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Abstract: District heating systems provide heat to users through heat-transport infrastructure, which typically consists of
steel pipe for transporting hot water, polyurethane foam to prevent heat loss, and high-density polyethylene (HDPE) pipe
to protect against external shock and contamination. Failures of HDPE can lead to contamination, insulator hydrolysis,
and water vapor leakage. This study investigates the failure of a HDPE cover cap that is composed of ring- and disk-
shaped HDPE components joined using fused PE. A critical crack was found on the interface between the ring and fused
PE, allowing external earth and water to flow into the interior of the HDPE pipe. A tensile test to examine the mechanical
behavior and adhesion strength between interfaces showed that the mechanical performance was diminished due to for-
eign substances and pores on the interface. Based on these findings, recommendations for manufacturing and managing
HDPE components are suggested as countermeasures to prevent future failures.
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Introduction to external forces, corrosive environments, and other adverse

factors, making it challenging to manage and maintain.>® Fail-

District heating systems are becoming increasingly popular ures in heat-transport infrastructure can result in severe heat

due to their eco-friendliness and efficient heat delivery to urban loss, as well as dangerous accidents in urban areas.”'* There-

areas from centralized heat-generating facilities.! The heat- fore, it is crucial to examine safety-related factors in detail and
transport infrastructure is a core part of this system, and its develop effective countermeasures.

proper functioning is essential for maintaining stable and reli- The heat-transport infrastructure comprises steel pipe for

able heat delivery to end-users. However, due to its under- transporting hot water, polyurethane foam for insulation, and

ground location, the heat-transport infrastructure is vulnerable high-density polyethylene (HDPE) pipe for protecting the steel
pipe and polyurethane foam (Figures 1(a), (b)). HDPE is widely

; used as a covering material due to its excellent corrosion/erosion
"To whom correspondence should be addressed. . ) .  es )
sylee2012@cnu.ac.kr, ORCID®0009-0005-0744-4119 resistance and insulation properties.”” The melt flow index of

©2024 The Polymer Society of Korea. All rights reserved. HDPE used in this environment is typically regulated to be less
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Figure 1. (a, b) Cross-sectional structures of heat-transport infrastructure with HDPE cover cap showing steam leakage; (c) structure of HDPE

cover cap with crack positions; (d) its cross-sectional structure.

than ~1.6 g/10 min. During installation, the steel and HDPE pipes
are installed first, and polyurethane foam is injected into the
vacant space between both pipes. The HDPE cover cap is then
electro-fused to the HDPE pipe after pre-heating to 270-280 C
(Figure 1(a))."" An air pressure test of 2 bar for two minutes
is then conducted to ensure proper electro-fusion between the
HDPE cover cap and the HDPE pipe.

The HDPE cover cap comprises a ring-shaped component
(HDPE ring hereafter) and a disk-shaped component (HDPE
disk hereafter), which are joined using fused PE (fused PE
hereafter) after pre-heating (Figures 1(c), (d)). Failure of the
HDPE cover cap can result in insulator damage and corrosion
of the steel pipe due to the infiltration of corrosive or foreign
materials, leading to heat loss and, in extreme cases, leakage
of hot water.”!

This study investigates the failure of a HDPE cover cap dis-
covered during maintenance of heat-transport infrastructure. A

damaged HDPE cover cap was found due to steam leakage from
the ground, where partially hydrolyzed polyurethane foam
insulation was found (Figure 1(a)). Although the steel pipe was
not fractured, the hot water of 100-115 C in the steel pipe
caused water from the external environment to vaporize and
leak through the major crack in the HDPE cover cap. Since the
location of this failure is adjacent to a river, the heat-transport
pipe can be easily exposed to water. This study analyzes the
failure of the HDPE component and identifies the reasons for
the failure to establish a criterion for the soundness of the HDPE
component. The findings of this study can be helpful in devel-
oping effective countermeasures for preventing future failures
of the HDPE cover cap.

Experimental

Materials and Methods. The component that failed in the
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heat-transport infrastructure is an HDPE cover cap, as indi-
cated by the red dashed-line rectangle in Figure 1(a). The
diameter of the HDPE cover cap is approximately 990 mm,
and it is composed of an HDPE ring with a width of ~17.5
mm, fused PE with a width of 35 mm, and an HDPE Disk with
a thickness of 10 mm (Figures 1(c), (d)). The joint lengths in
the thickness direction of the Fused PE with the HDPE Ring
and the Disk are approximately ~50 mm (HDPE Ring side) and
~10 mm (HDPE disk side), respectively (Figure 1(d)). The
failed HDPE cover cap exhibited three main cracks, which
were located at the interfaces between the ring and fused PE
(cracks 1, 2), and the fused PE and the Disk (crack 3) (Figure
1(c)). Since crack 1 was considered critical damage due to

(a) Outside of HDPE cover cap

-_ e

(b) I_nside of HDPE cover cap

steam leaked position, it was intensively analyzed.

