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Abstract 

Conventional ultrasound testing is not an effective solution to identify various flaws of electro-fusion 

joint in polyethylene pipe, because of heavy ultrasonic attenuation in polyethylene, and interference 

from metal wire signals of electro-fusion joint. Such issues can be fixed by ultrasonic phased array 

technique as well as real-time B-scan. With sufficient amount of transducer array, trigger time control 

and proper frequency range selection, testing on flaws of electro-fusion joint can be achieved easily.  
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1. Introduction 

 

Polyethylene pipes are widely used to transport dangerous media such as gas. In the 

manufacturing and installation process of polyethylene piping systems, the connection 

between pipes is an essential step that affects its structural integrity and lasting 

strength 
[1].

 Due to various factors, connecting joints may inevitably have certain 

defects, which make the joints vulnerable sections of the polyethylene pipe systems, 

bring safety risks to the use of the pipeline. Currently, the quality of polyethylene pipe 

joints is mainly tested by visual inspection and destructive tests. The internal 

condition of joints cannot be observed by visual inspection. Destructive testing is a 

sampling method, with a small sampled proportion, which is difficult to apply at the 

construction site.  

The currently available detection methods cannot test polyethylene joint quality 

efficiently and reliably. Thanks to the wide application of ultrasonic testing in metal 

welded joints, ultrasonic testing technique can also be applied to test the quality of 

polyethylene welded joints. However, due to material difference, ultrasound testing 

for polymeric materials and metal materials is not the same, mainly because of the 

following reasons:  

1) Polyethylene, as a high molecular polymer (HMP), is a viscoelastic material. The 

material viscosity may lead to energy loss. As acoustic wave propagates in a 

polyethylene material, due to viscosity of the polyethylene material, friction from 

molecular motion converts part of the sound energy into heat. As a result, acoustic 
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attenuation of viscous material increases. The acoustic attenuation coefficient of 

polyethylene material is about 10 times of steel.  

2) The density of polyethylene material is low, with small acoustic beam, and its 

acoustic impedance is about 1/8 of steel.  

3) Polyethylene molecule is mainly of chain structure, mostly long-chain, with main 

chains entangled with each other, and its structure is more complicated than metal, 

thus increasing acoustic scattering. Scattering not only causes acoustic attenuation, 

but more seriously forest-shaped echo that interferes the testing.  

In summary, the acoustic propagation characteristics of polyethylene lead to weak 

echo signals, increased noise and lowered signal to noise ratio. Together with 

interference of metal wire signals against testing electro-fusion joints, conventional 

ultrasound testing is difficult to test electro-fusion joints in polyethylene 
[2]

. Therefore 

ultrasound focusing technique with focused acoustic energy and special signal 

processing techniques are essential.  

By adopting ultrasound phased-array imaging technology, with sufficient numbers of 

transducer array and proper trigger time control, and frequency range selection, it can 

achieve the testing of embedded resistance wire in electro-fused joint. By comparing 

ultrasound images and the joints profile, it is found that this method has high 

detection sensitivity and detection precision, which can not only detect flaws reliably, 

but positioning and sizing the flaws as well.  

 

2. Testing Principle 

 

2.1 Ultrasound Phased Array Focusing 

 

The design of ultrasonic phased-array transducer is based on Huygens’ principle. A 

number of independent piezoelectric crystals consisting of the transducer are arranged 

in an array at a certain direction spatially. Each crystal is called an element. If each 

element is excited by signals at the same frequency, the sound waves emitted are 

coherent, which interfere spatially and form special directivity or focusing property.  

One-dimensional (1D) linear array, as shown in Fig. 1, is with element length H, 

width w, and pitch d.  
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Fig. 1   1D linear array 

Suppose in a uniform lossless medium, the array is embedded in a planar transducer 

in an infinite hard mask (inner surface area H × w). When the directional velocity is 

distributed evenly, the sound pressure field (unit: Pa) excited by the radiating surface, 

can be expressed by Rayleigh integral 
[3]
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Wherein,  

ρ - density of the medium, kg / m 
3
; 

c - velocity of the medium, m / s;  

→

r  - distance between the transducer area differential ds and the field point, m; 

t - time variable, s; and  

)(0 tv -transducer surface normal velocity.  [ )(0 tv is a constant if the normal 

velocity is distributed evenly] 

The radiating sound pressure field can be acquired by superimposing radiating sound 

pressure field of each element. Suppose the element number is N, the relative sound 

pressure amplitude of the ith element is Ai. In the plane z = 0, at the position A 

