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Abstract

High-density polyethylene (HDPE) pipes have become the preferred water pipes in nuclear power plants. Since the butt fusion—
welded joint of HDPE pipes is a weak link of a piping system, it is essential to study the creep properties of the welded joint. In
this study, the creep properties of the welded joint of HDPE pipes were studied using a nanoindentation creep test. The test results
showed that the weakest creep resistance was not located in the weld center, but was a little away from the weld center. The
power-law creep constitutive model was constructed at different locations of the welded joint based on the test results. In addition,
the hardness of the welded joint was tested. The results showed that the hardness of the welded joint could reflect the creep

resistance of the welded joint.
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Nomenclature

A Projected contact area

c Constant depending upon the geometry of the indenter
F Applied load

H  Hardness

h Contact depth

hpe  Creep displacement

n  Power-law creep stress exponent

‘e Creep strain rate

o Stress

A Power-law creep constant
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1 Introduction

Pipeline is one of the main means to transport oil, water, and
natural gas, which plays a crucial role in the development and
stability of the national economy. Compared with the tradi-
tional metal pipes, high-density polyethylene (HDPE) pipes
have the advantages of corrosion resistance, good flexibility,
and long service life. Therefore, HDPE pipes have become the
first choice for water pipes in nuclear power plants [1].

Due to manufacturing technology, the length of HDPE
pipes with large size (larger than 90 mm) was usually less than
10 m. They need to be welded together to create a good
airproof and well-structured piping system in order to satisfy
the engineering applications, such as water delivery. Butt fu-
sion welding is one of the simplest and most effective welding
methods for polyethylene pipes [2]. The method of butt fusion
welding is to locally melt two pipe ends with a heating plate.
After fully absorbing heat, pipes are contacted together with a
proper axial compression force, and then welding is complet-
ed after pressure holding and temperature cooling. However,
in a pipeline system, the pipe welded joint usually becomes
the weak link since the welding causes the degradation of
material properties and defects (notches, cracks, cavities,
etc.) possibly existing in the joint [3]. Since the HDPE pipe-
line began to be used in the water supply system of Catawba
nuclear power plant in 1998, the structural integrity and ser-
vice life of butt fusion joints of the HDPE pipeline have been
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highly concerned by the U.S. Nuclear Regulatory
Commission (USNRC) [4]. Therefore, a study of butt
fusion—-welded joints of HDPE pipes is of great significance
to ensure the structural integrity of HDPE pipes.

Tensile tests and burst tests can be used to evaluate the
short-term mechanical properties of HDPE pipe welded joints
[5]. However, the HDPE piping system in nuclear power plant
is required to service more than 60 years, so it should study the
long-term performance of HDPE pipe welded joints, because
HDPE pipe creeps significantly even at room temperature and
under low load level [6]. Troughton et al. [7, 8] have found
that the traditional creep test is more effective than the hydro-
static test in evaluating the welded joints on the long-term
performance. However, the traditional creep test usually takes
a long time and it is difficult to obtain the creep properties of
the welded joints by the test.

Nanoindentation testing, being a relatively fast and nonde-
structive method, has been employed widely and accepted as
one of the useful methods for determining the mechanical
properties of many materials [9]. Because of the short test
cycle, simple specimen preparation, high test accuracy, and
applicability to micro-volume materials, it has been increas-
ingly employed for plastics characterization recently [10].
Oliveira et al. [11] studied the effect of aging on the nonlinear
tensile creep of HDPE and the creep behavior was predicted.
Lach et al. [12] summarized the application of
microindentation technology in different polymer welded
joints and found out the different change rules of elastic mod-
ulus of different materials on the melting line. Shaheer et al.
[13] found that the butt fusion—welded joint had a melt zone,
where the material was melted during the welding operation,
and also had a heat-affected zone. Huang et al. [14] investi-
gated the nanoindentation creep of three polymeric materials
to measure the nanoindentation creep stress exponents.
However, the creep behavior of HDPE pipe welded joints is
still unknown.