To establish an overall analysis plan, visual inspection of
the HDPE cover cap was conducted to determine its fracture
tendency. Tensile tests (Customized UTM, R&B, Korea) were
performed with a crosshead speed of 10 mm/min to measure
the tensile behavior and adhesion strength of each component
in order to examine the soundness of the HDPE cover cap. Opti-
cal microscopy (OM, Olympus, Japan) and scanning electron
microscopy (SEM, Testcan Clara, Czech Republic) were used to
observe its fractography, while energy dispersive spectros-
copy (EDS) was utilized to evaluate the contamination of the
HDPE surfaces.

Wi g~

Figure 2. Outside, inside, and detailed views of the failed HDPE cover cap: (a) outside; (b) inside of the cover cap; (c) outside; (d) inside
views of detachment between each component, and the detached surfaces; (¢) HDPE Ring; (f) fused PE.
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Results and Discussion ring (Figure 2(e)), which was identified to be iron oxide (Table

1). Iron ions dissolved from the steel pipe might have flowed

Visual Inspection. The outside and inside views of the failed out and into the HDPE pipe, and subsequently deposited on the
HDPE cover cap are presented in Figures 2(a) and (b), respec- inner surface as hematite. Other elements found in the con-
tively. The outside surface of the cover cap was contaminated taminant may have originated from the surrounding soil.** To
with earth and sand due to its location buried in the ground, examine the contamination tendency in the detached area of the
and scales were deposited on the inner surface. Crack 1 was Fused PE, the region was divided into three sections (upper,
located at the clockwise 11-3 position (steam direction: clock- middle, and bottom) and analyzed using EDS (Figure 2(f)).
wise 12), while crack 2 and crack 3 were located at the clock- The results showed that while iron was detected in higher con-
wise 5 and 9 positions, respectively (Figure 1(c)). Crack 1 was centrations in the bottom region, the upper region also exhibited
visible on both the outside and inside of the HDPE cover cap, higher concentrations of aluminum and silicon (Table 2). These
indicating that it allowed foreign substances to enter from the findings are consistent with the results of visual inspection, which
external environment to the interior of the HDPE pipe (Figures indicated that both internal and external substances had been

2(c) and (d)). In contrast to Figure 2(c), Figure 2(d) shows PE flowing out and in, respectively, via the crack for an extended
debris on the fused PE between the HDPE ring and fused PE. period of time.

To observe the detached area of the HDPE ring and fused PE, Tensile Properties and Adhesion Strength. In order to
a portion of the cover cap was machined, as shown in Figures investigate the root cause of the main crack at the ring/fused
2(e) and (f). The area of the HDPE ring glued to the fused PE PE interface, tensile tests on each component of the cover cap
was indicated by red dash lines (Figure 2(e)). The detached (ring, fused PE, and disk) were conducted. Additionally, three-

area was found to be heavily contaminated with foreign sub- layered tensile specimens (denoted hereafter as 3-Layers) were
stances such as earth and sand, indicating prolonged exposure prepared to estimate the adhesion strength at the ring/fused PE/
to contamination. PE debris similar to that seen in Figure 2(d) Disk interfaces. The interfaces were located within the gauge
was also observed in the detached area of the HDPE ring and length of the specimens for tensile tests. These measurements
the fused PE. are necessary to identify any weak points or defects among the
An EDS analysis was performed on the detached areas of individual components and their interfaces, because those could
the HDPE ring and fused PE to investigate the substances that be potential sites leading to crack initiation and propagation.
infiltrated the HDPE pipe through the main crack. A red-colored The tensile test results for each component of the cover cap
contaminant was observed on the detached area of the HDPE are presented in Figure 3 and summarized in Table 3. Note that
Table 1. EDS Results of Scale on the Detached Surface of HDPE Ring (Figure 2(e)) (at.%)
Element C o Na Mg Al Si K Fe
Content 34.86 47.67 1.73 0.34 1.29 0.99 0.18 12.94
Table 2. EDS Results of Scale on the Detached Surface of Fused PE (Figure 2(f)) (at.%)
Element Upper Middle Bottom

Ave. Std. Ave. Std. Ave. Std.

