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Abstract Polyethylene (PE) pipes are widely used in
floor heating system due to their corrosion resistance, low
cost and other advantages. This paper investigated the
premature fracture of PE pipe for floor heating system in a
residential building in the northern part of China for only
serving less than 3 years, while the design service life was
50 years. In order to ascertain the root causes of this fail-
ure, a series of macro- and micro-scope characterization
methods were conducted. The comprehensive analysis
results showed that failure mechanism of the failed pipe
was slow crack cracking with defects. Low molecular
weight and substandard molecular weight distribution are
the root causes of that premature fracture. Excessive
bending, fibrous inclusions and shrinkage holes in the
matrix are also important causes of the failure. Subse-
quently, the influence of polymer molecular weight on the
mechanical properties of materials and the micro-configu-
ration response of polymer pipes under tensile stress was
analyzed in depth. It is theoretically demonstrated that
polymer microstructures such as molecular weight distri-
bution fundamentally affect the properties of polymer
materials, which should be paid enough attention in the
process of production and use. At last, several counter-
measures are thus put forward in order to enhance safety
operation and reliability of the PE pipes for floor heating
system.
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Introduction and Background

Energy conservation and green development growth have
become important issues in today’s international commu-
nity [1-3]. In 2021, the heating sector contributed half of
total carbon emission added [4]. Therefore, it is of great
practical significance to improve the energy efficiency of
heating system. Compared with the air condition heating
system, the temperature fluctuation and temperature gra-
dient in the vertical direction caused by the radiant heating
system are relatively less, which can reduce the tempera-
ture required to achieve thermal comfort, and in turn
achieves less energy consumption and carbon emission
[5-7]. Of all the radiant heating systems, floor heating
system is the most efficiency, does not occupy indoor
space, has the advantages of aesthetics, and so on, making
it being an increasingly popular heating option [8, 9].
Four major components of the floor heating system are
heat source system (wall-hung boiler or heat pump), piping
system (main pipe and coil), insulation system (insulation
board, reflective film, boundary insulation strip), and con-
trol system (water collector, thermostat, mixing center), as
shown in Fig. 1. Those four components are responsible for
generating heat, heat transfer and heat dissipation, tem-
perature  maintenance, and temperature  control,
respectively [5]. The piping system is buried underground,
so its failure has the characteristic of concealment. The
commonly used piping systems for floor heating systems
are aluminum-plastic pipes and PE-RT pipes. Compared
with  PE-RT pipes, aluminum-plastic pipes have
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Fig. 1 Schematic diagram of floor heating system (a) whole, and (b) buried part

@ Springer



J Fail. Anal. and Preven.

shortcomings such as higher cost, poorer thermal conduc-
tivity, and less stable due to the multilayer composite
structure [10]. In various applications, it is safe and reliable
and has been widely recognized by pipeline manufacturers,
design units, thermal companies, and management
departments.

In previous studies, researchers have done a lot of works
on failure cases of buried PE pipes caused by disasters,
third-part interference, erosion corrosion, chemical oxida-
tion degradation, biological degradation and other factors,
and the failure mechanism of buried PE pipes [11-13]. Liu
et al. [14] evaluated mechanical response of buried PE
pipes under excavation load during pavement construction
by establishing a finite element model considering the pipe-
soil interaction and showed that the PE pipes would
become highly plastic stress state under the excavation
load. Ya et al. [15] found that compared with steel pipe,
HDPE pipe was less susceptible to erosion due to the
hydrocarbon sheets were able to withstand the erosion
effect of the particles in the fluid flow. Li et al. [16] studied
the buried PE pipes mechanical behaviors and failure
mechanisms under strike-slip fault movements. Liang et al.
used the finite element method to study the mechanical
behavior of PE pipes underground overload, and found that
the stress and deformation behavior of buried PE pipes are
related to the wall thickness, buried depth, internal pressure
and other factors of the pipes [17]. Yang et al. [18] revealed
that the HDPE pipes buried in humid and other favorable
environment for termites might be subjected to biodegrade
after being attacked by termites due to their low hardness.
However, few researches have been devoted to the failure
of PE pipe due to the defects on the surface and inside of
the pipe, and the effect of stress on PE pipes on their
fracture behavior.

