crack (48 mm length) is tested for 6 times at 3.81 mm/s (select 
a certain speed). The NSP between the peak and trough of the crack is shown in 
Table 6.
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Table 6 The NSP between the peak and trough of No.1 crack 

Scan times 1 2 3 4 4 6 

NSP 978 1195 1002 1031 893 1101 

Table 7 The test results of No. 2 and No. 3 crack at 3.81 mm/s 

Crack number V (mm/s) NSP ML (mm) Relative error 

2 3.81 702 32.87 9.56% 

3 3.81 1395 65.32 1.03% 

Table 8 The test results of No. 2 and No. 3 crack at 4.52 and 5.08 mm/s respectively 

Crack number V (mm/s) t(s) ML (mm) Relative error (%) 

2 4.52 13.16E−3 34.01 13.37 

5.08 14.45E−3 36.22 20.73 

3 4.52 13.16E−3 67.54 2.33 

5.08 14.45E−3 71.53 8.38 

The t can be obtained from (4), t = 12.29E− 3 s. The No.2 (30 mm length crack) 
and No.3 (66 mm length crack) are also tested at 3.81 mm/s. According to (5), the 
length of No.2 and No.3 crack can be obtained, the test results and relative errors 
(|AL − ML|/AL) are shown in Table 7. 

To analyze the effect of scanning speed on detection precision, No.1 crack (cali-
bration crack) is tested at 4.52 and 5.08 mm/s and the No.2 and No.3 crack (target 
crack) are tested at the same speed respectively according to the TCM. The test 
results are showed in Table 8 and the relationships between the relative errors and 
the scanning speeds are displayed in Fig. 8.

4.3 Results and Discussion 

Comparing the results of the experiments and simulations, as seen in Figs. 3 and 7, 
a good agreement is shown in trends of Bx and Bz. The troughs of Bx (the absolute 
value of Bx presents a trough in the simulation result) lie in the center of the crack, 
meanwhile the peaks and troughs of Bz locates at the both ends of the crack. 

As shown in Table 8, the relative error of the crack length increases as the scanning 
speed increase using the VACFM based on TCM. Meanwhile, comparing the results 
of No.2 and No.3 crack, the relative error of No.3 crack (66 mm length) is much less 
than that of No.2 crack (30 mm length). It shows that the VACFM is more accurate to 
longer crack. It means that, to get an optimum test results, the scanning speed should 
be slower. Of course, low efficiency of scanning speed will make it inadequacy in



128 Visual ACFM System Modeling and Optimization for Accurate …

Fig. 8 The relative error against the scanning speed

service. To meet the needs of detection precision in engineering, whose relative error 
should be less than 10%, the 3.81 mm/s can be selected as the optimum scanning 
speed. 

5 Design Summary and Conclusion 

In this work, the VACFM system has been built including the excitation coil, detecting 
sensor, probe structure, signal processing system and software system. To reduce the 
signal attenuation in long-distance transmission, the excitation and signal processing 
circuits (amplification and filtering) are encapsulated the underwater probe. The 
parameters (such as excitation current, lift-off and structure) of VACFM system 
are optimized by the modeling to achieve better sensitivity, stability and accuracy. 
Meanwhile, TCM is presented to improve the detection precision by reducing the 
effect of signal attenuation, interference factor and the lag of signal processing. 
According to TCM, the scanning speed is optimized. 

The modeling and optimization of visual ACFM system are able to provide a high 
accurate and visual measurement for underwater structure cracks, which is tested and 
proved by real cracks inspection experiments. The results show that the underwater 
VACFM based on TCM can size the crack length and profiling the section of crack 
with the optimized system, which meets the needs of detect precision in engineering.
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In a word, the underwater VACFM system provides a method for the intelligent 
and accurate detection of underwater structure cracks to keep subsea oil and gas 
equipment safety and reliability. The test results of the system are visual, which 
is convenient and simple for the inspector to evaluate the cracks. Furthermore, the 
underwater VACFM system presented this paper are applicable to other long-distance 
transmission test fields. 

