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1. Introduction

The use of plastic as a pipe material for the transport of gas and water 
has increased over the last few years, attributed to the significant 
advantages of this material such as corrosion resistance, strength-
to-weight ratio, lightness, flexibility and cost. Consequently, these 
pipes have a long predicted service life. 

One of the pipes’ joining processes is electrofusion welding. As 
for all kinds of welding process, welding defects can occur due to 
poor welding practices, in turn affecting the quality of the welded 
joint. From previously published work and discussion with the 
water, oil and gas industries, it was clear that both voids and lack 
of fusion needed to be detected with a rapid simple inspection. For 
these reasons, an effective non-destructive technique is required to 
reduce the risk to the environment through leakage of dangerous 
chemical from PE pipe system. 

This paper is based on an EC project ‘Polytec’(1), (2) and TWI 
exploratory work for the in-manufacture quality control of 
polyethylene electrofusion joints. Polytec is an EC collaborative 
project lead by TWI with co-industrial partners: Vermont, Isotest, 
NDT Consultants, Horton Levi, Hessel Ingenieurtechnik, Simplast 
SpA, Catania Ricerche, Northumbrian Water, Italgaz, North West 

Water, Egeplast. The object of the project was to develop an on-
line method for determining the quality of electrofusion joints and 
their fitness for purpose. The industrial interest in Polytec guided 
the project towards the essential requirements of the inspection 
methodologies. 

Two NDT techniques were developed in this project to detect, 
locate and identify any flaws present. At the same time, a correlation 
between manufacturing flaws and mechanical properties of the 
joint has been studied. 

This paper concentrates on the ultrasonic phased array method 
developed for the inspection of the electrofusion joints. The 
technique described in this paper can detect conventional defects 
and supplies a method for determining whether the weld has been 
correctly heated by analysing the position of the Heat Affected 
Zone (HAZ).

2. Electrofusion joint welding process

This technique enables joining pre-assembled pipes and fittings to 
be carried out with minimum equipment. The electrofusion welding 
process can be described in three stages: initial heating and fitting 
expansion, heat soaking to create the joint and finally joint cooling. 
The application of the electrofusion process is shown in Figure 1.

Like most welding processes, the electrofusion process can 
be incorrectly performed. Welding faults (bad preparation of the 
pipe, poor cleaning, pipe surface not scraped, pipe and fitting badly 
clamped or fusion time not respected) can generate defects.

The defects that are particular to electrofusion joint are defined 
below.

3. Flaws definitions and locations

Voids
This is a flaw that is totally subsurface, volumetric (not planar) and 
contains no material. This defect appears above the wires. 
Lack of penetration
This flaw is due to a not fully inserted pipe.
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Figure 1. Electrofusion equipment and weld production
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Lack of fusion
This flaw is the unfused matting surface of pipe and coupling, and 
is usually located below the wires.
Not scraped
The pipe surface in the fusion area has not been removed and does 
not expose clean virgin material. 
Incorrect heating cycle
This flaw results in a weak joint due to a short heating time. 
Figure 2 shows the location of potential defects.

4. Development strategy

4.1 Introduction

The work of TWI concentrated on industrial application of NDT 
methods to achieve a rapid inspection of the electrofusion joint in 
field condition. The development of the technique has been made 
on welded samples containing manufactured defects of known size 
and quantity. This development has concentrated on pipe size from 
125 to 250 mm diameters.

4.2 Inspection challenges

Figure 2 shows a cross-section view of the coupling. The position 
of the heating wires and possible flaw locations are shown.

This drawing shows the external varying shape of the connector 
sleeve and some inspection restrictions, for example labelling 
and fusion indicators. Further, it is important to note the coupling 
external design is different with every manufacturer.

The location of lack of fusion must be taken into consideration. 
The only possible access for the inspection is the external surface 
of the sleeve. Ultrasonically, lack of fusion defects are behind the 
heating wires in the coupling. In this project, the copper wires have 
diameters ranging from 0.6 mm to 1.7 mm with a spacing of 2 to 
4 mm depending on the coupling design. To resolve any defects 
from the wires a tightly focused ultrasonic beam is required.

From these considerations, it has been concluded that a contact 
inspection would not be possible and an immersion inspection 
would be more appropriate. Additionally, in order to provide 
sufficient resolution, a focused ultrasonic beam is required. 

To provide an economic inspection, the method is required to be 
rapid and simple. To facilitate this inspection it has been decided 
that a single pass of the probe around each end of the coupling was 
desirable.

4.3 Development welds

To develop inspection methods for this project, test welds have 
been manufactured. These test welds have contained different 
types of flaws: lack of fusion, lack of penetration, and an incorrect 
heating. Flaws have been generated by grease, cold welds, lack of 
penetration, pipe not scraped.

