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Abstract. Due to corrosive and hostile environment, in-service nonmagnetic pipes 

are prone to such anomalies as the external corrosion which poses a severe threat 
to structural integrity. Gradient-field Pulsed Eddy Current technique (GPEC) has 

been found superior to other non-destructive evaluation (NDE) techniques 

particularly pulsed eddy current testing in evaluation and imaging of subsurface 
corrosion in planar conductors. In this paper, GPEC for evaluation and imaging of 

external corrosion in nonmagnetic pipes is investigated. Two orthogonal gradient-
field signals are simultaneously acquired and used for visualization of external 

corrosion. Through experimental investigation, it has been found that: (1) the 

depth of the external corrosion can be implied by the acquired corrosion images; 
and (2) the corrosion boundaries can be detected and identified via GPEC.  
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1. Introduction 

Pipes of such nonmagnetic materials as aluminum, copper, titanium, etc. are widely 

used in industrial fields involving aerospace, energy, chemical engineering, etc. The 

hostile and corrosive environment leaves in-service nonmagnetic pipes vulnerable to 

external corrosion which severely undermines the pipe integrity and is one of the critical 

causes leading to the structural failure of the nonmagnetic pipeline. It is highly demanded 

that the external corrosion can be non-intrusively detected and quantitatively evaluated 

during periodical inspection of the nonmagnetic pipeline. Although Electromagnetic 

Non-destructive Evaluation (ENDE) techniques including Eddy Current Testing [1, 2], 

Pulsed Eddy Current Testing (PECT) [3-5] and Ultrasonic Testing [6, 7] have been 

found to be advantageous in inspection of tubular conductors, their technical 

drawbacks have been identified especially in regard to the imaging of subsurface 

corrosion [8].  
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By integrating PECT with gradient magnetic field measurement, Gradient-field 

Pulsed Eddy Current technique (GPEC) has been proposed for detection, evaluation and 

imaging of subsurface defects in conductors [9, 10]. Previous research has revealed that 

GPEC is superior to PECT in terms of higher sensitivity and accuracy in evaluation and 

imaging of subsurface corrosion in planar conductors [8]. This indicates that 

complementary to aforementioned techniques, GPEC could be a promising technique 

in corrosion imaging for tubular conductors. As a result, in this paper GPEC imaging of 

external corrosion in nonmagnetic pipes is intensively investigated through 

experiments. A GPEC probe consisting of a bobbin coil and gradient-field sensors 

measuring two orthogonal gradient fields is proposed. Through a series of experiments, 

the advantage of GPEC in evaluation and imaging of external corrosion in nonmagnetic 

pipes is further identified.  

2. Proposed GPEC probe and analysis of the gradient-field characteristics 

A GPEC probe comprising a bobbin coil for generation of the incident magnetic field 

and magnetic sensors sensing the gradient field in different directions is proposed for 

evaluation and imaging of external corrosion in nonmagnetic pipes. The probe structure 

is portrayed in Figure 1(a). With this configuration, the circumferential distribution of 

the induced eddy current in a flawless pipe section facing the coil lateral winding is 

relatively uniform. Any anomalies occurring in the pipe body perturb the eddy-current 

distribution, and thus break the field uniformity over the pipe circumference. This leads 

to the perturbation of the net magnetic field, and subsequently gives rise to the gradient 

field.  

  
(a) (b) 

Figure 1. Schematic illustrations regarding: (a) structure of capsule-typed probe; and (b) interaction of 

induced eddy currents in the pipe with external corrosion 

The schematic illustration exhibiting the interaction of eddy currents induced in a 

pipe with external corrosion is shown in Figure 1(b). It can be indicated from Figure 1(b) 

that when the probe is placed over the pipe section free of corrosion, the circumference-

direction gradient field of the circumferential component of the net magnetic field 

gφ(Bφ) is null due to the uniform eddy-current distribution over the pipe circumference. 

In the presence of the external corrosion, the axial component of the eddy current Jz 

arising from the material discontinuity introduced by the corrosion boundary 

particularly perpendicular to the flowing direction of the eddy current becomes non-

zero. This results in the non-zero gφ(Bφ), the signal of which can thus be adopted to 

detect the corrosion boundary in the axial direction.  

Similarly, significant perturbation in the circumferential component of the eddy 

current Jφ arises from the material discontinuity along the circumferential direction. 

Therefore, dramatic variation regarding the axial-direction gradient field of the axial 

component of the net magnetic field gz(Bz) which is dependent of Jφ can be found. The 

signal of gz(Bz) is thus applicable for identification of the corrosion boundary in the 
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circumferential direction. By simultaneously analyzing the signals of gφ(Bφ) and gz(Bz), 

profiling and sizing of the external corrosion could be realized via corrosion 

visualization.  