This paper conducts failure analysis on a premature
fracture of PE pipes for floor heating system in a residential
building in northern China. The designed service life was
50 years, while multiple fractures occurred in less than
three years of service. As shown in Fig. 2, the failed floor
heating pipeline studied in this article is a set of coiled
tubes. Coils are easier to bend than straight pipes and
therefore use fewer joints, thereby improving structural
integrity and safety reliability. However, due to the special
structural characteristics of coils, excessive bending often
occurs during construction and installation.

Based on our precious experience related to failure
analysis of polymer materials, especially of PE [19, 20],
comprehensive and systematic analyses were carried out to
find the root causes of that failure. The results show that the
unreasonable molecular weight distribution caused the
mechanical properties of the floor heating pipes to fail to
meet the design requirements, which was the root cause of
the premature fracture. The excessive bending of the

fracture region and the existence of fibrous inclusions
inside were the important reasons for its failure. The defect
morphology also promoted the premature fracture process.
In those regards, we propose that the selection of floor
heating pipe materials should be strictly based on technical
standards, installation process should ensure compliance,
and other related countermeasures, hoping to avoid similar
accidents happening again in the future.

Results and Discussion
Visual Inspection of the Failed Pipe

The appearance of the failed heating pipe is displayed in
Fig. 3, whose design sizes were ¢ 20.0 mm x 2.0 mm.
The inner and outer surfaces of the pipes away from the
fracture were smooth, flat and clean, free from dents,
bubbles, obvious scratches and other surface defects that
affect performance, and there were no visible impurities.
Table 1 shows the test results of the pipe wall thickness.
Obviously, the wall thickness of more than half of the
detection sites is thinner than the allowable range [21].

The failed pipe (Fig. 3a) exhibits certain degree of
curvature, which is consistent with the structure of the coil,
but the changing of the fracture section sizes, indicating
that excessively bent has occurred. The cross section of the
pipe was approximately transformed from a perfect circle
to an ellipse-like shape with a long axis of 20.4 mm and a
short axis of 19.3 mm. There is a clear crease on the
opposite side of the fracture as shown in Fig. 3b; it can be
speculated that the fracture at this position experienced
rapid instability during the fracture process.

3-Dimensional Stereoscopic Inspection of the Failed
Pipe

Cutting the failed PE pipe along the fracture section, the
visual inspection of the fracture section was conducted by
three-dimensional stereoscopic microscope. From Fig. 4a,
it can be seen that there is a long stripe, which originating
from the outer wall and finally ending at the inner wall, on
one side of the fracture section, which side was named as [
side. Strangely, there is no corresponding stripe being
found on the opposite side of the fracture section as shown
in Fig. 4b, and which side was named as II side.

Microstructure of the Failed Pipe
Scanning electron microscope (SEM) was used to further
reveal the fracture mechanism of the failed pipe. Figure 5

shows the microscopic morphologies of the I side fracture
section. Unlike the relatively flat and smooth inner wall,
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Fig. 2 Appearance of floor heating pipe

8 9Ell1 2 3

Fig. 3 (a) Side, and (b) opposite side of fracture appearance of failed pipe

Table 1 Wall thickness deviation of the failed pipe

Detection site standard 1# 2# 3# 4# S5# o# TH# 8#

Wall thickness deviation (mm) 0-0.3 — 0.1 0 — 0.1 0 0 - 0.1 — 0.1 - 0.1
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Fig. 4 Visual appearance of the fracture section under 3-dimensional stereoscopic microscope of (a) I side, and (b) II side

