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a significant role on the safety issues related to natural gas or
water transportation, human life and property. Though PE
pipes have many advantages, the aging of materials exposed
to various environment is inevitable, which over time leads to

1. Introduction

Polyethylene (PE) pipe is one type of important pressure-
retaining structure in lifeline engineering, its properties play
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Nomenclature

S Contact stiffness, N/m

P Indentation load, mN

h Instantaneous indenter displacement, nm

dP The differential of indentation load in the upper
portion of the unloading data

dh The differential of displacement in the upper
portion of the unloading data

Prnax Maximum indentation load, mN

o Maximum displacement, nm

Vg Elastic energy ratio

Wy Absolute work, mN-nm

We Elastic recovery, mN-nm

Wir Irreversible energy work, mN-nm

he Contact depth, nm

hy Vertical surface deflection, nm

h¢ Residual deforcement, nm

€ Geometric constant

& Reduced modulus, GPa

A, Contact area, nm?

E Elastic modulus of the sample, MPa

E; Elastic modulus of the indenter, MPa

v Poisson's ratio of the sample

v; Poisson's ratio of the indenter

H Hardness

v Plasticity index

Xc Crystallinity

AHp, Melting enthalpy of the sample, J/g
AHO, Melting enthalpy of 100% PE crystal, J/g
CI Carbonyl index

Strain rate, equals to de/dt, s~
Applied stress, GPa

Stress exponent of creep
Elastic deformation, nm
Viscoelastic deformation, nm
Viscous deformation, nm
Indentation depth for ith Voigt element, nm
Delay time for ith Voigt element, s
Viscosity coefficient, s/nm
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a deterioration in mechanical, physical and chemical prop-
erties and a decrease in operational safety [1—3]. Over the past
three decades, many studies have paid much attention to the
degradation or deterioration of PE pipes under different con-
ditions, e.g. chlorinated water, heated air or natural exposure
[4—8]. Currently, artificial accelerated methods are generally
used to shorten the aging time of PE pipes, for instance, the
thermo-oxidative aging testing is one of them. In terms of PE
gas pipe, they are generally exposed to oven and aged at the
temperature under but close to the melting point of poly-
ethylene [9]. Unfortunately, the assessment method based on
the usage of accelerated testing seems to arise a new insoluble
problem-the divergence between natural and accelerated
aging behavior. For example, an unavoidable difficulty is the
diffusion-limited oxidation (DLO) behavior caused by accel-
erated testing. Actually, the purpose of accelerated testing is

to obtain similar aging and degradation results in a short
period of time as after a long-term operation. Therefore, an in-
depth study of the aging mechanism is needed. In terms of the
inhomogeneous aging caused by DLO, it is generally believed
to occur in high temperature environments, but a report in-
dicates that significant non-uniform aging behavior also oc-
curs under two years of continuous solar exposure [8]. The
nature of this mechanism causes the aging of the material to
be concentrated on the surface, while the interior remains
relatively resistant [10—13]. The higher the temperature is, the
more obvious the DLO phenomenon becomes and the surface
material deteriorates.

There is still a lack of standardized method to assess the
safety of PE gas pipes, so it is of great importance to evaluate
the technical properties of PE gas pipe and decide whether to
replace it or not. Research shows that the most commonly
used tensile test for obtaining the mechanical properties of PE
pipes contains information on potential material defects
[7,14], and therefore cannot reveal the time- and space-
dependent mechanical properties under accelerated or natu-
ral conditions, especially, inhomogeneous aging behavior of
the specimens caused by DLO. In addition, the key perfor-
mance parameters obtained by differential scanning calo-
rimeter (DSC), Infrared spectroscopy (IR) or Raman
spectroscopy based testing methods do not characterize the
mechanical behavior of the material. Further, there is a lack of
established link between the physical, chemical properties of
polyethylene pipe and the mechanical properties of the ma-
terial. Therefore, there is an urgent need for a microscale
mechanical testing method that mirrors the inhomogeneous
degradation process of the material and has a good connec-
tion and interpretation with the physical or chemical
properties.