3. Experimental investigation 

3.1. Experimental system 

Based on the analysis of the gradient-field characteristics, a GPEC probe, which consists 

of a bobbin coil and two magnetic sensors individually measuring gφ(Bφ) and gz(Bz), is 

fabricated for experimental investigation. The schematic illustration of the probe is 

shown in Figure 2 whilst the probe parameters are listed in Table 1. The sensors for 

gradient-field measurement are Tunnel Magneto-resistance (TMR) sensors 

(MultiDimension TMR-4002), and deployed at the same side of the coil lateral winding. 

The GPEC probe is connected with the testing system whose setup is exhibited in 

Figure 3. A rectangular-waveform excitation current drives the bobbin coil with the 

pulse repetition frequency, duty cycle and maximum amplitude of 100Hz, 50%, and 

100mA, respectively. 

  
Figure 2. Schematic illustration of the 

GPEC probe 
Figure 3. Schematic illustration of the GPEC system 

Table 1. Parameters of the GPEC probe 

Φ (mm) φ (mm) h (mm) d (mm) Number of turns (N) 

48 36 10 4 1157 

 

Four aluminum-alloy pipes which are used for fuel delivery in an aerocraft are 

taken as the specimens adopted in the experiments. The nominal thickness, length, 

conductivity and relative permeability of each specimen are 6.2mm, 200mm, 34.2MS/m 

and 1, respectively. External corrosion in different profiles and sizes are fabricated on 

the external surfaces of the specimens. The cross-sectional view of each specimen with 

external corrosion is shown in Figure 4. It is noted that Corrosion R1 and Corrosion R2 

are rectangular-shaped corrosion with the side length of 24mm whilst Corrosion C1 and 

Corrosion C2 are circular-shaped with the diameter fixed at 24mm. 

    
(a) Corrosion R1 (b) Corrosion R2 (c) Corrosion C1 (d) Corrosion C2 

Figure 4. Schematic illustration of specimens with external corrosion (cross-sectional view) 

B. Yan et al. / Imaging of External Corrosion in Nonmagnetic Pipes via GPEC106



3.2. Imaging of external corrosion 

During the investigation of corrosion imaging via GPEC, the probe scans axially and 

circumferentially over the inner surface of each specimen with intervals of 0.5mm and 

0.5�, respectively. At each scanning position, the signals of gφ(Bφ) and gz(Bz) are 

acquired from the sensors, and subsequently subtracted into the reference signals when 

the GPEC probe is placed in the corrosion-free area. This brings about the so-called 

differential signals for feature extraction and corrosion imaging. The corrosion signals of 

gz(Bz) and gφ(Bφ) when the probe is deployed right over Corrosion R1, reference signals 

and acquired differential signals are shown in Figure 5. It can be seen from Figure 5 that 

in the presence of the external corrosion the magnitude of the gradient-field signal 

decreases. The Peak Value (PV) which is extracted from the differential signal and null 

for the corrosion-free scenario could be used for detection, evaluation and imaging of 

external corrosion. 

  
Figure 5. Measured gradient-field signals 

In order to investigate the characteristics of the scanning curves for external 

corrosion, the axial and circumferential scanning curves depicting PVs of the differential 

signals against the sensor positions along the corrosion central lines are exhibited in 

Figure 6. 

  
(a) Axial scanning curve (b) Circumferential scanning curve 

Figure 6. Acquired scanning curves 

It can be observed from Figure 6 that for the corrosion in the same profile, the 

sensor positions corresponding to the maximum values of the scanning curve imply the 

edges of the external corrosion. The corrosion with deeper depth offers the increase in 

the scanning curve amplitude due to larger perturbation of the induced eddy currents in 

the specimen. The cross-comparison between Figure 6(a) and Figure 6(b) reveals that 

for the external corrosion with same depths, the scanning curve amplitude of the 
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rectangular-shaped corrosion is higher than that of the circular-shaped corrosion. This is 

because the averaged depth of rectangular-shaped corrosion is larger that of the circle-

shaped defect. It can also be noticeable that compared with the circumferential scanning 

curve which is almost symmetric, the axial scanning curve is non-symmetric. The reason 

lies in the fact that there is offset distance (d in Figure 2) between the excitation coil and 

sensor. This causes the difference in amplitudes of the signals from the sensor 

particularly when the sensor enters and leaves the corrosion region. In addition, 

compared with the corrosion edge in the axial direction, the corrosion edge in the 

circumferential direction can be identified with higher accuracy by using the axial 

scanning curve. To enhance the accuracy in identification of the corrosion edge in the 

axial direction by using the circumferential scanning curve, the coil height (h in Figure 2) 

could be decreased, which could adversely lead to decline in the scanning-curve 

amplitude. This opens up the follow-up investigation focused on the optimization of the 

probe parameters.  