the outer wall of the failed pipe has a certain degree of
defects. There is a notch as shown as shown in Fig. 5a on
the outer wall of the pipe, and two stripes extend from this
notch to the inner wall. The long stripe leads to the inner
wall with a 30° angle, which is consistent with that shown
in Fig. 4a, and the short stripe leads vertically to the inner
wall and interrupted in the middle, which is not so clear as
former under the three-dimensional stereoscopic micro-
scope. Magnifying the notch (Fig. 5b and c), it can be
observed that the short stripe is virtually composed of a
series of inclusions. These inclusions are essentially fibrous
tissues. Some holes of various sizes below the fibrous tis-
sue indicate that the inclusions are not well combined with
the polymer matrix, and delamination should occur during
the fracture process. Once external stress is applied, those
regions would become the source of stress concentration.
In addition, many fine particles are also irregularly dis-
tributed on the matrix.

In order to determine the chemical compositions of the
inclusions and the fine particles, EDS was performed in the
location A, B and C, and the results are shown in Table 2.
The chemical compositions of the fibrous tissues and fine
particles are basically same, while the proportion of each
element is quite different. Location A and B which repre-
sents the fibrous inclusions was detected with larger
content of carbon, while location C which represents the
fine particles was detected with larger content of nitrogen
and oxygen. Weather in shape or in chemical compositions,
fibrous inclusions and fine particles are two different types
of inclusions with different causes, although they are both
organic components.

Figure 5d shows the dimple morphology around the cut-
off region of the short stripe, which is the typical mor-
phology of ductile fracture. On the contrary, the dissociated
morphology could be observed on the outer wall part. That

is, the fracture section close to the outer wall shows dis-
sociated morphology, while that close to the inner wall
shows dimple morphology.

Different with the short stripe which is composed of
fibrous inclusions, the long stripe is actual a craze mor-
phology. As the range bounded by the red dashed box
shown in Fig. Se, there is a series of intermittent small pits
with a size of several microns as the bridging region that
induces crazing. The arrangement of these intermittent
small pits indicates the path through which the presence of
outer wall defects leads to the formation of crazing during
fracture process. Meanwhile, there is a bulge with a size of
about 100-150 um in the middle of the crazing in Fig. 5f,
which is a delamination morphology.

Figure 6 shows the microscopic morphologies of the II
side fracture section. In Fig. 6a, several bulges can be
observed on the outer wall of the fracture section, which
just consistent with the notch at the corresponding location
on I side. However, neither the long stripe nor the short
stripe could be observed on the II side. As discussed above,
the short stripe is virtually composed of a series of fibrous
inclusions, and the failure to find a corresponding
arrangement of inclusions on the II side indicates that the
pipe might crack precisely along the interface of the
inclusions and the matrix. The weak bonding force between
the inclusions and the matrix leads to poor compatibility
between the two.

In addition, there are several stripes developing in the
circumferential and radial directions in the middle part of
the II side fracture section. Some of these stripes are stripe-
shaped holes with different depths, which are framed by
red solid lines in Fig. 6b, and the substrates on both sides
of these stripes are not completely on the same level.
Although irregular-shaped inclusions can be observed on
the fracture surface around the stripes, there are no obvious
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Fig. 5 Microscopic morphologies of I side of the failed pipe fracture craze propagation path from the crack initiation source and (f) bulge
section. (a) overall appearance (b) appearance of crack initiation in the middle part of the long stripe

source (c¢) fibrous aggregates and small-sized particles on the fracture

surface (d) morphology of the short stripe in the cut-off region (e)
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large-sized inclusions inside these strip-shaped cracks
(Fig. 6¢). Meanwhile, these inclusions are small in size and
far away from each other (several times larger than their
own scale); it is difficult to believe that the existence of
these inclusions caused the generation of strip-shaped
holes. According to relevant literature reports, due to the
high shrinkage rate (0.02-0.05) of polyethylene, it is easy
to introduce internal shrinkage holes during the molding
process. Therefore, the appearance of these striped holes is
most likely caused by shrinkage cavities during the mold-
ing process of polyethylene pipes.