In this paper, the creep behavior of HDPE pipe welded
joints was researched using the nanoindentation test. Tests
were conducted at room air temperature (25 °C). Then, creep
constitutive models were obtained at different locations of the
welded joints based on the test results. In addition, the hard-
ness of welded joints was tested.

2 Experimental

2.1 Materials and specimens

HDPE PE100 pipes were used with an outside diameter of
200 mm and a wall thickness of 18.2 mm. The standard di-
mension ratio (SDR) was hence 11. The pipes were welded

according to the standard ISO 21307 using a butt fusion
welding machine with the model HDC160-315, which was
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produced by Huida Pipeline Technology Co., Ltd., China.
According to ISO 21307, welding parameters are formulated
as shown in Table 1.

The welded joint can be roughly divided into three parts,
which are melt zone (MZ), heat affected zone (HAZ), and
parent material (PM) [13], as shown in Fig. 1. The creep
properties of each part are different. Therefore, four specimens
were machined out from the welded joints every 3 mm away
from the weld centerline, and they were numbered as 0% 3%
6", and 9* which represented 0, 3, 6, and 9 mm away from the
weld centerline for each specimen respectively, in which 0%
was sized 5 x 18.2 x 15 mm, 3" was sized 5 x 18.2 x 12 mm,
6" was sized 5 x 18.2 x 9 mm, and 9% was sized 5x18.2 x 6
mm, and the surface center area was tested for each specimen,
as shown in Fig. 2. For comparison, a specimen sized 10 x 10
x 10 mm was prepared from PM. The test surfaces were
polished with high precision using the Leica EM TXP
machine.

2.2 Nanoindentation testing

Nanoindentation tester NHT> from Anton Parr with pneumat-
ic isolation system, top surface referencing ring, and cabinet
enclosure was used to carry out the test. The top surface
referencing ring significantly decreases the frame compliance
and the frame length, and brings about extremely low frame
compliance (0.1 nm/mN) and thermal drift (0.015 nm/s).
Therefore, the thermal drift effect of the system is automati-
cally deducted, so that the effect of thermal drift on the mea-
surement results is minimized [15]. Three-sided diamond pyr-
amid Berkovich indenter was used. Tests were performed at
room air temperature, i.e., 25 °C. Nanoindentation was done
in a load-controlled manner. First, the load was increased to an
expected value which was marked as applied load with a load-
ing rate of 150 mN/min. And then the load was held constant
for a period of 1200 s. Finally, the load was decreased to 0 mN
with the same rate of 150 mN/min. The applied load is shown
in Table 2 for all specimens. As shown in Table 2, seven
different applied loads were tested for the PM specimen, but
only one fixed applied load was tested for specimens in the

Table 1 Parameters of

butt fusion welding Item Value

Heater plate temperature (°C) 210
Bead-up pressure (MPa) 0.15
Bead-up size (mm) 2
Heat soak time (s) 182
Heat soak pressure (MPa) 0.02
Heater plate removal time (s) 5
Fusion jointing time (s) 8
Cooling time (min) 23
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Fig. 1 A typical butt fusion—welded HDPE pipe joint with an outside
diameter of 200 mm and a wall thickness of 18.2 mm

joint. The reason would be explained in the following section.
The load and displacement were recorded automatically dur-
ing the test. The creep data were acquired from the normal
force versus penetration depth curves generated by a computer
[16]. Only the holding process was used for analysis. Three
tests were performed independently on the specimen surface
under each applied load. Each indentation position was sepa-
rated by at least 0.5 mm in order to ensure that the test result
was not affected by each other. Each test position was ar-
ranged around the surface center of the specimen as shown
in Fig. 2, where the small white triangles represented the in-
dentation positions.

The typical indentation on the specimen surface just after
the indentation test is shown in Fig. 3. It could be seen that the
specimen surface left an irrecoverable indentation similar to
that of the indenter, and the material in the contact area of the
indenter was squeezed, which was caused by creep deforma-
tion and possibly with plastic deformation. Note that all spec-
imens had a similar indentation on the specimen surface after
the indentation test.