In total over 80 welds were produced to evaluate the ultrasonic 
performance. The majority of these welds have been subjected to 

mechanical testing after the non-destructive testing. The mechanical 
tests include the crush/decohesion, peel, long-term creep and 
pressure test to verify the results obtained with the ultrasonic 
inspection.

5. Development results

The development results are divided in seven sections:
 Ultrasonic velocity measurements and attenuation 

measurements.
 Ultrasonic phased array probe design. 
 Manipulator design.
 Defect detection results.
 Data analysis. 
 Demonstration of the inspection system.
 Mechanical test. 

5.1 Ultrasonic velocity and attenuation measurements

An important factor for this inspection is to know the elapsed time 
after welding before the ultrasonic characteristics of the weld were 
stable enough to provide a reliable inspection.

The longitudinal ultrasound velocity in the coupling at 20°C 
was measured to be 2220 m/s.

In order to determine the time after which the ultrasonic 
inspection can be performed in the electrofusion joints, a number of 
experiments were carried out to measure attenuation and material 
velocity with respect to the weld fusion line temperature. Table 1 
presents some of the measurement results for a 250 mm-diameter 
coupling after welding.

Table 1 shows that the average velocity of joint varies rapidly 
from 1730 m/s to 2220 m/s and there is a loss of 15 dB in inspection 
sensitivity after 75 min. From this result, it is clear that the changes 
in ultrasonic transmission characteristics are so large that they will 
dominate any ultrasonic measurement whilst the coupling is hot.

For this reason, it was concluded that the 250 mm-diameter 
coupling needed to wait two hours after the heating and before 
inspection, whereas the 125 mm-diameter coupling could be 
inspected only one hour after the heating cycle. 

5.2 Ultrasonic phased array probe design

The aim of this project was to provide a single-pass inspection of 
the joint. In order to achieve the required flaw detection resolution 
of the electrofusion joint, an inspection frequency of 7 MHz was 
chosen for the 125 mm couplers. This was a compromise between 
material attenuation, focal spot size and defect resolution. To 
specify the number and size of phased array probe elements, a 
probe modelling package was used.

The smaller the probe elements, the more elements are required 
to provide inspection of the full length of the joint fusion zone. 
There are no commercial phased array instruments with a capacity 

Time after welding, 
mins

Interface
temperature, °C

Amplitude (dB)
wires

Velocity,
m.s-1

0 100 0 1730
2 99 -9 1731
5 94 -9 1749
10 86 -8 1830
15 80 -8 1864
20 74 -8 1912
30 68 -7 1927
45 59 -10 2042
75 48 -14 2110
105 39 -3 2191
125 37 -3 2191
Cold 20 1 2220

Table 1. Variation of ultrasonic properties with time and 
temperatures for a 250 mm diameter EF coupler

Figure 2. General construction and location of joint flaws
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to drive more than 128 elements. Further, the more elements that are 
required, the more expensive the inspection system becomes. From 
all these considerations, the ideal compromise between element 
size, signal-to-noise ratio and inspection length was produced. The 
final probe specification for the 125 mm-diameter pipe joints was a 
7 MHz probe with 0.6 mm element pitch with a mechanical focus 
in the circumferential direction to maintain a circular focal spot on 
the cylindrical surface of the coupler. This has produced a phased 
array probe with a 0.4 mm focal spot at the coupling fusion face 
enabling resolution of the wires and flaws.

From all these considerations, a compromise probe design has 
been achieved, which provides inspection coverage of half the 
length of the coupler with a single pass.

5.3 Manipulator design

Both ends of the electrofusion joint need to be inspected. The 
phased array probe has been taken as the starting point for the 
manipulator design. To record the probe position and to achieve 
an immersion inspection around the pipe, a prototype phased array 
NDT manipulator has been manufactured, which provides a scan 
around the coupling on each end of the pipe. The prototype has 
been designed and manufactured to fit on a 125 mm-diameter pipe. 
Figure 3 shows the water supply to the probe pan and the brushes 
used to minimise the water loss.

5.4 Defect detection results

The inspection system has been tested under realistic condition 
in the field. The samples tested contained either no flaws at all 
or a selection of flaws size (for example LOP, LOF, heating time 
reduced).

From the trials, it was concluded that the defect types listed 
above were detected and sized without any difficulty. However, 

incorrect scraping of the pipe ends generates a weak weld but not 
a lack of fusion, this defect has not been detected reliably by the 
phased array inspection.

5.5 Data analysis

From all the trials, it was concluded that lack of fusion defects 
could be reliably detected in the joint configurations inspected. The 
ultrasonic image in Figure 4 provides an example of lack of fusion 
due to grease on the pipe surface.