The performance of VACFM is still not robust for detection of complicated shape 
underwater defects. Moreover, further research needs to focus on detecting and 
reconstructing different type of underwater cracks and improving detection precision. 
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Research on High-Precision Evaluation 
of Crack Dimensions and Profiles 
Methods for Underwater Structure 
Based on ACFM Technique 

Abstract The conventional alternating current field measurement (ACFM) tech-
nique evaluates the crack dimensions by the distance between Bz peaks and the Bx 
trough. The interaction of the crack length and depth on the characteristic signals is 
not considered before, which results in the low accuracy evaluation results of crack 
dimensions and profiles. In the light of the problems above, the 3D simulation model 
of ACFM is set up in the underwater environment. The influence rules of the crack 
length and depth on the characteristic signals are analyzed. On this basis, the two-step 
interpolation crack dimensions evaluation algorithm and the segmentation interpola-
tion crack profiles reconstruction algorithm are presented to achieve high-precision 
evaluation of crack dimensions and profiles. The underwater ACFM testing system 
is set up and the crack detection experiments are carried out. The results show that 
the crack depth does not affect the distance between the peak and trough of the Bz. 
The crack length that is shorter than 30 mm affects the trough of the Bx. The two-step 
interpolation algorithm based on the Bx and Bz can achieve high-precision evalua-
tion of the crack length and depth. The maximum errors of the evaluated length and 
depth are 3.0 and 7.5% respectively. The segmentation interpolation algorithm based 
on the Bx can achieve high-precision visual reconstruction of the crack profile. The 
maximum error of the reconstructed profile is 5.7%. 

Keywords ACFM · Crack · Dimension and profile · High-precision ·
Interpolation algorithm · Underwater structure 

1 Introduction 

Alternating Current Field Measurement (ACFM) technology is a newly emerging 
electromagnetic non-destructive testing technology in recent years. It has many 
advantages such as lift-off insensitivity, non-contact detection, no need to clean struc-
tural attachments and coatings, and quantitative detection. It has been widely used 
in underwater structures, high-speed rail, nuclear power and non-destructive testing 
of surface defects of special equipment [1–3]. The alternating current magnetic field
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relies on a rectangular excitation coil to induce a uniform current on the surface of 
the conductive test block. The induced current passes through the crack vertically, 
gathers at both ends of the crack, causing the magnetic field (Bz) perpendicular to 
the direction of the test block to generate positive and negative peaks at both ends 
of the crack. Therefore, the distance between the positive and negative peaks of Bz 
reflects the crack length information; the induced current alternately generates peaks 
and valleys in the magnetic field (By) perpendicular to the direction of the crack 
at the end of the crack [4–6]; the induced current bypasses the bottom of the crack 
center, the current density at the center of the crack weakens, causing the magnetic 
field (Bx) along the direction of the crack to generate a valley [7], the valley reflects 
the crack depth information, as shown in Fig. 1. 

Under normal circumstances, the crack length can be obtained based on the 
distance between the peaks and valleys of the characteristic signal Bz, and the approx-
imate depth of the crack can be obtained based on the change in the valley of the 
characteristic signal Bx. However, due to the large error between the crack length 
and the distance between the peaks and valleys of the characteristic signal Bz, and 
the impact of the crack length on the Bx valley, the traditional characteristic signal 
evaluation method has a large error, affecting the evaluation of the remaining life of 
the structure and maintenance decisions. W. D. Dover, A. M. Lewi, etc. established 
the classic ACFM theoretical model, and gave an analytical model of the electro-
magnetic field disturbance around the crack based on the two-dimensional plane 
assumption and uniform induced current [8, 9]. Hu Shuhui and others proposed a 
linear interpolation method to invert the crack length and depth dimensions [10]. A.

Fig. 1 Principle of ACFM 
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L. Ribeiro and others gave a forward model of the crack and characteristic signal 
under uniform induced current [11]. G. L. Nicholson and others applied ACFM to 
the detection and evaluation of cluster rolling contact fatigue (RCF) cracks in rails 
[12, 13]. R. K. Amineh [14] and others proposed a crack depth evaluation method 
under different lift-off heights based on the model inversion algorithm. The research 
group and other scholars have proposed a crack size inversion algorithm based on 
neural network self-learning in previous studies [15–18]. The above research uses 
the characteristic signal Bx to analyze the crack depth, and uses the characteristic 
signal Bz to analyze the crack length, laying the foundation for the ACFM detection 
and evaluation of the crack. However, the above studies did not consider the inter-
action between the crack length and depth on the characteristic signals Bx and Bz, 
resulting in insufficient evaluation accuracy. In addition, self-learning methods such 
as neural networks require a large amount of sample data, which is difficult to apply 
and implement quickly on site. 