Share D Hardness and Density of the Failed Pipe

The surface hardness of the failed pipe samples was mea-
sured by Shore D hardness tester, and the Shore D hardness
of the failed pipe was about 60 (Table 3). The relatively
low surface hardness of the failed pipe make the outer wall
more susceptible to generate notches, pits, scratches, etc.
The density of the failed pipe is 0.9319 g/cm® which is
slightly lower than the technical standard (0.935-0.941 g/
crn3).

Table 2 Chemical compositions by EDS of the inclusions on the
fracture section on I side (wt. %)

Element C (@) N Na Si Cl K
A 9492  2.00 3.08

B 84.19  9.58 5.15 053 042 0.13

C 68.69 1898 9.66 0.86 ... 0.22 1.58

SEM MAG: 50 x \ WD: 50.00 mm
View field: 5.54 mm | Det: SE

VEGA3 XMU \ SEM HV: 10.0 kV Performance in nanospace

Hydrostatic Test of the Failed Pipe

The purpose of the hydrostatic strength test is to measure
the internal pressure resistance of the pipe, and to check
whether the pipe meets the requirements of the service
pressure level. The test was carried out under the condi-
tions with temperature of 95°C and hoop stress of
3.55 MPa. After 3 min and 15 s, the sample ruptured, far
from the requirement of maintaining no rupture and leak-
age for 165 h [21].

FTIR of the Failed Pipe

FTIR was conducted the chemical structural of the failed
PE pipe for floor heating system. Figure 7 shows the FTIR
spectra, which proved the material of the failed pipe is
polyethylene. The main peaks present at 2912 cm™' and
2849 cm_l, which are, respectively, attributed to the CH,
antisymmetric stretching vibration and CH, symmetric
stretching vibration. CH, scissor vibration peak appears at
1472 cm™ . The peak observed at 729 cm ™' and 717 cm ™'
indicates the presence of the in-plane rocking vibration of
CH,, while the peak present at 729 cm ™' indicates the
degree of the failed pipe’s crystallinity is relatively weak.

Table 3 Shore D hardness of the failed pipe

Test Test Test Test Test Average
1 2 3 4 5 value
Shore D 575 605 615 61.0 605 60.2

hardness

£~

VEGA3 TESCAN

1200 ym

WD: 14.99 mm
Det: SE
SEM HV: 20.0 kV

SEM MAG: 400 x
View field: 692 pm

VEGA3 XMU Performance in nanospace

Fig. 6 Microscopic morphologies of II side of the failed pipe fracture section (a) overall appearance of the source of cracking, (b) crack
concentration zone, and (c) Irregular inclusions near the crack concentration zone
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Fig. 7 FTIR spectra of the failed pipe

There is a series of weak CH, out-of-plane rocking
vibration peaks between 1340-1150 cm™', which also
indicates that the polymer pipeline is not completely
crystallized, and the CH, groups are disordered and not
completely arranged in a zigzag pattern [22]. Since in the
FTIR results, we almost did not observe the existence of
miscellaneous peaks, it can be seen that the purity of

polyethylene in the failed pipe is very high.
TGA of the Failed Pipe

The failed pipe is analyzed by TGA. The temperature is
specified from 40 °C to 500 °C under nitrogen environ-
ment, and the heating rate is 2 °C/min. As shown in Fig. §,
the initial decomposition temperature is about 200 °C and
completely decomposed at 500 °C. When heated to 400 °C,
the sample entered the accelerated decomposition stage and
the temperature of the largest decomposition rate is about
480 °C. The result that there is nothing remaining after
heating decomposition indicating that almost all the com-
ponents of the failed pipeline are organic compounds,
especially polyethylene, and almost no inorganic additives
such as carbon black or carbides are contained.