Fig. 2 Nanoindentation test
specimens. a Specimens
processing drawing. b Test
specimens

(a) Specimens processing drawing

3 Results and discussion

3.1 HDPE creep behavior

A creep curve usually can be divided into three distinct
phases: primary stage, steady-state stage, and tertiary stage
[17]. However, the nanoindentation creep curve only consists
of two stages, which are primary and steady-state creep states
as shown in Fig. 4 [14]. The slope of the steady-state curve is
nearly constant and represents the mean creep rate [17].

The formulation of steady-state creep is basically followed
according to the concept of Goodall and Clyne. The steady-
state strain rate of conventional tensile creep satisfies the pow-
er law [18]:

e = Ao" (1)

where ‘e is the creep strain rate, o is the applied stress, A is the
power-law creep constant, and » is the power-law creep stress
exponent. o is calculated by:

o=FJA )

where F'is the applied load and A is the projected contact area.
For the used Berkovich indenter in this paper, A = 24.56h1230,
where /i, is the creep displacement. The calculation of hard-
ness used in the nanoindentation technique is identical to that

of o, which is calculated by Lucas et al. [19]:

F F

- G)

H: = —
TTAT W

where H is the hardness, % is the contact depth, and ¢ is a
constant depending on the geometry of the indenter (¢ =
24.56 for the Berkovich indenter in this paper).

‘e during the indentation period is defined as Mayo and Nix
[20]:

- 1 dhy
T hodr

(b) Test specimens
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Table 2 Loading conditions for

all specimens Item Value
Loading rate (mN/min) 150
Unloading rate (mN/min) 150
Holding time (s) 1200
Applied Load (mN) 25 mN for the specimen of 0%, 3%, 6%, and 9%

10, 15, 20, 25, 30, 35, and 40 mN for PM specimen

Therefore, the stress exponent 7 is calculated by:
1 dhp
~Olne aln(h_pc ar )

n— =
Oln o F
Oln (24.56h§c>

3.2 Parent material

The test results are shown in Fig. 5. Note that three curves
were obtained at each applied load because three tests were
performed at each applied load, but only one curve at each
applied load is shown in Fig. 5 because they were similar. In
the following figures, also only one curve at each applied load
was shown in the figure. It could be found that the indentation
displacement increased with the increase of load. The varia-
tions of creep displacement with creep time at different loads
are shown in Fig. 6. As shown in Fig. 6, the creep displace-
ment increased with the increase of the applied load. The main
reason was that the larger the load was, the larger the creep
deformation would be. When the creep time increased to
about 300 s, the slope of the curves under different applied

Fig. 3 Typical indentation on the specimen surface just after the
indentation test
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loads was stable. After this time, the slope hence was inde-
pendent of the applied load, while dependent on the material
properties.

According to the experimental data in Fig. 6, the stress and
creep strain rate under a constant load could be calculated
using the equations in Section 3.1. In order to improve the
accuracy, the curve of indentation creep deformation showing
a stable state should be selected for calculation. The curve of
In elno is drawn as shown in Fig. 7, whose slope was the
value of exponent n for HDPE.

As shown in Fig. 7, the curves almost had an identical
slope. It meant that the effect of load on n» was small. The
values of n and X\ were obtained from the curves under differ-
ent loads and are listed in Table 3, where the values at each
applied load were average values of three tests because three
tests were performed at each applied load. In the following
tables, the values of n and A were also average values. The
average values of n = 15.65 and \ = 8.64E—27 GPa "/s be the
creep properties for the parent material of HDPE. Thus, a
power-law creep constitutive model was obtained for the par-
ent material of HDPE:

e = 8.64E — 270775 (6)

Steady-state
creep stage

. o=
Primary creep

stage

Creep strain

Creep time
Fig. 4 Typical indentation creep curve [14]
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Fig. 5 Relationship between the indentation load and the displacement in
PM

3.3 Welded joint

As shown in Table 3, n and )\ were affected by the applied
load and their average values were close to the values at the
applied load of 25 mN. Therefore, a fixed load of 25 mN was
used in the nanoindentation creep test for the four welded
specimens in order to compare the creep displacement curves
at different locations of the joint, because the creep
displacement curves are affected by the applied load
as shown in Fig. 6.

