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Abstract: With the rapid development of the economy and society, non-metallic pipelines are 
more and more widely used in oil and gas fields, water supply projects, urban gas systems, and so 
on. Among the conventional nondestructive testing (NDT) methods, only ultrasonic, radiographic, 
and penetration testing tools are applicable to non-metallic pipe examination from a theoretical 
perspective, while their actual efficiency is quite low. In this work, terahertz (THz) non-destructive 
detection of typical welding defects in polyethylene-pipe hot melt joints is carried out. The 
characteristic THz wave signal is obtained, and the relationship between the THz wave and the 
defect type is established. Finally, a THz signal processing model for defect detection in 
polyethylene-pipe hot melt joints is established. Thus, this research lays a foundation for the 
application of the THz non-destructive testing technology to polyethylene pipeline engineering.

Keywords: Polyethylene pipes; Terahertz waves; Non-destructive testing; Welding 
defects; Signal modeling

1. Introduction

With the rapid development of the economy and society, the application of non-metallic pipelines to 
the oil and gas fields is becoming more extensive. The substitution of non-metallic pipes for steel pipes 
can prevent the external and internal corrosion of the pipe caused by the transportation of highly 
mineralized sewage and water-containing oil, thus reducing the pipeline maintenance workload. At the 
same time, it plays an important role in speeding up the pipeline construction and decreasing investment 
in pipeline construction [1]. In addition, environmental protection, water supply, and urban gas projects 
are also increasingly using non-metallic pipelines. The safety of non-metallic pipelines has also attracted 
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increasing attention, and the detection and evaluation of non-metallic pipelines will have great market 
value and development prospects in the future [2].

Compared with other metal pressure equipment, non-metallic pipes possess no electrical and magnetic 
conductivity characteristics (except for steel-skeleton plastic-composite pipes). For this reason, among 
the conventional non-destructive methods, only ultrasonic, X-ray, and penetration testing technologies 
are feasible for characterizing non-metallic pipes; however, their efficiency is still limited [3-6]. Because 
of the peculiar features of non-metallic materials to drastically decrease X-ray attenuation, only low 
exposure energies can be used in X-ray detection to obtain better contrast and improve the defect 
detection rate [4]. However, a low exposure energy makes the imaging fuzzier, resulting in actual 
operation difficulties. For ultrasonic detection, the nonlinear ultrasonic-guided wave delay method can 
be used to localize the structural damage within non-metallic pipelines, but the geometric characteristics 
of the damage cannot be accurately determined [7]. Additionally, no actual case studies on penetration 
detection have been reported.

In recent years, the research on structural damage detection of non-metallic pipes has advanced rapidly, 
mainly focusing on straight pipes and pipe joints of non-metallic pipes [8-11]. Dalhousie University in 
Canada used piezoelectric ceramics to study the joint damage of non-metallic pipelines [12]. A torsional 
mode-guided wave probe was designed by École Centrale de Lyon in France to monitor the guided wave 
response and damage characteristics of non-metallic pipes [13]. The University of Rome in Italy 
conducted simulations and experimental investigations on groove damage within non-metallic round 
rods using Gaussian pulse-guided wave excitation [14]. In this work, reasonable theoretical results and 
satisfactory laboratory data were achieved. However, because of a lack of relevant reports, these methods 
have not been extended yet from the laboratory to practical engineering applications.

Terahertz (THz) radiation refers to electromagnetic waves with a frequency in the range of 0.1–10 
THz (1 THz = 1012 Hz), low THz energy level (4.1 meV), good signal-to-noise ratio, and high resolution 
being used in non-destructive testing [15-17]. At present, THz waves are mainly used in THz 
communications [18-20], cell detection in biological and medical fields [21-23], environmental 
molecular detection [24-27], and security systems [28-30]. Concerning the non-destructive testing of 
non-metallic structures, significant results have been achieved in the layered defect detection within 
composite materials in the aerospace industry [31-33]. Some scholars have successfully used the THz 
detection technology to measure the wall thickness of polyethylene pipes, but there are still only few 
tests on welded joints of polyethylene pipes [34,35]. It has been confirmed that the THz detection 
technology can detect defects in polyethylene pipe bodies [36], but for pipes, the weld is the weak link. 
Therefore, the non-destructive testing of weld defects is more meaningful for engineering.

