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ABSTRACT

Fatigue and squeeze tests have been undertaken to investigate if electro-
fusion couplers can be used to joint cross-linked polyethylene pipes . Two
types of polyethylene pipes, each with 63 mm outside diameter and 5 .8 mm
wall thickness, are irradiated to various doses (5–200 kGy) and are joined
by electrofusion method . According to experimental results, the gel content
varies with dose. All joints have passed the sgeeze test, regardless of the
gel content of the pipes radiation . All joints have also passed 170 h of
fatigue loading which is an indication of a reasonable joint strength . The
results with cross-linked PE pipe further indicate the flexibility bf electrofusion
jointing, showing again that the process is able to joint a very wide range of
polyethylene resins. Electrofusion welding necessitates only a few manual
actions from the operator. However, it is essential that these are carried out
carefully. The key to success is the joints preparation.
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INTRODUCTION

Polyethylene at room temperature has some long
term property shortcomings, such as poor creep,
stress relaxation and stress cracking resistance.
These shortcomings are not significant for many of
the general purpose applications for which poly-
ethylene is used.

The properties of polyethylene which are
normally made use of are excellent toughness and
flexibility, although this plastic is generally useful at
low temperatures . Some improvements in the long
term and temperature properties could lead to sig-
nificant advantages in the normal uses of poly-

ethylene and in areas where its use can be expand-
ed, e .g. engineering applications such as polyethyl-
ene pipe in domestic plumbing.

Irradiation of polyethylene via electron beam
or gamma radiation, so that a cross-linked network
is introduced, has been found to influence the
mechanical properties at room and higher temp-
eratures {I]. The structural effect of the irradiation
of polyethylene is the formation of a cross-linked
chain network which is produced as an insoluble
gel [2]. It has been suggested that long term pro-
perties are more significantly affected by irradia-
tion than short terms properties at room tempera-
ture, with low to medium radiation doses [3].
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Polyethylene is usually the preferred material
for gas pipe distribution, mainly because of its flexi-
bility which makes laying easy . The long term beha-
viour of a pressurized pipe system is dependent on
its creep and stress rupture properties, which have
been extensively researched to enable fifty years
design stresses to be calculated.

These pipe systems have to be welded . Since
1969, when polyethylene pipe systems were first
used, the vast majority of joints have been of
all-welded construction, made by using heated tool
fusion techniques . These jointing methods require
a high level of operator participation and, despite
an excellent safety record, it has long been recog-
nized that the integrity of the system depends
ultimately on the quality of work in site conditions.
Electrofusion is a relatively new method of jointing
pipes and uses newly developed technologies to
achieve a high degree of quality over field opera-
tions, and it is less dependent upon the "human
factor".

Electrofusion provides a simple, reliable
means of jointing PE pipe while maintaining a
corrosion-free piping system. It can be used to
make repairs in situations where the conventional
heat fusion equipment is not practical and the
mechanical couplings are not desired [4].

The present investigation was undertaken to
evaluate the feasibility of fusion jointing of cross-
linked polyethylene pipes, using electrofusion cou-
plers . The mechanical quality of the joints was
assessed by the squeeze test and dynamic fatigue
loading test. The former test will quickly identify
any shortcomings in joint strength. The consider-
ation of fatigue strength is important since it is
known that fluctuating pressures are present in
pipes and fatigue has been cited as a cause of
premature failure in plastic pipes.

EXPERIMENTAL

Two types of polyethylene pipes with 63 mm out-
side diameter and 5 .8 mm wall thickness were used.
Both were SDR 11 rated.

Rigidex PC 002-50 R968 is a blue colour

MDPE (nominal density of 945 kg/m3).
Hostalen GM5010 T2 is a black colour

HDPE (nominal density of 954 kg/m 3 ).

Cross-Linking of Pipes Using Irradiation
Cross-linking was taken place by y-radiation and
was conducted by Isotron at Swindon. Low to
moderate doses of 5, 10, 50, and 200 kGy were
applied, using a high energy 60Co y-radiation, at a
typical dose rate of 5 and 10 kGy for 1 h and 200
kGy for 3 Is.

To avoid oxidation under irradiation, pipes
were packed in bags of polyethylene films and seal-
ed under vacuum (samples' lengths were approxim-
ately 420 mm). Table 1 shows the number of irradi-
ated samples and the amount of doses applied.

Material Characterization
Melt Flow Rate Determination
Melt flow rate (MFR) was determined for mater-
ials irradiated at low doses and unirradiated samp-
les only, at 190 °C using a mass of 2 .16 kg as stan-
dard conditions for polyethylene.

A Davenport melt flow rate apparatus,
model 3180, was used for the procedure as specifi-
ed in BS 2782 (720A).