The comparisons of load-displacement curves between
welded and parent material specimens are shown in Fig. §,
which showed different changing trends. This was caused by
the variations of material properties, such as creep properties
and elastic properties (Fig. 9a [21, 22]), at the welded joint.

2000

1500+

1000 +

Creep displacement (nm)

— 40 mN
500 ——20mN —35mN
— 15 mN 30 mN
——10mN —25mN
0 T T T T T T
0 200 400 600 800 1000 1200

Creep time (s)

Fig. 6 Change ofthe creep displacement in PM with time under different
loads

The polarized light with visible changes in the butt fusion
welding joint is shown in Fig. 9b [21, 22]. As shown in
Fig. 9b, the center of the welded joint had the highest
degree of crystallinity (marked by the red color) and the
non-heated regions had the lowest. The reason was that in
the heating stage of the butt fusion welding, the pipe ends
were heated by a heating plate with the temperature of
210 °C, and the scope of the melting zone gradually ex-
panded with increase of the heat soak time, as shown in
Fig. 10a. Note that the heat soak time was 128 s and the
melting point was about 130 °C for HDPE. Due to the
effect of axial extrusion pressure of 0.02 MPa, the molten
HDPE flowed along the radial direction as a whole. In the
cooling stage, the molten HDPE continued to flow along
the radial direction due to the application of axial extru-
sion pressure of 0.15 MPa, as shown in Fig. 10b. With the
decrease of temperature, the original molecular chain ori-
entation would be retained around the boundary of the
melting region and the unmelted region due to the exis-
tence of velocity gradient [23].

Figure 11 shows the comparisons of creep displacement-
time curves between welded and parent material specimens
under the same applied load of 25 mN. At the end of the creep
time, i.e., 1200 s, the larger the creep displacement (i.e., the
higher the ordinate value in Fig. 10) was, the weaker the creep
resistance was, because they all suffered identical applied load
and creep time. Therefore, as shown in Fig. 11, specimen 3*
had the largest creep displacement, which means that the creep
resistance at the location of 3 mm away from the welding
center was the weakest. The creep resistance at the location
of 9 mm away from the welding center was larger than that at
the welding center, but smaller than that of the parent material.
The creep resistance was the strongest at 6 mm from the
welding center.

In order to construct the creep constitutive equation of the
welded joint, the same calculation was done as that of the
parent material specimen in Section 3.2. As shown in
Fig. 12, there were differences in the slopes of In ¢ — In
o curves for welded specimens. The results are shown in
Table 4. It was found that specimen 6" had the largest
value of n (20.75), while the smallest value of n (14.98)
appeared in specimen 3*. For the value of ), specimen 3*
had the maximum value (3.49E-26 GPa "/s), while the
smallest value (4.37E—35 GPa "/s) appeared in specimen
9*.

3.4 Hardness test

Hardness testing is widely used to study the mechanical prop-
erties of metals and ceramics due to a direct correlation be-
tween hardness and yield strength of these materials. As a
relatively simple and rapid testing technology, microhardness
testing has been widely used and is considered to be one of the
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Fig. 7 In eIno curves of the -7
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effective methods to measure the mechanical properties of
various materials [10]. In this paper, Vickers hardness was
tested for the HDPE pipe welded joint. The hardness for
all five specimens in the nanoindentation creep test was
tested in the same region. A load of 0.1 kgf was applied
and held for 10 s. Three tests were performed for each
specimen, and the values were then averaged, as shown in
Table 5.