In addition to lack of fusion defects along the pipe interface, lack 
of penetration can be determined by the measurement of the heating 
wire locations. Displaced wires indicate a lack of penetration. This 
case is shown in Figure 5.

Characterisation of LOP and LOF is provided by the position 
of the wires. Both flaws are under the heating wires but for lack 
of fusion the wires are in a straight line, whereas for the LOP, mis-
alignment can be observed.

Lack of heating can cause reduction in joint strength. For this 
reason it is a flaw, but it does not necessarily cause lack of fusion. 
This defect is detected by measuring the position of the Heat Affected 
Zone (HAZ), if the heating time is reduced, the HAZ appears closer 
to the wires on the ultrasonic image. Figure 6 shows images of a 
correctly heated joint and a joint with insufficient heating.

A correlation has been established between the physical 
measurement of the HAZ and the results obtain ultrasonically. 
These results are shown in Figure 7.

This chart shows good correlation between the two results, the 
phased array inspection method can give a reliable value for the 
HAZ and diagnosis of an incorrect heating cycle.

5.6 Demonstration of the inspection system

The system was demonstrated both at TWI and at Italgaz in Italy. 
Figure 8 shows the equipment performing an inspection on a new 
125 mm gas pipe at TWI. The prototype manipulator proved to be 
easy to handle and assemble. Furthermore, it was easy to install 
and remove from joints in the trench. The inspection time for a 
complete coupling was less than two minutes. The water used as a 

Figure 3. The inspection manipulator

Figure 4. Phased array data showing a LOF due to grease

Figure 5. Pipe with a lack of penetration, the wires are 
displaced

Figure 6. Comparison of weld with full and short heating time 
showing reduced HAZ (on the right picture, the HAZ is close to 
the heating wires whereas on the left picture the HAZ is further 
away)
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couplant could be seen as a weakness. However, providing a water 
recycling system in building site conditions is impractical and 
considered unnecessary.

5.7 Destructive tests

One of the destructive tests is the crush test. This was performed at 
Italgaz after examination of the pipe by the ultrasonic method.

The purpose of the tests is to assess the cohesion of PE pipe/
electrofusion socket or saddle assembly by crushing the joint pipe 
adjacent to the coupling. 

The crush test is conducted at 23°C, the decohesive strength 
of the assembly is characterised by the nature of the failure in the 
fusion plane. The appearance and location of the failure is taken 
into account in assessing the strength of the assembly. Figure 9 
shows a pipe joint being crushed at Italgaz.

Table 2 summarises the results of the crushing decohesion tests. 
It provides a comparison of the ultrasonic phased array results 
versus the intended flaws inserted into the pipe joints

The crushing decohesion tests confirmed that when the intention 
was to make a good electrofusion joint, a good electrofusion joint 
was made, and when the intention was to create a LOF or LOP, a 
defect was actually created that resulted in a weak joint. Therefore, 

the presence or absence of defects assumed at the beginning of the 
non-destructive testing inspection was proved. Furthermore, the 
NDT proved to be reliable for all but the unscraped joint.

6. Conclusions

An ultrasonic method has been developed for the reliable detection 
of lack of fusion, lack of penetration and voids in electrofusion 
joints.

An ultrasonic prototype has been developed to provide 
inspection of electrofusion couplers.

An ultrasonic method has been developed to determine whether 
the heating cycle has been applied correctly to the electrofusion 
joint.
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SAMPLE
DEFECTS DECOHESION 

TEST RESULTS

SIDE A SIDE B SIDE A SIDE B

flaws UT flaws UT

1AT good good good good PASSED PASSED

2AT good good good good PASSED PASSED

3AT (unscr +gr) LOF (unscr +gr) LOF NOT 
PASSED

NOT 
PASSED

4AT good good (unscr +gr) LOF PASSED NOT 
PASSED

5AT good good LOP LOP PASSED PASSED

6AT good good good good PASSED PASSED

7AT (unscr +gr) LOF (unscr +gr) LOF NOT 
PASSED

NOT 
PASSED

8AT good good (unscr) LOF 
(little)

PASSED NOT 
PASSED

9AT reduced 
heating time

LOF+ 
low HAZ

reduced 
heating time

LOF+ 
low HAZ

NOT 
PASSED

NOT 
PASSED

10AT good good LOP LOP PASSED PASSED

11AT good good (unscr)+ 
LOP LOP PASSED NOT 

PASSED

12AT good good good good not
performed

not
performed

NOTE: unscr = unscraped; gr = grease

Table 2. Results of the crush test and UT inspection

Figure 8. Prototype performing in inspection on a new 125 mm 
gas pipe at TWI

Figure 9. A crushing decohesion test underway

Figure 7. Correlation between the physical measurement of the 
HAZ and the value obtained with the phased array inspection