This study aims to use the THz detection technology in the non-destructive testing of non-metallic 
pipes. The defect modes and causes of polyethylene-pipe welded joints were investigated, and simulation 
test blocks for the non-destructive detection of typical defects of polyethylene-pipe hot melt joints were 
developed. THz detection imaging of typical defects of non-metallic pipes was conducted, and a THz 
detection signal analysis for typical defects of polyethylene-pipe hot melt joints was established for the 
first time, which lays a foundation for the application of the THz nondestructive testing (NDT) 
technology to polyethylene pipe engineering.
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2. Analysis of welding defects present in hot melt joints

According to their types and characteristic failure modes, the defects emerging in polyethylene hot 
melt butt joints can be classified as follows.

(1) Incomplete fusion defects

Incomplete fusion defects take their origin from welding factors such as local cracks formed on the 
fusion surface or weakly entangled local polyethylene molecules, resulting in a sharp decline in joint 
performance (see Fig. 1).

Incomplete fusion defects indicate that the local molecules of the fused surface are not tightly 
entangled, which has a serious impact on the life of the joint, giving rise to failure under load. As hot 
melt butt welding is a type of pressure fusion welding, a certain axial pressure is applied to the pipe in 
the welding process, causing the appearance of incomplete defects on the fusion surface.

Fig. 1 Schematic of an incomplete fusion defect. 

(2) Hole defects

A hole defect is a hole inside the weld generated due to the inclusion of large solid particles or local 
large shrinkage holes, pores, and other reasons, resulting in a discontinuity of the weld structure and a 
joint performance reduction. It is a volumetric defect, as shown in Fig. 2.

Hole defects may appear on the fusion surface or in the heat-affected zone near the fusion surface. 
While the existence of holes deteriorates the mechanical properties of the joint fusion surface, it does not 
cause the non-fusion expansion failure of the joint like incomplete fusion defects, leading to the ductile 
fracture of the material near the hole.
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Fig. 2 Schematic of a hole defect.

(3) Inclusion defects 

Inclusion defects are due to foreign substances that are mixed in the fusion surface to form 
heterogeneous inclusions during the welding process, resulting in poor bonding of the entire fusion 
surface and a sharp decline in joint performance (see Fig. 3).

Fig. 3 Schematic of an inclusion defect.

Inclusion defects lead to a worsening of the mechanical properties and the overall failure of the fusion 
surface, which is manifested as a brittle fracture of the whole fusion surface or an uneven ductile fracture 
within a large area.

The main causes are:

1) The end face of the pipe is not milled, and there is an oxide layer, resulting in a weak or even absent 
entanglement of the polyethylene molecules on the fusion surface.

2) The harsh welding environment and large quantity of dust lead to the formation of inclusions within 
the fusion surface in the welding process.

3) Water, oil, grass leaves, plastic bag fragments, and heterogeneous debris are mixed into the fusion 
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surface during welding, resulting in a weak or even absent entanglement of the polyethylene molecules 
after welding.

3. Materials and sample preparation

The commonly used colors for town gas polyethylene pipes are yellow, orange, and black; a black 
polyethylene pipe material is obtained through mixture with carbon black. In this work, a yellow 
polyethylene pipe was selected to study the three most common welding defects: incomplete fusion 
defects, hole defects, and inclusion defects.

A defect test block production method was independently developed for the hot melt welding joints of 
polyethylene pipes. According to the defect properties of hot melt welding joints, the prefabrication of 
incomplete fusion defects, hole defects, and inclusion defects was realized by designing the end face 
structure of the butt pipe. The minimum characteristic size of the prefabricated defects was 1 mm. In the 
defect prefabrication, the regular defect shape was used as the standard defect shape for assessing the 
technology as well as for scientific research. Varying the defect shape enables the manufactured defect 
to be closer to the actual shape of the site, making it more convenient for both simulation and comparison 
with the actual defects. On the other hand, the fabricated sample had the same curvature characteristics 
and geometric parameters of real polyethylene pipes to lay a foundation for the non-destructive defect 
testing of real pipes.

The types and sizes of the produced defect are listed in Table 1, and the defect samples are shown in 
Fig. 4.

Table 1 Defect types and sizes within a polyethylene-pipe hot melt joint.