Researchers are all the way seeking reliable, faster and
easier durability testing methods, small sample testing or
nondestructive detection, to enable in-service pipeline aging
assessment. However, in reality, this ideal assessment would
be difficult to achieve, because the conventional testing
techniques would face great challenge when applied to PE
materials which is susceptible to photo-oxidative and thermo-
oxidative aging, and the PE pipe, as a structure, would include
remarkable effects of slow crack growth and residual stresses,
etc. Over the past two decades, nanoindentation technique
had been commonly used to characterize the micro-
mechanical behavior of materials [15,16]. Due to its good ac-
curacy, it is widely used to characterize the local mechanical
properties of materials and thus the inhomogeneous proper-
ties of materials [17,18]. Relative researches came from
various institutions with a very diverse range of themes,
including rocks [19], polymers [20—23], polymer-based com-
posites [24,25], coatings [26] and films [27—-29], etc. These re-
searches paid much attention to the mechanical properties of
the materials, as well as the influence of other factors on these
properties, such as changes in indentation creep properties
caused by increasing environmental temperature or opera-
tional time [30]. Moreover, nanoindentation can be used to
obtain parameters such as the local elastic modulus and
hardness of the material, which can be linked to other pa-
rameters such as crystallinity and fracture toughness of the
material. Thus, it is possible to clearly characterize the
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material properties and explain their intrinsic mechanisms
[31]. Furthermore, nanoindentation can be used to detect and
study the early changes in mechanical properties of polymer
caused by aging, as long as macro-structural factors (such as
cracks) do not exist [32]. There are few studies on the corre-
lation between nanoindentation results and structural infor-
mation that can be extracted by other methods. The
parameters of local micro-mechanical properties suffering
from different aging conditions will be of great importance to
support the failure analysis of PE pipes as well as the accurate
lifetime prediction.

In this paper, we simulated the operating conditions of
pressured gas pipelines and conducted artificial accelerated
aging tests on PE pipes using a unique aging device-thermo-
oxidative aging system. Then, DSC, ATR-FTIR and nano-
indentation creep tests were used to characterize the non-
uniform aging behavior of PE gas pipe by thermo-oxidative
aging. The mass crystallinity was obtained from the melt
enthalpy calculation of the DSC curve. The indentation curves
were used to obtain the elastic modulus, hardness, creep
depth and plasticity index of the PE samples, and then the
correlation between its aging degradation and micro-
mechanical behavior, i.e., the relationship between crystal-
linity and elastic modulus, was demonstrated. Moreover, the
generalized Kelvin model was used to fit the time-dependent
the parameters related to the creep parameters of

polyethylene.
2. Materials and methods
2.1. Materials and aging procedure

Two commonly used PE gas pipe, made of unimodal PE80 resin
and bimodal PE100 resin, were supplied by Nam Sok Building
Material & Plastic Products (Shenzhen) Co, Ltd, where the ratio
of pipe diameter to wall thickness, i.e. the standard dimension
ratio (SDR) is 11. Thermo-oxidative process was carried out on
a unique aging device which provide the high temperature
and high internal pressure environment for sealed PE pipes
with end caps. The basic structure of the apparatus is briefly
shown in Fig. 1, and the real photo of this device has been
exhibit in our another work [7]. To control the internal
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1-Pressure sensor 2.5-Solenoid valve 3-Escape valve
4-Air compressor 6.7-Ball valve 8-Gas tank
9-Oven 10-Programmable logic Controller

Fig. 1 — Schematic diagram of thermo-oxidative aging
system.

pressure of PE pipes, an arithmetic program was compiled to
control the sensor and the solenoid valve. Two manual ball
valves are used to release and restore the air pressure inside
pipes when the specimen is replaced. The relief valve is used
to prevent abnormal pressure rise inside pipes due to program
error or operational error. Exposure times were determined
for the purpose of observing significant aging behavior as far
as possible and based on preliminary tests. Comparing to
natural gas, air was chosen as the medium for safety consid-
eration, where the pressure was set as 0.4 MPa and the tem-
perature was set as 80 °C. A series of PE pipe samples were
removed on specific times (0 h, 672 h, 1344 h, 2352 h, 3024 h
and 10104 h for PE80 and O h, 672 h, 1344 h, 2016h, 2688 h and
10104 h for PE100) and cooled immediately to room tempera-
ture in preparation for characterization tests. In addition, two
types of PE pipes buried in soil with the service life (15 years of
PE100 and 25 years of PE80) was obtained from Shenzhen Gas
Group Co, Ltd.

2.2. Nanoindentation

Nanoindentation testing was conducted at room temperature
of 23 (+2)°C on PB1000 (NANOVEA, USA). The general
arrangement of instrument components and samples are
shown schematically in Fig. 2, including optics system,
nanoindentation probe, samples and insulation block. One set
of nanoindentation experimental schemes was designed: the
target load is set as 1000 N, loading and unloading rate
remained at 2000 uN/min. Typical creep curves of the nano-
indentation test (peak loading equals to 1000 pN and holds
30s) would be obtained. The pipe was taken out at each stated
aging time and a 5 mm thick fan-shaped piece was cut out
along the radial direction of the pipe.

The specific sample making process was roughly carried
out following the three steps shown in Fig. 3. In the first step,
the PE pipes with different aging times were taken out from
the oven and cut into rings with a thickness of 5 mm, where
the rings were thick enough to eliminate the influence of the
substrate (generally, maximum indentation depth at the peak
load <10% of the sample thickness) [33] and the axial residual
stress can be ignored according to the related perspective at
the same time [34]. In the second step, small samples were cut
from the ring to facilitate pasting on the standard metal block.
In the third step, the specimens were fixed to the metal block

Nanoindentation probe
Insulation block
_— .