The comparison of # and the hardness of welded and parent
material specimens are shown in Fig. 13. As shown in Fig. 13,
the variation of 7 and the hardness had the same trend. The
maximum hardness appeared in the welded joint. Lach et al.
[12] found that for semicrystalline polymers (HDPE), the
maximum hardness and indentation modulus mostly appeared
in the welded joint. Zeng et al. [24] showed that the hardness
of HDPE would be greatly increased after heating and con-
nected under axial pressure. The variation of \ with the hard-
ness is shown in Fig. 14. As shown in Fig. 14, it was difficult
to find the relationship between A and hardness. The creep
resistance was dependent on the two parameters of » and .
Therefore, it was not easy to find the relationship between

In (stress)

hardness and creep resistance for HDPE according to
Figs. 13 and 14.

However, for the butt fusion—welded joint, it was found
that the smallest hardness appeared in specimen 3 #, the larg-
est hardness located in specimen 6 #, and specimens 0 # and 9
# almost had identical hardness, as shown in Fig. 13. This
phenomenon was in accordance with the variation of the creep
displacement as shown in Fig. 11. Note that the weakest creep
resistance appeared in specimen 3 # and the creep resistance of
specimen 3 # was weaker than the parent material, as shown in
Fig. 11. This phenomenon was different from the variation of
hardness as shown in Fig. 13, where specimen 3 # had slightly
larger hardness than the parent material, as shown in Fig. 13.
This was possibly induced by the test error as shown in
Table 5, where the standard deviation (0.13) of specimen 3 #
was larger than the parent material (0.08). Therefore, a con-
cluded could be obtained that the lower the hardness, the
weaker the creep resistance for a butt fusion welding joint.
In fact, similar results have been found by other researchers
[25, 26] and the hardness has been used to predict the creep
life [26, 27].

Table 3  Creep parameters at different loads

Parameter Load (mN) Average value
10 15 20 25 30 35 40

n 17.14 16.86 15.47 16.26 14.57 14.64 14.61 15.65

A (GPa™fs) 5.90E-33 3.32E-31 2.24E-27 1.46E—29 1.75E-26 2.27E-26 1.79E-26 8.64E-27
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optical micrograph of the HDPE
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polarized light [21, 22]
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Table 4 Creep parameters of welded specimens

4 Conclusions

Specimen o* 3* 6"

9#

n 19.21 14.98 20.75

In this paper, the creep properties of HDPE pipe welded joints
19.62 were carried out using nanoindentation creep test. The hard-

A(GPa™/s)  7.58E-31 349E-26  226E-34  437E-35  ness of the welded joints was also tested. The following main

conclusions were reached:

(1) The nanoindentation creep test results showed that the

Table 5 Vickers hardness of welded and parent material specimens weakest creep resistance was located 3 mm away from
Specimen ot 3# 6 ot Parent material the welding center and the stron gesj[ creep resistance was

located 6 mm away from the welding center. Therefore,
Hardness (HV) 498 463 512 477 447 creep failure usually occurred in welded joints for the
Standard deviaton 023 0.13  0.08 0.08  0.08 long-term service of HDPE pipes.

Fig. 13 Comparison of n and
hardness for welded and parent
material specimens

Fig. 14 Comparison of A and
hardness for welded and parent
material specimens

(2) Based on the nanoindentation creep test results, the
power-law creep constitutive model of HDPE was

28 6.0
—ap
—=— Hardness L5 6
241
S
F52 &
! 2
=201 : \ 8
S
_ \ . 48 &
. an
16 -
L 4.4
12 T T T T T T T T T 40
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Specimen
1E-24 6.0
: e
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obtained at different locations of the welded joint. The
power-law creep stress exponent ranged from 14.98 to
20.75 and the power-law creep constant ranged from
4.37E-35 to 3.49E-26 GPa"/s in the welded joint.
The variations of power-law creep constant and stress
exponent were due to the butt fusion welding changing
the creep properties of the joint.

The hardness test results showed that the smallest hard-
ness of the welded joint located 3 mm away from the
welding center corresponding to the weakest creep resis-
tance of the joint, and the largest hardness of the welded
joint located 6 mm away from the welding center corre-
sponding to the strongest creep resistance of the joint.
Therefore, the hardness of the welded joint could reflect
the creep resistance.
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