C 9.58 1.16 19.05 13.79 9.93 2.72

(6] 66.95 4.69 66.37 9.57 70.25 5.12

Fe 4.62 1.97 5.57 1.99 7.85 1.57

Na 0.27 0.12 0.30 0.16 0.37 0.27

Mg 0.65 0.33 0.22 0.07 0.25 0.17

Al 6.22 2.18 2.35 0.99 342 1.09

Si 8.48 4.57 4.87 3.15 5.72 1.85

K 0.50 0.30 0.25 0.13 0.28 0.07

Ca 1.03 0.52 1.00 0.77 1.95 0.65
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Figure 3. Tensile responses of (a) HDPE ring; (b) fused PE; (¢c) HDPE disk; (d) 3-layers machined from the HDPE cover cap.

Table 3. Summary of Tensile Properties of Each Part of HDPE Cover Cap

Location Property #1 #2 #3 #4 #5 Ave.
TS (MPa) 23.0 233 24.6 254 - 24.1

HDPE Ring
El (%) 230 753 709 750 - 610.5
TS (MPa) 24.0 242 22.7 21.5 252 23.5

Fused PE

El (%) - 734 613 629 - 658.7
TS (MPa) 234 26.0 24.0 243 22.7 24.1

HDPE Disk
El (%) 687 693 182 577 412 510.2

the number of tensile samples (#n) indicates the number of
tests for reproducibility. The stress-strain curves for each com-
ponent displayed typical five-step tensile behaviors consisting
of elastic deformation, necking (strain softening), cold draw-
ing, strain hardening, and failure.**** Although the distinction
between the cold drawing and strain hardening steps was not
clear, they appeared to occur simultaneously in a mixed state.
The HDPE ring exhibited a distinct stress drop after reaching
an average tensile strength of 24.1 MPa, followed by typical
elongation behavior of a soft material with further strain. This
component then fractured at a strain of 610.5% (since the ten-
sile strength is identical to the yield strength, both strengths

Zav, A|489 A4, 20243

were denoted as tensile strength). The average tensile strength
of the five fused PE specimens was 23.5 MPa (Figure 3(b)).
While #1 and #5 failed immediately after necking with a rapid
stress drop without undergoing the cold drawing step, #2-4
were strained until reaching an average strain of 658.7%, similar
to the HDPE ring. Although all the tensile specimens were
machined from inside the HDPE cover cap, pores were observed
on specimens #1 and #5 (see Figures 4(a), (b)), unlike #2-4, which
may have had a disadvantageous effect on their mechanical
behavior. The HDPE disk exhibited similar tensile behavior to
the Ring, with a tensile strength of 24.1 MPa and elongation of
510.2% (Figure 3(c)).
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Figure 4. Fracture morphologies for (a) specimens #1; (b) #5 which
are the fused PE samples; (c) specimens #1-7 which are 3-Layers
samples.

The results of the tensile tests for the 3-layers are presented
in Figure 3(d) and Table 4. To avoid distortion induced by the
effects of the cross-head direction, samples #1-4 and #5-7 were
installed with the ring part and disk part facing the cross-head
direction, respectively, and then pulled during the tensile test.
Most of the specimens failed before necking, revealing an
average maximum strength of 19.6 MPa. Excluding specimens
#2 and #7, which exhibited the weakest strength, the maximum
strength for the others averaged 21.6 MPa, which is approx-
imately 90% of the tensile strength of the HDPE components.
However, the elongation for the 3-Layers averaged only 10.1%,
indicating significantly lower ductility. The degraded tensile
properties can be interpreted from the fracture tendency and
fractography. Figure 4(c) shows the 3-Layers samples that were

Table 4. Summary of Tensile Behavior of 3-Layers Samples
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subjected to the tensile test, with red dashed lines indicating
each interface. Specimens #1, #2, and #6 failed with a brittle
and ductile fracture mode in the fused PE part near the Ring
part, displaying fracture debris induced by severe necking, sim-
ilar to Fused PE specimen #5 (Figure 4(b)). In contrast, spec-
imens #3-5 and #7 failed with a brittle fracture mode on the
Ring/PE interface, showing a flat fracture surface. As observed
in Figures 4(a) and (b), pores were also present in the fused PE
(Figure 4(c)), and severe necking near pores were observed in
specimen #3, indicating that the applied stress was concen-
trated on the area surrounding the pores. Obviously, pores can
deteriorate the mechanical properties of the HDPE component.
However, the observation of the fracture occurring on the
Ring/PE interface rather than in the area surrounding the pores
indicates that this interface is more vulnerable than the com-
ponents and the PE/Disk interface.