In response to the above problems, this paper establishes a three-dimensional 
finite element simulation model of ACFM in a seawater environment, analyzes in 
detail the interaction rules of the changes in crack length and depth on characteristic 
signals, and proposes a two-step interpolation crack size evaluation algorithm and 
a segmented interpolation crack profile reconstruction algorithm. This provides an 
effective method for real-time detection and high-precision evaluation of cracks in 
underwater structures. 

2 Marine Environment ACFM Simulation Model 

A three-dimensional simulation model of ACFM in a seawater environment is estab-
lished using the ANSYS finite element simulation software [19, 20]. As shown 
in Fig. 2, the simulation model mainly consists of an excitation coil, a U-shaped 
manganese-zinc ferrite magnetic core, a steel plate test block, and a crack defect. 
The excitation coil is wound on the manganese-zinc ferrite crossbeam, and an alter-
nating current of 0.1 A with a frequency of 2000 Hz is loaded on the excitation coil. 
To realistically simulate the distribution of the electromagnetic field in the seawater 
environment, the inside of the simulation model probe is filled with air, and the 
outside is surrounded by the seawater environment. The characteristic parameters of 
the simulation model are shown in Table 1, and the structural parameters are shown 
in Table 2.

The current vector diagram on the surface of the steel plate test block in the 
simulation model is extracted, as shown in Fig. 3a. It can be seen that the excitation 
coil induces a uniform current on the surface of the test block, and the current 
passes through the crack vertically, gathering at both ends and deflecting in opposite 
directions. The current density on the surface of the steel plate test block is extracted, 
as shown in Fig. 3b. The current density gathers at the end of the crack to form a 
maximum peak, and the induced current bypasses from the bottom of the crack to 
form a valley in the center of the crack, causing Bx to appear a valley at the center
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Fig. 2 3D FEM model of ACFM in seawater environment 

Table 1 Parameters of simulation model 

Coil 
diameter 
/mm 

Coil 
number 
of 
turns/ 
circle 

Load 
current/ 
A 

Frequency/ 
Hz 

Steel plate 
phase to 
permeability 

Steel plate 
electricity 
resistivity/
�·m 

Seawater 
hydropower 
resistivity/
�·m 

Core phase 
to 
permeability 

0.15 500 0.1 2000 1000 9.78E−8 0.22 10,000 

Table 2 Dimensions of simulation model 

Project Length/mm Width/mm Height/mm Core leg 
length/mm 

Core 
horizontal 
height/mm 

Coil 
thickness/ 
mm 

Core 29 11 21 5 6 – 

Workpiece 150 70 10 – – – 

Coil 19 – – – – 1 

Housing 64 26 38 – – – 

Crack 30 0.5 5 – – –

of the crack, as shown in Fig. 4a. Due to the different deflection directions, the 
disturbance current causes Bz to present positive and negative peaks at the position 
of the crack end, as shown in Fig. 4b. The change rules of the characteristic signals 
Bx and Bz in the simulation model in the seawater environment are consistent with 
the ACFM principle.

The characteristic signal Bx is related to the crack depth because the current 
bypasses in the direction of the crack depth, and the peaks and valleys of the charac-
teristic signal Bz are located at the two ends of the crack, so the distance between the
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(a) (b) 

Fig. 3 Distribution of induced current in the surface of specimen. a Current vector diagram. 
b Current density plot

peaks and valleys reflects the crack length. However, the changes in crack length and 
depth have an interactive effect on the characteristic signals Bz and Bx, and a single 
change in length or depth is not the only factor affecting the characteristic signals. In 
order to determine the influence of crack size changes on the characteristic signals 
Bx and Bz, the characteristic signals of different size cracks are analyzed with the 
help of simulation. 