(x z, y z, z), the synthesized sound field value PA is: 
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By applying the ultrasonic phased array focusing technique, the 1D linear array, to 

enable ultrasound from each element reach the focus at the same time, it is required to 

calculate the distance between the focus and each element first. Based on the 

calculated distance difference, control the time delay Ti imposed on each element, as 

calculated according to formula (3):  
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With the use of electronic technology, control exciting each element per the 

calculated timing (see Fig. 2), so that ultrasound transmitted by the array elements 

superimposes to form a new wave surface. In effect it is equivalent to changing the 

spatial arrangement of the transducer. Similarly, in the process of receiving the 

reflected waves, the reception of receiving elements is controlled in a certain rule. 

Time and signals are synthesized, with the synthesized result displayed properly, thus 

to achieve dynamic focusing of ultrasonic beams 
[4].

 

Fig. 3 shows a schematic view of crystal arrays of an ultrasonic phased-array 

transducer synthesize sound field focusing. As shown in Fig. 3, beams obtained by 
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electronic focusing are much smaller than by a single transducer, which enables 

sufficient ultrasound energy to reflect and being received by the receiver, and ensures 

good resolution and signal to noise ratio. 

           

Fig. 2 Timing Control in                  Fig. 3 Sound Field of 

Dynamic Focusing                   Phased Array Focusing 

 

2.2  Electronic Linear Scan and B-Scan Imaging 

 

As shown in Fig. 4, electronic linear scan, in replace of the conventional mechanical 

scan and manual scan, is used in phased array ultrasonic testing. The phased array 

transducer for this testing has 128 elements. With the adjacent 16 elements in one 

group, for example, the 1
st
 through the 16

th
 element, by presetting different delay 

values for channels 1-16, focusing at the position (1) is achieved, and to achieve dense 

focusing at position (2) through (81) for elements 2-17, 3-18, ... , 113-128. By 

memorizing the focus location and reflection amplitudes, B-scan imaging is realized. 

B-scan realtime imaging is used for defect image acquisition result in an object 

cross-sectional image paralleled to the beam propagation direction. In the 

cross-sectional view, defect at the depth position, horizontal position and the defect 

height represented by brightness (or color) are shown in Fig. 5. 

 

   

Fig. 4 Principle of Electronic Linear Scan Fig. 5 B-scan imaging 

  

 

3. Testing Conditions 

 

Phased array ultrasonic flaw detector SUPOR, made by SIUI, was adopted in this 

testing. Linear scan is used for testing polyethylene electro-fusion joints, and the 

transducer is a 128-element ultrasound phased-array, with the testing as shown in Fig. 

6. 
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Fig. 6 Schematic detection 

 

 

4. Experimental Study of Testing Reliability 

 

4.1 Sensitivity and Resolution 

 

The sensitivity and resolution of the system was tested with a test block. The test 

block should be made of a homogenous or similar acoustic material to the specimen, 

and its dimensions are shown in Fig. 7. Five side-drilled holes with the same diameter 

Φ 1 x 25 were made at different depths. Fig. 8 is an image from testing the test block. 

As it is found, by scanning the polyethylene material with phased array B-scan, the 

test sensitivity and resolution is sufficient to identify each side drilled hole. The test 

sensitivity and resolution of the system can also be verified by scanning metal wires 

in the electro-fusion joint. The phased array transducer was placed at the surface of a 

qualified electro-fusion joint with the same thickness as the specimen. By adjusting 

the system parameters, the image was determined whether the sensitivity and 

resolution sufficient to identify each resistance wire. Fig. 8 is the image from testing 

the DN90 electro-fusion joint. As it shows, the sensitivity and resolution of the 

technique meets the test requirement.  

 
Fig. 7    Comparison Test block 
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Fig. 8 Side-drilled Hole Imaging  

of Test Block 

Fig. 9 Metal Wire Imaging  

of Specimen 

 

The defects of electro-fusion joints are mainly on the fusion surface. Since the fusion 

surface is below the metal wire, the testing reliability might be affected by the metal 

wire signal. An artificial defect with 1mm width was made on the DN90 

electro-fusion joint surface (see Fig. 10a), and the testing image is shown in Fig. 10b 

(measured value from each measurement cursor is 1mm). As found in Fig. 10, the 

technique has sufficient sensitivity and resolution for testing the fusion surface defect, 

which can identify 1mm width defects.  