DSC of the Failed Pipe
The mass crystallinity and the melting peak temperature of

the failed pipe were obtained by DSC. The mass of the
sample is 10.0 mg, and it was heated from ambient

@ Springer

temperature to 175 °C with heating rate 2 °C/min. As
shown in Fig. 9, the melting peak temperature of the failed
pipe is 133 °C and the heat flow at which temperature is
about 6 mW. The mass crystallinity of the failed pipe could
be obtained by the following equation:

Ah

T AR

where Ah is the enthalpy of the fusion of the failed pipe
and Ah® is the enthalpy of fusion of polyethylene with
100%  crystallinity (293 J/g) [12]. Integrating the
endothermic peak area shown in Fig. 9, the enthalpy of the
fusion of the failed pipe can be obtained as 155 J/g. Cor-
respondingly, the mass crystallinity of the failed pipe is
52.9%.

XRD of the Failed Pipe

Figure 10 shows the X-ray diffraction spectra of the failed
pipe. Data was collected by detector system with a con-
tinuous scanning mode over a scattering angle (26) range
from 10° to 80°, and copper was used as anode target
material. When the value of 20 angle equal to 21.45° and
23.84°, two main characteristic peaks appear on the XRD
spectra, corresponding to the two crystal planes (110) and
(200). Substituting the area of the crystalline peak and the
amorphous peak into the following formulas, the crys-
tallinity of the failed pipe can be calculated [23]:
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Fig. 8 The TGA analysis of the failed pipe

ch = IC

I.+1,
I. = K1S110 + K28200
Ia = K3Sa

where I, is the intensity of crystal peak intensity, I, is the
intensity of amorphous peak, S;19, S200 and S, represent the
peak area of the crystal planes (110), (200) and amorphous
peak, respectively. K;, K, and K3 are diffraction peak
correction factors, which are correlation with 26 angle at
the same temperature. When the value of 20 angle equal to
19.17°, the intensity of the amorphous peak is the highest.
Substituting that value into the diffraction peak correction
factor of the amorphous peak, the following ratio rela-
tionship can be obtained:

K :Ky:Ks=1:146:0.75

At last, the crystallinity of the failed pipe calculated by
the XRD method is 53.9%.

NMR of the Failed Pipe

Since the spectral line corresponding to the crystalline
region is wide in the NMR spectrum, while the spectral line

corresponding to the amorphous region is narrow, the
crystallinity of the polymer material can be determined
based on the ratio of broad spectrum to narrow spectrum in
the composite spectral line, which is usually calculated
based on the relaxation time [24]. Table 4 shows the
relaxation time and crystallinity of the failed pipe detected
at — 70 °C, and the crystallinity calculated by the NMR
method is 55.6%.

GPC of the Failed Pipe

GPC analysis was conducted to obtain the molecular
weight distribution of the failed pipe. The mobile phase
used in the test was heated trichlorobenzene (160 °C), and
the solution concentration was 0.10 mg/ml with injection
volume 100.0 pl. Figure 11 shows the weight average
molecular weight distribution and Table 5 shows the value
of number average molecular weight, weight average
molecular weight and polydispersity coefficient. Obvi-
ously, its unimodal molecular weight distribution was
inconsistent with the PE-RT requirements for bimodal
molecular weight distribution [25]. Besides, its relatively
low molecular weight made it prone to molecular chain
movement resulting in poor mechanical properties.
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Fig. 9 The DSC analysis of the failed pipe
Failure Analysis

According to the results of FTIR, TGA and DSC, the
material of the failed pipe for floor heating system is indeed
polyethylene. However, the results of GPC show that this
material does not meet the bimodal molecular weight dis-
tribution requirements of floor heating pipes at all. Based
on the micromorphology analysis and mechanical proper-
ties analysis, the failure mechanism of the failed pipe
should be slow crack cracking with defects.