Determination of Gel Content in the Irradiated
Polyethylene
The standard technique for determination of gel
content is outlined in ASTM D2765 . The method
is widely used to quantify the amount of cross-
linking within an irradiated material by extraction
of the soluble uncross-linked polymer fraction.

Table 1 . Radiation doses for the number of irradiated

samples.

Radiation
dose (kGy)

No of blue

pipes (MOPE)

No of black

pipes (HDPE)

0

5
10

50
200

2

1

2
2
2

3

3
3

3
3
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Figure 1 . Effect of Irradiation on the DSC melting traces of
HDPE at 10 key.

Approximately 0 .3 g of material was placed
in a thimble and exposed to refluxing decalin
vapours coming from boiling decalin. The system
was continuously purged with nitrogen to minimize
oxidation degradation of the samples. Extraction
was continued until the sample had attained a con-
stant weight as assessed after drying in an oven at
70 °C for l h.

Differential Scanning Calorimetry (DSC)
A Perkin Elmer DSC instrument was used to
characterize the melting behaviour of both
irradiated and unirradiated materials. A single
heating scan from 57.0—167 °C (330—440 K) at 10
deg/min was performed . The crystalline melting

Figure 3. Effect of irradiation on the DSC melting traces of
HDPE at 200 kGy.

temperatures, (T;)„ were identified, and heats of
fusion, AHr, were quantified for estimation of per-
centage crystallinity in each sample (Figures 1--6).

Oxygen Induction Time Measurement
It is of great importance that antioxidant is used to
ensure the thermal stability during installation and
subsequent pipe life time. Studies of induction time
are very useful when extractibility of various stab-
ilizing systems is being tested. By studying the
thermal stability of the pipe system an opinion can
be formed as to whether the antioxidant remains in
the pipe or not, after being irradiated.

Figures 7—10 show oxygen induction time
for unirradiated and highly irradiated samples.
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Figure 2 . Effect of irradiation on the DSC melting traces of
HOPE at 50 kGy .
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Figure 4. Effect of irradiation on the DSC melting traces of
MDPE at 10 kGy.
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Electmfneiea Welding of Cross-Linked Polyethylene Pipes

Electrofusion Jointing of the Pipes
Electrofusion jointing of the pipes was performed
by Fusion Plastics Ltd of Chesterfield . The various-
ly irradiated pipes were jointed to conventional
pipes, using electrofusion couplers, as shown in
Figure 11.
1) About 0.1—0 .3 mm of the outer surface skin of
the pipes was removed prior to jointing, using a
scraper to obtain fresh surfaces free of dirt, grease
and other air contaminants.
2) Scraped ends of the pipes were placed into the
electrofusion couplers.
3) To prevent movement of the pipes relative to
one another during the electrofusion operation, a
restraining clamp was used to hold both pipes on
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Figure 7 . Time taken for unirradiated HDPE to oxidize at
200 'C in presence of oxygen.

either side of the fitting.
4) The fitting was connected to the control box and
a common fitting voltage was used throughout the
system for period of 80 s for each weld. The
applied voltage is standardized at 34 .5 V (±0.5 V)
which keeps the current down to realistic levels
(maximum 50 A).

Squeese Test
After electrofusion jointing of the pipes it was
necessary to use start term tests to detect any
potential weakness of the joint interface which
could have led to the premature termination of any
long term test. The most appropriate test was a
squeeze or crush strength test. The test has proved
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Figure 5 . Effect of irradiation on the DSC melting traces of

MDPE at 50 kGy.
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Figure 5. Effect of irradiation on the DSC melting traces of
MOPE at 200 kGy .

Figure 8. Time taken for irradiated HOPE at 200 kGy to
oxidize at 200 'C In presence of oxygen.
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15.00

Figure 9 . Time taken for unirradlated MDPE to oxidize at
200 "C in presence of oxygen.

extremely useful in providing a quick assessment
on the suitability of the heating coil to generate
sufficient power for rapid melting of the joint
interface and subsequent fusion to occur.

Fatigue Test

The fatigue response of all test samples was deter-
mined with the samples contained within a cons-
tant tap water. The temperature at which the tests
were conducted was 80±1 °C [5].

The fatigue loads were applied to the sys-
tems using pneumatics by top loading with compre-
ssed air which cycled between 0 and 8 bar gauge.
The loading profile applied using the pneumatics

20.00

was aimed at a trapezoidal shape, with each cycle
lasting approximately 15 s. The pressure was on
and off for 7.5 s of equal time for each . A typical
loading profile is shown in Figure 12.

The arrangement of the pressurization equi-
pment is shown in Figure 13. The compressed air
line (A) is filtered (B), regulated (C) to the desired

Electrofusion coupler
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Figure 10 . Time taken for Irradiated MDPE at 200 kGy to
oxidize at 200 'C In presence of oxygen .