3 Two-Step Interpolation Algorithm 

Four groups of simulation models with different sizes of cracks were established, all 
with a crack width of 0.5 m. The first group of simulation models are cracks of the 
same length (10 mm) with different depths (1, 2, 3, 4, 5, 6 mm). The second group 
is cracks of the same length (20 mm) with different depths (1, 2, 3, 4, 5, 6 mm). 
The third group is cracks of the same length (30 mm) with different depths (1, 2, 3, 
4, 5, 6 mm). The fourth group is cracks of the same length (40 mm) with different 
depths (1, 2, 3, 4, 5, 6 mm). The fifth group is cracks of the same length (50 mm) 
with different depths (1, 2, 3, 4, 5, 6 mm). The distance between the positive and 
negative peaks of the characteristic signal Bz is defined as PBz, and the PBz change 
graph of cracks with different depths is obtained, as shown in Fig. 5a. The change 
rule of PBz of the characteristic signal with different depths is basically consistent 
with the crack length, indicating that PBz is basically not affected by the crack depth.

In order to compare the distortion amplitude of the characteristic signals of cracks 
at different depths, and to eliminate the influence of linear parameters such as 
current and coil turns on the simulation or experimental results, the sensitivity of 
the characteristic signal Bx is defined as SBx. 

SBx = (Bx0 − Bxmin)Bx0 = 1 − Bxmin/Bx0 (1)
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(a) 

(b) 

Fig. 4 Distorted magnetic field. a Bx. b Bz

The sensitivity SBx of the maximum value position distortion of the characteristic 
signal of cracks of different lengths is obtained, as shown in Fig. 5b. The charac-
teristic signal Bx is mainly the secondary magnetic field distortion caused by the 
current disturbance in the center of the crack, and the Bx disturbance situation is 
more obviously affected by the depth of the crack, and the Bx sensitivity of the char-
acteristic signal of cracks of different depths differs greatly. At the same time, the 
length of the crack also affects the disturbance of the current in the depth direction. 
The current in the center of the shorter crack is affected by the length of the crack, 
causing the maximum sensitivity change of Bx. When the crack extends to a certain 
extent, the induced current in the center of the crack reaches a minimum and is not
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(a) (b) 

Fig. 5 Signal characteristic with crack size. a PBz with cracks of different depths. b SBx with 
cracks of different lengths

affected by the length of the crack, and the Bx sensitivity of the characteristic signal 
is also not affected by the length of the crack. As can be seen from Fig. 5b, when 
the crack length is greater than 30 mm, the Bx sensitivity of the characteristic signal 
of cracks of different lengths basically remains consistent. When the crack length 
is less than 30 mm, there is a large difference in the sensitivity of the characteristic 
signal of cracks of different lengths. 

In summary, the peak-to-valley distance of the characteristic signal Bz is affected 
by the crack length and is not affected by the change in crack depth; the sensitivity of 
the characteristic signal Bx is affected by the crack depth and is also affected by the 
crack length. Based on the above rules, in order to achieve high-precision evaluation 
of cracks, a two-step interpolation algorithm based on characteristic signals Bx and 
Bz is proposed, with the following specific steps: 

(1) Use the characteristic signal Bz to obtain the peak-to-valley distance PBz, and 
use PBz to obtain the crack length L. 

(2) When the crack length L ≥ 30 mm, the sensitivity SBx and the crack depth 
interpolation formula are obtained by simulation or experimental fitting, and 
the crack depth is evaluated by the interpolation method measured by the exper-
iment SBx. When the crack length L < 30 mm, the sensitivity SBx and the crack 
depth interpolation formula of a specific length (such as 10, 20 mm, etc.) crack 
are obtained by simulation or experimental fitting, and the crack depth is evalu-
ated by selecting the approximate length fitting formula measured by the exper-
iment SBx. The two-step interpolation method can quickly obtain crack length 
and depth information, does not require a large amount of sample data, and is 
conducive to the online real-time evaluation of crack size. 

The crack length, depth and characteristic signal rules obtained from the simula-
tion model in this article, and the formulas (2)–(4) obtained from polynomial inter-
polation, where formula (2) is the first step to obtain the crack length L, formula (3) 
is the second step to obtain the crack depth D30 greater than 30 mm in length, and 
formula (4) is the second step to obtain the crack depth D20 of 20 mm in length.
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L = 1.02 × PBz + 1.02 (2) 

D30 = −0.2106 × S3 
Bx + 2.207 × S2 

Bx − 5.171 × SBx + 4.491 (3) 

D20 = 0.07196 × S3 
Bx − 0.4911 × S2 

Bx + 2.296 × SBx − 1.908 (4) 