Molecular Chain Disentangling and Brittle Fracture

Polyethylene has two main fracture modes: ductile fracture
and brittle fracture [26]. Ductile fracture usually occurs
when a large tensile stress is applied in a short period of
time, while brittle fracture commonly occurs under a low
tensile stress with a long period of time. Since the internal
structure of macromolecules is variable under the action of
external forces, the mode of polyethylene pipe fracture is

@ Springer

time-dependent. The question is to compare the charac-
teristic time for chain disentangling with the time it takes
for the molecular chain to break under the external force. If
the stress applied to the polymer material is large enough,
before the polymer segments have adjusted their configu-
ration and entangled with each other, the covalent bonds in
the molecule have destroyed. On the contrary, if the force
applied is not large enough to break the covalent bonds, the
polymer chain will adjust its configuration under the trac-
tion of the tensile stress. At that time, the force that
maintains the polymer material changes from chemical
bonds to physical bonds and tensile strength decreases. If
the applied tensile stress is enough to break the van der
Waals bond that maintain the structure of the polymer
material, then brittle fracture will occur. If the tensile stress
is too small to break the van der Waals bond, the polymer
material will not break. Meanwhile, when the applied
tensile stress is relatively small, the time scale for the
disentangling of the polymer chain will be correspondingly
long (Table 6) [27, 28].
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Fig. 10 XRD spectra of the failed pipe
Table 4 Crystallinity of the failed pipe Slow Crack Cracking with Defects
Test 1  Test2 Test3 A 1
° . . verage vawe As shown in the following formula, the stress field around

Relaxation time T,;  0.0095  0.0095  0.0094 the crack tip can be described by linear elastic fracture
Relaxation time T,,  0.0323  0.0325 0.0322 mechanics (LEFM) [26, 29].
Crystallinity 55.64 55.80 55.44 55.63

As shown in Fig. 5b, the outer and inner fracture sec-
tions show the morphologies of brittle fracture and ductile
fracture, respectively. Obviously, according to the above
analysis, the tensile stress strength of the two is different.
Since the failed pipe was excessively bent at the fracture,
and the pipe wall on the fracture side was subjected to
tensile stress. It can be further deduced that, in the early
stage of fracture, the outer wall part suffered the action of
small tensile stress in a relatively long time and occurred
brittle fracture, and in the second half of the fracture pro-
cess, the tensile stress on the fracture increases and ductile
fracture would occur in a short period of time. The question
is why the tensile stress on the inside and outside of the
pipe wall is different.

K; = o\/maY(a/s)

where Kj is the stress intensity factor which describes the
stress distribution around the crack tips, and the subscript /
indicates that the sample is subjected to tensile stress, a is a
crack length and Y(a/s) is geometric factor which can be
estimated numerically or found in literature. The crack
growth curve can be described by Fig. 12; the horizontal
and vertical coordinates are the logarithm of K; and da/dz,
respectively. The crack growth behavior can be divided
into three stages. In stage I which called threshold stage,
the crack growth rate will fall rapidly to the value corre-
sponding to the threshold value Kj;. In stage II which
called stable crack growth stage, the crack propagation rate
can be described by the following formula:

da

S
e M
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Fig. 11 GPC analysis of the failed pipe
Table 5 Molecular weight of the failed pipe in the part of outer wall, which means that the outer wall
M M D part would be subjected t.o .large'r tensile stress than the
inner wall part. Therefore, it is easier for the outer wall part
Sample 1 21,681 104,799 4.83 to obtain sufficient tensile stress for molecular chain dis-
Sample 2 16,926 100,784 5.95 entangling and brittle fracture to occur (Table 6). As the

where A; and m are material constants, and A; is a function
of temperature. When the influence of temperature is
included, the above formula can be rewritten as:

da _ 4 ke 0
da _ w2
ar PRSP\ TRy

where A, is material constant, Q is termed the activation
energy for crack growth and R is the gas constant,
8.31J/mol - K. As temperature increases, the steady crack
propagation rate increases[30]. The crack growth rate will
rise sharping in stage III, since the K; approaches to the
critical value K;c[31].