Figure 11 . Schematic presentation of the pipes and
electrofusion couplers.
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pressure, and then passed through a five-way
solenoid valve (D) controlled by a dual timer (E).
The valve D can cycle the compressed air between
two lines (3 and 5 are shown in Figure 13).

RESULTS AND DISCUSSION

Molecular Weight and Melt Flow Rates
At very low radiation doses, insufficient to produce
a cross-linked gel structure, the polyethylene is still
completely soluble and the only effect of irradi-
ation is to increase the average molecular weight
and degree of long chain branching. At higher
radiation levels the molecular weight still rises as
more and more material is incorporated in the gel.
Consequently one expects to see a decrease with
increasing dose as shown in Table 2, which does
not reflect the trend in molecular weight as dis-
cussed above . In general MFR is assumed to be
inversely proportional to molecular weight [6] . The
decrease in MFR due to radiation is probably
caused by increased melt viscosity due to long
chain branching, in opposition to chain scission
thought to be the cause of decreased molecular
weight [6].

Gel Content
Gel content was found to increase with an increase
in radiation dose as shown in Table 3 . The gel
point was evaluated by extrapolation as 50 kGy,

Time (s)

Figure 12 . Schematic presentation of the loading profile
employed in the present test . The value of t~ was
typically 15 s with tes,~=ton and applied pressure range 0 to
8 bar gauge.

Table 2. Melt rate determination at 190 'C and 2 .16 Kg.

MFR
Material/ Run Time Weight Average

kGy dose (min) (g) (g110min) (g110min)

HOPE 0 (i) 1 0 .014 0 .014
(I) 1 0 .014 0.014

(III) 1 0.013 0 .013 0.134
(iv) 1 0 .013 0 .013

(v) 1 0 .013 0.013

HDPE 5 (i) 4 0.010 0.025

(ii) 4 0.010 0 .025

(III) 4 0.011 0.0275 0.025

(iv) 4 0.010 0.025
(v) 4 0.010 0.025

MOPE 0 (i) 1 0.029 0.029
(if) 1 0.029 0.029

(III) 1 0.029 0.029 0 .288

(Iv) 1 0.029 0 .029

(v) 1 0.029 0 .029

MDPE 10 () 2 0.011 0 .055

(i) 2 0 .011 0 .055

(iii) 2 0 .010 0 .050 0.052

(Iv) 2 0.010 0.050
(v) 2 0 .010 0 .050

corressponding to the minimum dose at which an
insoluble gel first appears.

Density and Crystallinity Effects
Unfilled and unfoamed semi-crystalline polymers
exhibit a direct relationship between density and
percentage crystallinity based on differences in the
densities of crystalline and amorphous polymer.

The density of polymer was found to incre-
ase on irradiation, but does not vary significantly
with dose [6].

Crystallinity as measured by DSC shown in
Table 4, also shows little variation at the relatively
low dose levels applied. The small increase seen in
crystallinity up to a dose of 50 kGy has been
observed elsewhere on studies UHMWPE [7] . The

•4t og5-+- . tj --►
(leis
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Table 3. Gel content as a function of dose for Irradiated polyethylene pipes.

HDPE MDPE
Dose Gel content (%) Gel content (%)

1 2 Average 1 2 Average

0 - - - - - -
5 - - - . - - -

10 - - - - - _

50 9.6 21 .5 15.5 30 .0 12 .8 21 .5
200 62 45 53.5 56.2 39 47 .6

effect has been attributed to the scission of highly
strained long tie molecules between crystalline
regions at low doses, permitting reorganization of
the crystalline phase and crystal growth.

The overall density increase is believed to be
due to changes in the density of the amorphous
phase, as it has been found that cross-linking
occurs preferentially in this region [8, 9].

It is important to note that the percentage
crystallinity and density vary through the thickness
of the pipe . Therefore, ideally, it is best to measure
the percentage crystallinity and density for sections
of the pipe through its thickness for each level of
radiation dose . DSC measurements undertaken
here, although, show some variation in crystallinity
and melting temperature, do not, however, specify

Table 4 . Matting behaviour and crystallinity at Irradiated
polyethylenes.

Material
Dose

Crystalline
melting

temperature
To (C)

Heat of fusion

AH1 (Jg- r )

Volume
crystallinity

HDPE 0 130.76 153.45 55 .2
HDPE 11) 128.71 147.41 53 .0
HDPE 50 131 .47 157.75 56 .8

HOPE 200 127.13 147.62 53 .1

MOPE 0 126.64 136.6 49 .2
MOPE 10 126.75 148.58 53 .5

MOPE 50 127.98 156.72 56 .4
MDPE 200 124.25 135.79 48 .9

exactly if the changes are due to variation of
density and crystallinity through the thickness of
the pipe or variation is caused by irradiation.