 

  

Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 10 Incomplete Fusion Defects 

 

 

4.2 Positioning and Quantitative Precision 

 

Testing polyethylene electro-fusion joint defects with ultrasonic phased array 

technique has sufficient positioning and quantitative precision. A lot of tests have 

verified that the precision of this technique for positioning and quantification of 

defects can be within 0.5mm.  

Fig. 11 is a small incomplete fusion defect because of partial inclusion (measurement 

cursor value of the ultrasound image in Fig. 11b is 4mm). Fig. 12b shows the testing 

of four artificial defects with the 2mm width at the fusion surface (each measurement 

cursor value of the ultrasound image in Fig. 12b is 2mm). The signal at the fusion 

surface might be affected by the metal wire signal, resulting in an incomplete fusion 

defect image being un-continuous, and signals appear between two adjacent wire 

signals. By comparing the testing images and the profile, the positioning and 

quantitative precision of ultrasonic testing is up to 0.5mm. 
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Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 11 Incomplete Fusion Defects 

   

Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 12 Incomplete Fusion Defects 

 

 

4.3 Representative Defect Detection Capability 

 

Defects in polyethylene electro-fusion joints include fusion surface defects, blisters, 

porosity, over weld and wire misplacement. A large number of different polyethylene 

electro-fusion joint defects were processed and flaw detection capability by ultrasonic 

phased array technique was tested systematically. The test results show that ultrasonic 

phased array is reliable in detecting incomplete fusion, blisters, porosity, inclusions 

and wire displacement. 

Fig. 13 is an ultrasound image of wire misplacement.  As shown in the profile, the 

resistance wire is displaced. By comparing the ultrasound image and the profile, 

ultrasonic phased array method has a good resolution in identifying metal wires, even 

for tiny misplacement, with positioning precision up to 0.5mm. 
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Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 13   Wire Displacement 

 

Fig. 14 shows blister defects detected by ultrasound. With the physical anatomy, it is 

shown that porosity flaw as small as 0.5mm can be detected with phased array 

technique.  

 

  

Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 14 Blister 

Phased array focusing also has sufficient detection sensitivity for porosity defects. 

Such defects are usually found in electro-fusion joints with big size or excessive heat 

welding. Fig. 15 is porosity defects detected in a DN160 electro-fusion joint by 

ultrasound. As found by physical anatomy, the quantitative and positioning precision 

of ultrasonic phased array testing for porosity defects is up to 1.0mm. 

  

Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 15 Porosity 
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Insufficient welding time, low electric power, water or inclusion at site may result in 

incomplete fusion of electro-fusion joint defects. Fig. 16 displays an incomplete 

defect due to inclusion. Since the signals on the fusion surface may be interfered by 

metal wire signals, the defect signals appear between two adjacent wire signals.   

  

Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 16 Incomplete Fusion Defect 

Excessive heat to electro-fusion joints may lead to over weld, which cannot be 

identified from the fusion surface. However, over weld may demonstrate the 

following features:  

1) Due to excessive heat at the fusion area, most polyethylene at the fusion area 

tends to be melt-like at high temperature. With the flow of polyethylene melt, 

and non-uniform pressure in the fusion area, the position of resistance wire is 

therefore displaced. 

2) The inner pipe wall, due to excessive heat in over weld, is deformed and bent 

obviously.  

3) Joint porosity occurs easily as a result of wire misplacement, short circuit or 

heat increase in over weld.  

Fig. 17 is the ultrasound testing figure of over weld joints due to over welding time. 

As shown from the figure, we may observe some features of over weld, such as wire 

misplacement, bent pipe wall, porosity and high electric power.  

  
Cross-Sectional View (a) Ultrasound Image (b) 

Fig. 17 Overweld 

 

 

5. Conclusions 
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5.1 With the basic principle of ultrasound, the testing polyethylene pipe 

electro-fusion joints by ultrasonic phased array focusing technique were 

analyzed in theory.  

5.2 Ultrasound testing experiments on the test block and the artificial specimen 

demonstrates that ultrasonic phased array focusing technique has sufficient 

detection sensitivity and resolution for polyethylene pipe electro-fusion joints.  

5.3 The ultrasound testing on the artificial defects demonstrates that ultrasonic 

phased array focusing technique has high positioning and quantitative 

precision for testing polyethylene pipe electro-fusion joints. 

5.4 The testing experiments on electro-fusion joints with a large number of defects 

demonstrate that ultrasonic phased array focusing technique has the reliable 

detectability for various defects in polyethylene pipe electro-fusion joints. 
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