Based on the above analysis, the fibrous inclusions
appearing in the pipe wall are the source of fracture
defects. Since the fibrous inclusions are more concentrated
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crack grew and propagated, the strength of the tensile stress
exerted on the fracture section would be amplified, so
ductile fracture occurred at that moment. The crease on the
opposite side of the fracture can prove that the failed pipe
has undergone rapid buckling fracture. In addition, the
EDS analysis of the inclusions showed that the fibrous
inclusions contain large amount of oxygen and nitrogen
(Table 1), so that they are polar. While polyethylene is non-
polar. The polarity of the inclusions and the non-polarity of
the matrix resulted in the interface incompatibility [32].
For this reason, the bonding force between the inclusions
and the matrix would be weaker than that of the matrix
itself, and weaker than that of the inclusions itself. Of
course, during use, the hot water inside the pipe would
increase the temperature of the pipe wall, thereby accel-
erating its crack propagation rate. Microscopically, that
process occurs since high temperature promotes the
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Fig. 12 Scheme of crack
growth rate curve
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Table 6 Effect of tensile stress strength on fracture behavior of polymer materials

Strength of tensile stress Large Medium Small
Able to break covalent bonds or not? Yes No No
Able to break van der Waals bonds or not? Yes Yes No

Comparison of characteristic time between covalent bond breaking and polymer

molecular chain disentangling
Time elapsed before fracture occur

Fracture mode

The former is shorter The latter is shorter ...

Short

Ductile fracture

Long

Brittle fracture No fracture

movement of molecular segments and thus accelerates the
disentangling process of molecular chains.

Entanglement Density, Molecular Weight and Tensile
Strength

The following formula can be used to describe the energy
needed to create new surface in complete polymer material,
that is the energy required to form cracks in the polymer
material.

1
I'=y+-v.Ud
/+4v

where I is the surface energy, y represents the van der
Waals cohesive energy between molecule chains, v, indi-
cates the effective entanglement density of the material,
which is positively related to the proportion of crystalline
region, U is the energy required to break covalent bonds,

and d is the average distance between effective entangle-
ments [33]. Obviously, the surface energy will decrease
with entanglement density decreasing.

The topology of the polymer entanglement can be dis-
cussed by Edwards tube model that every polymer segment
is effectively confined by adjacent molecular segments to a
tube-like region [34]. The diameter of that called tube can
be interpreted as the end-to-end distance of an entangle-
ment segment:

a~bN}/?

The above formula is a scaling calculation. Where b is
the Kuhn length which means that the length of a part when
the chain is assumed to be freely connected, and that part is
called Kuhn monomer. The Kuhn length of polyethylene is
typically about 1.4 nm. N, is the number of Kuhn
monomers in an entanglement segment. Practically, the
number of Kuhn monomers N, in the polymer segment is
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determined by the tube diameter a, which can also be
regarded as the transverse fluctuation amplitude. Since the
Edwards tube model consider the tube is composed of
N/N, sections with size a, the average contour length (L) is
the product of the entanglement segment length a and the
average number of entanglement segments per molecule
N/N, as the following formula:

N bN

L ~gd— ~

(L ~ag~

The motion of the chain is confined in the tube along the

contour of the primitive path, and the curvilinear diffusion
coefficient D, describes the motion of the chain.

T
C*NC

where N( is the Rouse friction coefficient characterizes the
curvilinear motion of a polymer confined by surrounding
chains. Reptation time ,,, can be used to describe the time
required for a chain to diffuse out of the original tube:

(L? N W NZ(N>3

™ D, T KIN, kT ¢ \N,

The first part of the above equation %Nf named the
Rouse time 1, which indicates the time required for a
segment to diffuse a distance equal to its own size. The
following formula shows the ratio of the Reptation time
Trp and the Rouse time 7., which value is the cube of the
number of entanglements along the chain.