The fracture surface of 3-Layers sample #2 was analyzed to
determine why it exhibited the lowest mechanical behavior
with a maximum strength of 12.2 MPa and elongation of 3%
(Figure 3(d), Table 4). The fracture surface contained foreign
substances embedded in the material, with sizes ranging from
50-500 pm, indicated by red-dash lines and arrows in Figure
5(a). The EDS analysis revealed that these foreign substances
were earth and sand, as indicated by the high content of carbon
and the detection of sodium, aluminum, and silicon (Table 5).*
Inflow of these foreign materials likely occurred during the
manufacturing process, as it is difficult for foreign material to
enter the material after installation of the HDPE cover cap. The
fracture is believed to have initiated at the position where sand
was embedded, and the crack propagated through the dark area
in a brittle manner, leading to failure at the bright area in a duc-
tile manner.®*>% Fracture behaviors can be observed in Figures
5(c) and (d), with smooth surfaces on the dark area and severe
sheared dimples on the bright area, respectively. The existence
of foreign substances and pores (blue arrows) with sizes rang-

Property #1 #2 #3 #4 #5 #6 #7 Ave.
Maximum strength (MPa) 23.8 12.2 20.5 18.4 22.7 224 17.5 19.6
El (%) 10 3 8 15 13 16 6 10.1
Fracture type Brittle+Ductile  Brittle+Ductile Brittle Brittle Brittle  Brittle+Ductile  Brittle -
Fracture position PE PE Ring/PE  Ring/PE  Ring/PE PE Ring/PE -
Table 5. EDS Results of Foreign Substance Embedded in Fracture Surface Shown in Figure 5(a) (at.%)
Element C o Na Al Si K
Content 65.50 27.00 0.35 1.10 5.90 0.20

Polym. Korea, Vol. 48, No. 4, 2024
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Figure 5. Fracture surfaces of the tensile-tested 3-layers samples shown in Figure 4(c).

ing from 150-300 pm on fracture surfaces #4, #5, and #7,
respectively, led to lower maximum strength and brittle frac-
ture at the interface (Figures 5(f), (g), (i)). These results sug-
gest that foreign substances and the number of pores are
crucial factors that reduce tensile properties. Their presence
reduces the cross-sectional area, causing stress concentration in
these areas, which diminishes adhesion of the Fused PE and
ultimately leads to degraded tensile properties.

Among the HDPE components, fused PE exhibited lower
performance when it contained pores, and the ring/PE inter-
face was found to be particularly vulnerable based on the results
of the 3-layers test. This is attributed to the manufacturing
characteristics of the HDPE cover cap. While the ring and disk
components are produced by injection molding, the process for
fused PE used for joining both components is carried out in an
outdoor environment and is subject to rapid environmental
changes, which can lead to the formation of interior pores and
to contamination. Therefore, crack 1 (Figure 1(c)) was initiated
from the ring/PE interface, where the Fused PE on the Ring-
side showed low maximum strength and toughness, even with
low impact. The ductile and brittle fracture behaviors displayed
by the HDPE components and the 3-layers specimens revealed
that the cracks rapidly propagated and thinly stretched failure
debris was left after necking during fracture, indicating the direc-
tion of failure. While crack 1 showed a relatively flat surface
on the outside of the detached surface, fracture debris remained
on the inside (Figures 2(d)~(f)), indicating that the crack was
initiated from the outside and propagated inward. In summary,
cracks were generated from the outside of the ring/PE inter-
face, diminished by pores and foreign substances, and propagated
along the thickness direction. External force was concentrated
on the fused PE, which is weaker than the interface, and the HDPE

Zav, A|489 A45, 20243

cover cap ultimately failed, showing ductile fracture behavior.
Based on the analysis results, we propose the following
countermeasures to prevent the failure of HDPE pipes and cover
caps in heat-transport infrastructure. First, the manufacturing
environment for HDPE components should be carefully controlled
to minimize the generation of pores and foreign substances.
Special attention should be given to optimizing manufacturing
conditions when fusing the ring and disk by PE, as this process
is particularly vulnerable to the generation of interior pores.
Alternatively, electro-fusion could be employed, as it results in
enhanced adhesion strength compared to fused PE. Second,
after the cover cap is joined to the HDPE pipe, air pressure tests
and external impact tests corresponding to 20 MPa in strength
should be conducted to ensure the integrity of the components.
Finally, we recommend that the mechanical performance
results of each component and interface evaluated in this study
should be utilized to predict the load limitations of HDPE pipes
and cover caps in future designs. By implementing these mea-
sures, it will be possible to enhance the reliability and durability
of HDPE components used in heat-transport infrastructure.

Conclusions

In this study, the failure of an HDPE pipe in heat-transport
infrastructure was investigated. The most vulnerable position
in the HDPE cover cap was found to be the interface between
the HDPE ring and fused PE, where a crack was initiated and
propagated into the interior, leading to the inflow of external
earth and water. This contamination hydrolyzed the insulator
and induced outflow of steam and heat loss. To prevent such
failures, optimizing the joining process between the ring and
disk using fused PE, improving the manufacturing environ-
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ment, and employing electro-fusion to enhance adhesion strength

are recommended.
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