Defect type Defect size (mm) Defect quantity

Incomplete fusion Diameters 1, 2, 3, 5 12

Hole Diameters 1, 2, 3, 5 12

Inclusion Diameters 1, 2, 3, 5 12
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Fig. 4 Defect samples of the hot melt joint as part of the polyethylene pipe.

4. Experimental 

4.1 Equipment

An ANTHz-8 THz time-domain spectral system in the reflection detection mode was employed for 
defect detection testing. The system consists of a data acquisition unit and a data processing unit. The 
data acquisition unit is a THz reflection probe driven by a mechanical arm. During the detection process, 
the sample surface is scanned vertically in equidistant mode, and the detection step is 1 mm. The 
detection data is stored in a computer and then processed using a special software to obtain the defect 
image. The THz detection equipment is shown in Fig. 5.

Fig. 5 THz detection equipment.

4.2 Principle of defect detection
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The results obtained by a THz time-domain spectral imaging system are actually a set of three-
dimensional (3D) space–time (two-dimensional space (x,y) and one-dimensional time) data. These 3D 
data can be used to further reproduce the THz images of the samples in different-thickness layers. In 
addition, since the THz image at a time point contains very little information, it is usually necessary to 
acquire the entire 3D data. The reconstruction of a THz image is usually based on the delay time of 
specific parameters or the peak of a THz time-domain waveform.

The internal defect detection within the structure can be implemented by observing the B-scan diagram 
in the detection imaging results. B-scan imaging is performed along the pixel rows and columns in the 
detection area, where the horizontal axis is the position of the row or column, and the vertical axis is the 
signal intensity of the corresponding time-of-flight point. The B-scan image can be used to localize and 
analyze the defect, and the corresponding flight time provides information about the depth direction of 
the defect. In addition, defect features in the THz time-domain waveform can be extracted to further 
analyze the tested object.

5. Experimental results and discussion

In order to facilitate path determination during scanning with a robot arm, the hot-melt-joint defect 
sample was cut into shingles according to the defect type. In the presence of flanged edges, reflective C-
scan detection was carried out on the unfused defect specimen. Meanwhile, owing to the excessive 
curvature of the flanged edge, the robot arm could not achieve a vertical incidence on the flanged surface, 
so the curvature at the flanged edge was ignored during scanning.

The scanning results obtained for the incomplete fusion defect sample are shown in Fig. 6. In the 
presence of a flanged edge, the THz wave was detected in the direction perpendicular to the workpiece 
surface, while the waveform could not be vertically incident on the flanged edge, hindering the detection 
of the reflected signal. Therefore, the THz detection technology cannot detect the internal defects of hot 
melt joints with flanged edges.

Fig. 6 THz scanning imaging data acquired for a hot-melt-joint sample with a flanged edge and an 
incomplete fusion defect.

The influence of the flanged edge on the THz detection was analyzed, as shown in Figure 7. In the 
figure, α stands for the reflection detection mode of the equipment. In this method, the THz wave cannot 
be vertically incident on the flanged edge surface because of the excessive curvature of the latter; as a 
result, the reflected wave deviates from the expected path and cannot be sensed by the detector, making 
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the detected data invalid. 

β denotes an improved detection method. Through an appropriate modification of the scanning tool, 
the scanning path becomes more accurate, and the THz wave is thus perpendicular to the flanged edge 
surface, which can ensure that the probe can detect the reflected wave. However, the defect information 
collected in this method is distorted, making the existing tool and probe size still not ideal.

A mode defined as γ corresponds to the tube-body detection method, in which the surface curvature 
of the tube body is small, whereas the existing scanning tools and probe size can ensure that the incident 
wave is perpendicular to the surface of the workpiece, allowing the probe to detect the reflected wave 
and thereby ensuring the reliability and efficiency of the detection.

Through the above analysis, it can be seen that the reflection detection method is not suitable for 
detecting defects in hot melt joints with flanged edges. On the other hand, the transmission detection 
method can detect the defects in the flanged edge due to the fact that the detector is placed on the other 
side of the workpiece and is thus able to detect the transmitted signal. However, the transmission 
detection method is not suitable for defect detection within field pipelines.

Fig. 7 Analysis of the influence of the flanging of hot melt joints on the THz detection of defects.