4 Establishment of the Experimental System 

The underwater ACFM detection system consists of an underwater probe, a hull, and 
an above-water computer. The probe is connected to the hull through a water-sealed 
joint, and the hull is connected to the above-water computer through an optical fiber, 
as shown in Fig. 6a. The internal lithium battery of the hull powers the entire system. 
The excitation module generates a sinusoidal excitation signal with a frequency of 
2000 Hz and an amplitude of 10 V and loads it into the excitation coil in the probe. 
The excitation coil induces a uniform current field on the surface of the test piece. 
When a defect is present, the induced current is disturbed, causing spatial magnetic 
field distortion. The magnetic field sensor inside the probe measures the distorted 
magnetic field and transmits it to the amplification module inside the hull through 
the primary amplification filter circuit [21, 22]. After the signal is amplified, it is 
transmitted to the acquisition card, transmitted to the processor after A/D conversion, 
and transmitted to the surface through the optical fiber. The optical fiber receiver on 
the surface converts the optical signal into an electrical signal and transmits it to the 
computer. The internal program of the computer analyzes and evaluates the crack 
size in real time. The developed underwater ACFM system is shown in Fig. 6b. 

(a) (b) 

Fig. 6 Underwater ACFM system. a System block diagram. b System photo
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5 Crack Evaluation Test 

The probe and hull are placed in a water tank filled with seawater medium. The probe 
is driven by a mechanical arm to scan the crack area of the test block at a uniform 
speed of 40 mm/s, as shown in Fig. 7a. Two test blocks are set up in this test, both 
of which are made of Q235 material. Test block 1 has rectangular groove cracks of 
the same depth (4 mm), with a crack opening of 0.5 mm and crack lengths of 20, 
40, and 45 mm respectively, as shown in Fig. 7b. Test block 2 has cracks of different 
cross-sectional shapes, with a crack opening of 0.5 mm. Crack 1# is a semi-elliptical 
crack with a length of 20 mm and a maximum defect depth of 4 mm; Crack 2# 
has a semi-elliptical defect with a length of 30 mm and a maximum defect depth of 
5 mm; Crack 3# has a complex shape with a surface opening length of 40 mm and a 
maximum defect depth of 4 mm, as shown in Fig. 7c. 

(a) 

(b) 

(c) 

Fig. 7 Underwater ACFM testing system. a Test photos. b Test block 1. c Specimen block 2 sections
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(a) (b) 

Fig. 8 Testing results of cracks with same length. a SBx. b Bz 

5.1 Crack Size Evaluation 

The probe is driven by the mechanical arm to uniformly detect Test Block 1. The 
detection results of the sensitivity SBx of the characteristic signal Bx are shown in 
Fig. 8a, and the detection results of the characteristic signal Bz are shown in Fig. 8b. 

From Bz, the peak-to-valley distances PBz can be obtained as 18.0, 37.5, and 
42.0 mm, respectively. Using formula (2) for interpolation, the crack length sizes are 
obtained as 19.4, 39.3, and 43.9 mm. For cracks with lengths of 39.3 and 43.9 mm, 
the crack depths are calculated using formula (3) to be 3.7 and 3.8 mm, respectively, 
with errors of 7.5 and 5.0%, respectively, achieving high evaluation accuracy. 

For cracks with a length less than 30 mm, the approximate formula (4) is used  
to evaluate the crack with a length of 19.4 mm, and the estimated crack depth is 
3.8 mm, with an error of 7.5%. If formula (3) is used directly to estimate the crack 
depth, the crack depth is obtained as 7.2 mm, which is much larger than the actual 
size of the crack. It can be seen that the two-step interpolation algorithm can improve 
the evaluation accuracy of the crack depth for cracks with a length less than 30 mm. 
The results of the evaluation of the length and depth of the crack using the two-step 
interpolation algorithm are shown in Table 3. In summary, the two-step interpolation 
algorithm can achieve high-precision evaluation of crack length and depth, with a 
maximum depth error of 7.5% and a maximum length error of 3.0%.

5.2 Crack Profile Evaluation 

The probe uniformly detects Test Block 2, and the sensitivity SBx of the character-
istic signal Bx is obtained by formula (1), and the part greater than the background 
magnetic field (the signal above the profile is removed), as shown in Fig. 9a.