G (N
Te N,

There is no doubt that the value of N/N, is proportional
to the molecular weight of the polymer chain, and yep /7 is
proportional to the cube of the molecular weight of the
polymer chain. Therefore, for polymer with larger
molecular weight, even if disentanglement occurs under
the action of tensile stress, there are still enough effective
entanglement sites on each chain to maintain the necessary
mechanical strength of the material, while for polymer with
lower molecular weight, fracture occurs at that time [35].

Shrinkage Phenomenon in Polymer Molding Process

In Fig. 6, shrinkage cavities can be observed inside the
failed pipe. In the injection molding process, shrinkage
cavity is a very common problem, mainly due to the fol-
lowing reasons: Firstly, if the design of the main runner,
runner and gate of the mold is unreasonable, there will be
shrinkage cavities caused by the injection pressure not fully
acting on the molten material in the mold cavity [36].
Secondly, due to the poor thermal conductivity of

@ Springer

polyethylene, uneven temperature distribution is also an
important reason for shrinkage of products. When the wall
thickness of the polyethylene pipe fittings is uneven, the
thick wall part will cool more slowly than the thin wall part
during the cooling process, so that the thick wall part is
prone to shrinkage [37]. The failed pipe discussed in this
paper has poor uniformity of wall thickness, which is likely
to cause shrinkage cavities. Thirdly, when there is a local
temperature difference in the mold, shrinkage cavities will
also occur in the part where the mold temperature is high
[36].

Particularly, for polymers with crystalline state such as
polyethylene, crystalline structure is also an important
factor affecting the shrinkage porosity of the product. Since
the density of the crystalline area is larger than that of the
amorphous area, the uneven density distribution will lead
to shrinkage phenomenon inside the product. The nucle-
ation radius of polymer crystallization grains is the main
factor affecting polymer shrinkage, while the nucleation
number of polymer -crystallization is relatively less
important [38]. The larger the nucleation radius after the
crystallization of the polymer, the greater the crystallinity
and the greater the shrinkage. Since the crystallization
nuclei formed by polymer crystallization have a larger
radial growth rate at higher temperatures, the polymer
cooling rate should be as large as possible during the
molding process, which can effectively prevent the poly-
mer from being in the stage of high nucleation growth rate
for a long time, so that the degree of shrinkage can be
avoided as much as possible. The size of the crystal
nucleus of the crystalline polymer can also be reduced by
means of filling, blending, reinforcement modification, etc.,
thereby reducing the molding shrinkage.

Conclusions and Countermeasures

Conclusions

1. The root causes of the premature fracture are the
molecular weight of the pipe materials is too low and
does not own bimodal distribution. Hence, the
mechanical properties of the failed pipe are not able to
meet the working conditions.

2. The direct reason is excessive bending. In order to

meet the wiring requirements, some pipe sections
changed curvature from the initial state, causing that
convex sides of these sections are always subjected to
tensile stress during use.

3. Because of the existence of the polar fibrous inclusions

at the fracture, the stress is locally amplified. Since the
bonding force between the matrix and the inclusions is
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weak, delamination would be easier to occur under the
tensile stress and crack occurs in turn.

Due to the internal shrinkage cavity introduced in the
molding process, the matrix is not ideally bonded, and
then the tensile strength and other mechanical proper-
ties are lower than the integrity, which is another
important reason.

Countermeasures

1.

The material of the floor heating pipe must ensure that
it has sufficient molecular weight and meets bimodal
molecular weight distribution required for poly-
ethylene of temperature resistance.

During installation and using, make sure that the pipe
is not bent beyond the design allowable range.

In the production of floor heating pipes, the use of
recycled materials should be avoided, especially those
whose molecular weight is not up to the standard and
containing fibrous inclusions.

During the molding process, appropriate molds and
processing techniques should be selected to avoid
leaving shrinkage cavity in the final product. For
example, strengthen the injection pressure, keep the
wall thickness of pipe fittings uniform and so on.
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