Crystalline Melting Temperature
Figures (1-6) illustrate the effect of irradiation on
the DSC melting traces of the irradiated polyethyl-
enes. As the radiation dose is increased, the

crystalline melting point, T,,,, is shifted to slightly

Regular

Figure 13. Schematic presentation of the test arrangement.
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Table 5 . Sample performance under squeeze test.

Samples MateriallkGy Joint performance

2 HDPE 0 PASS

2 HDPE 5 PASS

2 HDPE 10 PASS

2 HDPE 50 PASS

2 HDPE 200 PASS

2 MDPE 0 PASS

0 MDPE 5 —

2 MDPE 10 PASS

2 MDPE 50 PASS

2 MDPE 200 PASS

higher temperatures [8] . This is explained by the
introduction of cross-linking and branching which
restrict the molecular motions at elevated tempera-
tures . The opposite effect is observed in the
recrystallized materials, where the melting point is
lowered with increasing dose (200 kGy). This again
is attributed to the presence of cross-links oppos-
ing recrystallization.

Oxygen Induction Time
Figures 7–10 illustrate the time taken for unirra-
diated and highly radiated (200 kGy) polyethylene
pipes to oxidize at 200 ` C in presence of oxygen. It
seems that material resistance to oxidation is in-
creased after radiation.

Evaluation of Joint Strength
Table 5 shows the performance of the joints as
assessed by the British Gas squeeze test. All joints
passed this test comfortably . This test provided a
quick assessment of joint quality in order to high-
light possible joint interface weaknesses which
could have led to the premature termination of the
long term fatigue test.

The fatigue performance of joints is present-
ed in Table 6 . These data relate only to the centre
couplers which were jointed to both ends of
cross-linked PE pipes . The table identifies for
these samples radiated at different doses, the time
required to undertake the test and the cones-

ponding number of cycles to failure at a maximum
pressure of 8 bar gauge.

Fatigue testing of these joints has been
undertaken in order to compare electrofusion joint
strength of cross-linked PE pipes with uncross-
linked PE. The success of the application of this
test requires:
– That the test induces failure in the electrofusion
joints.
– That the test periodicities are reasonable.

The data in Table 6 show the test and
number of cycles to failure for each sample.
Although 170 h could be a reasonable time to
obtain a view of the joints strength under the
fatigue, for both cross-linked and uncross-linked
PE, it would have been ideal to compare the
failure time or number of cycles for failure of the
joints and obtain some results on the fracture
properties of joints.

As shown in Table 6 two samples failed at
early stage of the test . Failures occurred at the end
caps away from the joints under the test. The
reason for failures could be due to lack of fusion
between end caps and pipe outer surface interface.
At 155 h a crack of length of 2 cm was observed on
the HDPE pipe surface radiated at 10 kGy and at
188 h two small cracks were observed on the
HDPE radiated at 50 kGy . From these results it
appears that the joints obtained, using electro-
fusion couplers, can withstand fatigue loading
longer than modified HDPE pipe itself (the
failures induced were brittle in nature).

The work with cross-linked polyethylene
(XLPE) pipes sheds some light on the electro-
fusion jointing process . It would appear that
significant melt movement is not required, and that
the presence of a network structure does not
inhibit the formation of strong joints [10] . The
results with XLPE pipe further indicate the
flexibility of electrofusion jointing, showing again
that the process is able to joint a very wide range
of polyethylene resins, when the resin variables are
the molecular weight/melt flow index/melt viscosity
[10] . The process is, therefore, ideal for those
situations and countries where a wide range of
pipe grade resins are in use.
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Table 6. Fatigue performance of the samples.

Samples Material/kGy Test time No. of cycles Failure cycle Failure location

1 HOPE 0 176 42240 no failure —
1 HDPE 10 155 37200 37200 pipe
1 HDPE 50 188 45120 45120 pipe
1 HDPE 50 10 2400 2400 pipe
1 HDPE 200 197.2 47328 no failure —

1 MDPE 0 176 42240 no failure —
1 MDPE 5 48 11520 11520 pipe
1 MDPE 10 176 42240 no failure —
1 MDPE 50 197.2 47328 no failure —
1 MDPE 200 197.2 47328 no failure —

CONCLUSION

It can thus be seen that joints met the minimum
requirements at 80 ` C, crack resistance and
squeeze tests. For the XLPE pipe joints all the
samples tested, met the UK minimum require-
ments of 170 h for the electrofusion fitting stand-
ards of gas and water pipes. The results of this
work suggest that strong joints are formed between
electrofusion couplers and MDPE, HDPE and
XLPE pipes. Finally it is noted that the results of
these studies suggest that the electrofusion jointing
of XLPE pipe requires only surface diffusion of
molecules across the interface. These bridgings, or
more correctly tie molecules, are able to span and
joint the coupler to the pipe, as they become
incorporated into the network structure of XLPE
pipe when crystallization of the polymer on the
coupler and the pipe takes place .
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