In order to eliminate its effect, the flanged edge was polished until it was as flat as the outer surface of 
the base material, as shown in Fig. 8. THz detection testing was carried out on the sample after removing 
the flanged edge, and the results are shown in Fig. 9, revealing the identified defects. The different colors 
in the figure represent the distribution range of defects by converting the reflected amplitude of different 
positions into different colors. The minimum diameter of the defects detected in the sample was 1 mm, 
meaning that the THz detection technology can localize incomplete fusion, hole, and inclusion defects 
with a feature size of at least 1 mm. In summary, when performing reflective THz non-destructive testing 
of hot melt joints, it is necessary to remove the flanged edge so as to be able to obtain the defect 
information.
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(a)                 (b)

(c)

Fig. 8 Photographs of the defect samples and the numbers of hot melt joints after cutting the flanged 
edges: (a) inclusion defect; (b) hole defect; (c) incomplete fusion defect.

(a)                                (b)                            (c)
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(d)

Fig. 9 THz detection images of unfused defects in hot melt joints after cutting the flanges: (a) color 
legend; (b) inclusion defect; (c) hole defect; (d) incomplete fusion defect.

The hole defects of a hot-melt-joint specimen were destructively assessed. There were eight 
prefabricated hole defects; seven actual defects were found through destructive detection, and seven 
defects were detected using the THz technology, with a defect detection rate of 100%. The size of the 
detected hole defects was calculated according to the method provided in Ref. [36]. 

According to the two-dimensional imaging results of the defect, the axial size La and circumferential 
dimension Lw of the defect can be calculated as follows. 

Suppose that the axial step detected is X mm and the circumferential dimension detected is Y mm, so 
the pixel size is X mm× Y mm.

By measuring the number of axial pixels m of the defect in the two-dimensional image, the axial 
dimension of the defect can be calculated as:

La = m×X.                                  (1)

By measuring the number of circumferential pixels n of the defect in the two-dimensional image, the 
circumferential dimension of the defect can be calculated as:

Lw = n×Y.                                 (2)

The calculation results of the defect diameter are shown in Table 2. By comparing the results of 
destructive detection and THz detection, it can be seen that their discrepancy is less than 15%.

Table 2 Destructive assessment of the defect sizes.

NO. Prefabricated diameter 
(mm)

Actual 
diameter (mm)

Detected 
diameter 
(mm)

Detection 
error (%)
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1 5 5.46 5.86 7.32

2 5 5.32 5.92 11.28

3 5 5.42 5.74 5.90

4 3 3.12 3.92 9.62

5 3 3.32 3.88 7.83

6 3 3.36 3.82 13.69

7 2 2.22 2.96 14.41

8 2 2.25 2.92 12

6. Defect signal recognition model

In this section, based on the scanning results obtained on yellow polyethylene pipe hot-melt welding 
defect samples, the signal recognition models of incomplete fusion, hole, and inclusion defects are 
developed by analyzing A-scan and C-scan signals, which lay a foundation for the defect signal 
recognition technology of polyethylene pipes based on THz non-destructive testing.

6.1 A-scan signal recognition model

By extracting the single waveform at a defect, the relevant A-scan signal can be obtained. In the defect 
scanning data on the hot melt joint of the yellow polyethylene pipe, the single waveforms of inclusion, 
incomplete fusion, and hole defects were extracted, as shown in Fig. 10. According to the figure, the 
amplitude of the reflected wave in the non-defect area was large, changing from positive to negative and 
then back to positive in an M-shaped manner, while the reflected signal in the defect area exhibited 
noticeable variations.

As can be seen from Fig. 10(a), inclusion defects generate two discrete reflected signals, among which 
the first one is almost the same as the conventional M-shaped signal and is inferior to the second one, 
whose positive and negative values are opposite to the first signal.

In Fig. 10(b), the reflected signal of hole defects presents multiple continuous peaks, which resemble 
jagged canine teeth with alternating positive and negative values.
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Fig. 10(c) displays the reflected signal of the incomplete fusion defect, which is composed of two 
continuously changing peaks, one positive and one negative, forming an N-shape.

(a)

(b)
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(c)

Fig. 10 Single waveforms at the defect of a polyethylene-pipe hot melt joint and normal waveforms: 
(a) inclusion defect; (b) hole defect; (c) incomplete fusion defect.