Based on multiple scanning curves (in the axial and circumferential directions) for 

each corrosion, corrosion images of gz(Bz) and gφ(Bφ) are obtained and exhibited in 

Figures 7 and 8 together with the real corrosion profiles indicated by the solid line. It is 

noted that the corrosion centre is set as Z=0mm, Φ=0° whilst the scanning ranges are: -

40mm≤Z≤40mm (for the axial scanning); and -120°≤Φ≤120° (for the circumferential 

scanning). The image values are normalized to the maximum image value of Corrosion 

R1. It is noticeable from Figures 7 and 8 that: (1) the external corrosion in each 

specimen is detected by the proposed GPEC probe; and (2) edges of the detected 

corrosion can subsequently be indicated by using the sensor positions corresponding to 

the extrema in the acquired images.  

  

  
Figure 7. Corrosion images of gz(Bz) 
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Figure 8. Corrosion images of gφ(Bφ) 

In order to further identify the corrosion profile, the contour map is derived from 

the corrosion image. Following this, the contour lines corresponding to the value equal 

to zero are extracted and used to produce the plot for corrosion profile identification. 

For example, regarding Corrosion R1 the obtained plots for gz(Bz) and gφ(Bφ) are 

portrayed in Figure 9. It can be found from Figure 9 that the contour lines in each plot 

indicate the edges of Corrosion R1 particularly the edges along the circumferential 

direction (as can be seen in Figure 9(a)). Compared with Figure 9(a), the corrosion 

edges along the axial direction, which is indicated by Figure 9(b) has discrepancy 

against the true corrosion profile. This could result from the dissipation and non-

uniformity of electromagnetic field especially subject to axial material discontinuity in 

the presence of external corrosion. 

  
(a) Contour plot for gz(Bz) (b) Contour plot for gφ(Bφ) 

Figure 9. Contour plots with the line value equal to zero for corrosion R1 

For each external corrosion scenario, the acquired corrosion images are 

subsequently processed by superimposing the images for gφ(Bφ) and gz(Bz) in an effort to 

generate a single image for each corrosion. The processed results are presented in Figure 
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10 along with the real profiles and estimated profiles acquired from contour plots. It is 

noted that the estimated corrosion profile is derived from superposition of the contour 

plots for gφ(Bφ) and gz(Bz).  

  

  
Figure 10. Acquired corrosion images along with the true and estimated corrosion profiles 

It can be observed from Figure 10 that: (1) all external corrosion can be detected 

by using the proposed GPEC probe; and (2) the image contrast for rectangular-shaped 

corrosion is higher than that for circular-shaped corrosion. This agrees with the finding 

from analysis of images in Figures 7 and 8. For the corrosion with the same profile, the 

image contrast is directly proportional to the corrosion depth, which implies that the 

depth of external corrosion could be quantitatively evaluated by analyzing the image 

contrast of the acquired corrosion image. From comparison between the estimated and 

true profiles for each corrosion scenario, it can be seen that the imaging by using the 

proposed GPEC probe gives higher accuracy in identification of the material 

discontinuity particularly in the axial direction. This opens up the further work focused 

on the probe optimization and imaging processing. 

4. Concluding remarks 

In this paper, GPEC imaging of external corrosion in nonmagnetic pipes is intensively 

investigated. Based on the analysis regarding characteristics of the gradient field, a GPEC 

probe with sensors measuring the gradient field in two orthogonal directions is proposed. 

A series of experiments have been conducted to further investigate imaging of external 

corrosion by using the proposed GPEC probe which consists of a bobbin coil for field 

excitation and two sensors acquiring signals of gφ(Bφ) and gz(Bz). Multiple scanning 

curves obtained in circumferential and axial directions give two 2D matrices 

corresponding to gφ(Bφ) and gz(Bz) for corrosion imaging. Following this, the 
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axial/circumferential contours of the 2D matrices are applied to identify the corrosion 

profiles. It is noticeable from experimental results that: (1) the depth of the external 

corrosion could be implied by analysis of the acquired corrosion images; and (2) the 

corrosion boundaries can be detected and identified via GPEC. The material 

discontinuity particularly in the axial direction can be localized with higher accuracy. 

The presented work opens up the further research involving optimization of the proposed 

GPEC probe and characterization of external corrosion in nonmagnetic pipes via GPEC 

imaging.  
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