In order to achieve crack profile reconstruction and evaluation, this paper proposes 
a crack profile reconstruction algorithm based on the segmentation interpolation of



5 Crack Evaluation Test 141

Table 3 Evaluation results of 
cracks Crack length/mm 20 40 45 

Crack depth/mm 4 4 4 

PBz/mm 18.0 37.5 42.0 

SBx/% 3.91 3.23 3.28 

Length assessment/mm 19.4 39.3 43.9 

Length error/% 3.0% 1.8% 2.4% 

In-depth assessment/mm 3.8 3.7 3.8 

Depth error/% 5.0% 7.5% 5.0%

(a) 

(b) 

(c) 

Fig. 9 Testing results of crack with different profiles. a SBx. b Bz. c Depth and SBx relationship
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the characteristic signal Bx. First, use the peak-to-valley distance PBz of the charac-
teristic signal Bz in Fig. 9b and formula (2) to revise the crack length, and obtain 
the lengths of the three cracks as 19.4, 29.6, and 38.8 mm. Secondly, using the 
segmentation interpolation method, Crack 2# is used as the calibration crack, which 
is divided into 15 equal parts in the length direction to form 15 crack depth points. 
At the same time, the sensitivity SBx of the characteristic signal of Crack 2# is set to 
15 equal parts in the crack area to form the sensitivity of 15 position points. Then, 
the corresponding relationship between the depth of any position of the crack and 
the sensitivity SBx can be obtained, as shown in Fig. 9c. The relationship between 
crack depth D and sensitivity SBx can be expressed by the polynomial interpolation 
formula as follows: 

D = 0.8762 × S3 
Bx − 3.634 × S2 

Bx + 6.174 × SBx + 0.04038 (5) 

Finally, the sensitivity SBx of Crack 1# is divided into 10 equal parts along the 
length direction to obtain the sensitivity of 10 position points. The sensitivity SBx 
of Crack 3# is divided into 20 equal parts along the length direction to obtain the 
sensitivity of 20 position points. Using formula (5), the crack depth corresponding to 
the sensitivity of each position point can be obtained, and the crack profile contour 
can be reconstructed, as shown in Fig. 10.

The vertical coordinate 0 position in Fig. 10a and c represents the upper surface of 
the test block, and the negative value represents the depth below the surface of the test 
block. Figure 10b and d show the visualized shape of the crack profile, which matches 
the defect profile height in Test Block 2. The actual profile area of Crack 1# is 60.76 
mm2, and the area of the closed area that can be evaluated by the curve is 57.28 mm2, 
with an error of 5.7%; the actual profile area of Crack 3# is 118.94 mm2, and the 
evaluation result is 116.13 mm2, with an error of 2.4%, achieving high reconstruction 
accuracy. The above shows that the segmentation interpolation algorithm based on 
the characteristic signal Bx can achieve high-precision reconstruction and visual 
display of the crack profile. 

6 Conclusion 

This paper establishes a three-dimensional finite element simulation model of ACFM 
in a seawater environment, analyzes in detail the influence of crack length and depth 
on characteristic signals, proposes a two-step interpolation crack size evaluation 
algorithm and a segmentation interpolation crack profile reconstruction algorithm, 
builds an underwater ACFM testing system, and carries out crack detection and 
evaluation experiments. The main conclusions are as follows:
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(a) 

(b) 

(c) 

(d) 

Fig. 10 Reconstruction results of crack profile. a 1# Crack reconstruction results. b 1# Crack 
profile visualization morphology. c 2# Crack reconstruction results. d 2# Crack profile visualization 
morphology

(1) The distance between the peaks and valleys of the characteristic signal Bz is 
related to the crack length and is not affected by the crack depth; the depth of 
the characteristic signal Bx valley is mainly related to the crack depth, but is 
also affected by the crack length. 

(2) When the crack is larger than 30 mm, the crack length does not affect the depth 
of the characteristic signal Bx valley; when the crack is less than 30 mm, the 
crack length has a greater impact on the characteristic signal Bx valley. 

(3) The two-step interpolation crack size evaluation algorithm based on the charac-
teristic signals Bx and Bz can achieve high-precision evaluation of crack length 
and depth, with a maximum error of 3.0% for length evaluation and a maximum 
error of 7.5% for depth evaluation.
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(4) The segmentation interpolation profile reconstruction algorithm based on the 
characteristic signal Bx can achieve high-precision reconstruction and visual 
display of the crack profile, with a maximum reconstruction error of 5.7%. 
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