6.2 C-scan signal recognition model

Through the tomography method, defects can be projected onto the scanning surface, as shown in Fig. 
11. In the figure, the longitudinal coordinate corresponds to the expanded projection of the sample 
circumferential scanning surface, and the horizontal coordinate refers to the expanded projection of the 
sample axial scanning surface. Therefore, THz C-scanning imaging actually expands the two-
dimensional surface into a plane for imaging analysis. The colors in the figure represent the amplitude 
of the reflected wave at a certain position.

As can be seen from Fig. 11(a), the peculiarities of inclusion defects are as follows: the signal structure 
of a defect is irregular, exhibiting multiple bar branches and sharp contours. According to Fig. 11(b), the 
imaging characteristics of hole defects consist of features distributed along the girth of the weld in a long 
strip, revealing a smooth outline without any edges as well as of features distributed along the middle 
line of the weld, with little differences between axial and circumferential dimensions. As can be seen 
from Fig. 11(c), the features of the incomplete fusion defects are as follows: a smooth outline without 
any edges is distributed along the middle line of the weld in an irregular manner, and the defects appear 
as long strips along the axis.
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(a)              (b)                      (c)                        (d)

Fig. 11 Defect characteristics of polyethylene-pipe hot melt joints: (a) color legend; (b) inclusion 
defects; (c) hole defects; (d) incomplete fusion defects.

6.3 Summary of THz signal analysis techniques for defect detection in polyethylene-pipe hot melt 
joints

Compared with other NDT technologies, THz detection permits the localization as well as the 
qualitative and quantitative analysis of non-metallic pipe defects through 3D imaging. The main results 
obtained in this work regarding the THz detection technology for identifying defects in polyethylene 
pipes are summarized in Table 2.

Table 2 Technical table for the THz detection analysis of polyethylene-pipe defects.

Defect scan mode

Defect type

A-scan C-scan

Incomplete 
fusion

The reflected signal of the incomplete 
fusion defect presents two continuously 
changing peaks, one positive and one 

negative, forming an N-shape.

A smooth outline without edges is 
distributed along the middle line of 
the weld in an irregular manner, and 

the defects appear as long strips 
along the axis.

Hole

The reflected signal of hole defects 
presents multiple continuous peaks 

with alternating positive and negative 
amplitudes resembling jagged canine 

teeth.

The defects are distributed along the 
girth of the weld in a long strip, 

revealing a smooth outline without 
edges, but also along the middle line 

of the weld, exhibiting little 
differences in axial and 

circumferential dimensions.
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Inclusion 

Inclusion defects generate two discrete 
reflected signals, among which the first 

one is almost the same as the normal 
(M-shaped) signal and is inferior to the 

second one, whose positive and 
negative values are opposite to the first 
signal, forming an inverted M-shape.

The signal structure of the defect 
image is irregular, possessing 

multiple bar branches and sharp 
contours.

7. Conclusion

The typical defect test blocks of a polyethylene-pipe hot melt joint were prepared, namely incomplete 
fusion, hole, and inclusion defects, whose characteristic size was at least 1 mm. Using the THz time-
domain scanning imaging technology, non-destructive testing was carried out on defect samples of the 
hot melt joint of a yellow polyethylene pipe, and the following conclusions were drawn.

(1) The THz technology cannot detect the internal defects within the hot melt joint because of the 
existence of the flanged edge. After removing the flanged edge, defects such as incomplete fusion, hole, 
and inclusion defects inside the hot melt joint can be detected. This indicates that flanged edges must be 
removed when using the THz technology for detecting defects in hot melt joints. 

(2) The minimum detectable diameter of the prefabricated hot melt joint defects is 1 mm. However, 
due to the limitations of the defect manufacturing process, the possibility of detecting a smaller defect 
size has not been evaluated. 

(3) The relationship between the defect type of the polyethylene pipe and the THz wave detection 
signal was established. For the A-scan mode, the defect type can be identified according to the number 
and shape of the reflected wave crest, while for the C-scan mode, the defect type can be identified 
according to the structural features of the two-dimensional image of the detected signal.
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Highlights:

1. A novel and reliable method for nondestructive testing of 

typical defects in PE pipes based on terahertz detection 

technology. 

2. An effective detection scheme that can distinguish the 

minimum 2 mm feature size of prefabricated defects 

experimentally.

3. The first establishment of the corresponding rule between the 

characteristic defects of PE pipe and the detection signals of THZ 

wave.
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