Fig. 2 — Schematic representation of the experimental
configuration for nanoindentation.
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Fig. 3 — Preparation of testing specimens for nanoindentation testing.

in the order of different aging times. Since the surface
roughness during nanoindentation directly affects the deter-
mination of the effective zero point of contact as well as the
indentation displacement measurement, the PE pipe must be
polished. The polishing needs to be done along the Y-direction
to avoid rounding of the radial (X-direction) boundary of the
pipe to be measured. In this paper, the polish-grinding ma-
chine was used for grinding and then polishing until the
surface roughness did not have a significant effect on the re-
sults [35]. The surface roughness of the nanoindentation
specimen was around 10 nm, and the ratio of roughness or
depth deviation to indentation depth (the minimum inden-
tation depth is about 200 nm in this paper) was less than 0.05,
which can guarantee hardness deviation within 10% [36,37].

The output data of the nanoindentation experiment was
analyzed according to the most common methods developed
by Oliver and Pharr [35] to calculate the mechanical properties
of the material. Fig. 4 shows the typical indentation curve
which consists of three stages of loading, holding and
unloading, where the different line type blocks represent
different works [19,24]. In the loading stage, the applied load
increases with the increment of indentation depth. This stage
can be regarded as the combination of elastic and plastic
deformation, whereas during the unloading stage we can as-
sume that only elastic deformation can be recovered, and this
is used to calculate the mechanical properties. Fig. 5 illustrates
the unloading process during a typical nanoindentation test.
The blue dash line in Fig. 5 represents the boundary of the
indenter and the yellow solid line represents the upper sur-
face of the specimen [35]. Under the external load P, the
indenter was pressed into the surface of the specimen to be
tested. After reaching the maximum depth, unloading was
performed and residual deformation was left behind. The
symbols of the various parameters listed in Fig. 5 were used to
calculate the characteristic parameters such as elastic
modulus, hardness and plasticity index of the specimen.

In order to estimate elastic modulus and hardness values,
several parameters derived from Figs. 4 and 5 were analyzed.

Especially, the calculation of contact stiffness was used two
methods in this paper. In the classical Oliver and Pharr
method (O—P method), initial contact stiffness S defined as the
slope of the upper portion of the unloading part (70%~90% of
Nmax), @s shown in Fig. 4, can provide us with valuable infor-
mation regarding the mechanical response of the material.
However, due to the viscosity of the PE pipe, its maximum
indentation depth occurs in the unloading stage (called nose
phenomenon [38]), which might make it impossible to calcu-
late the initial contact stiffness using the slope. Therefore,
indentation tests were performed with holdingloads for 30s to
eliminate the imprecision in determinant of the slope. In
addition, material response during the nanoindentation
holding stage can also be used to model creep properties.
Moreover, in order to compare with O—P mehtod, the energy-
based analysis suitable for cementitious materials or rocks
was also used to calculate the initial contact stiffness in this
paper, and the latter method can eliminate the influence of
the indenter bluntness on the test results [19,39]. It should be

P Holding stage
P A B
S Loading stage 7—1-90%
elasto-plastic%:tg'
ZUe 7——70%
ER = 1] Unloading st
nloading stage
— .
mow. =l elastic
1]
0 hf e hL hmax Vl’l

Displacement

Fig. 4 — Schematic illustration of indentation
load—displacement curve and the energy analysis for
calculation purposes.
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Indenter
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Fig. 5 — Illustration loading-unloading process of
indentation testing.

noted that the two methods only differ in the calculation of
contact stiffness, while all other parameters are calculated in
the same way.

dp
O—Pmethod.S:%

(1)

Energy — based method : S = 0.75 x (20 — 1) Pax

hmax

where v¢ is the elastic energy ratios which can be defined as
the ratio of the absolute work and the elastic work (in Fig. 4):

VE =t (2)

where W; is the absolute work from nanoindentation deter-
mined by the area OAR;O, and W, is the elastic recovery
calculated by the area hBhpaxhy.

Pimax = s + e 3)

hs:ep"s‘“,e:oys (@
Pmax

he = anas — 0.75 % 1% )

where h; is the vertical surface deflection at the perimeter of
the contact and h, is the contact depth.

Once initial contact stiffness and contact depth were
derived, the reduced elastic modulus and contact area can be
calculated as [40] :

azgz (6)
A =24.5n? )

Finally, the elastic modulus and hardness can be obtained as:

1 1-»2 19?7
EE E; 8
Pmax
H=Tm o)
C

where E and E; are the elastic modulus of the sample and the
indenter, respectively, v and »; are the Poisson's ratio. To
calculate elastic modulus of the samples to be measured, Eq.
(8) is transformed to:

112
. (10)
E TE
where E; equals to 1140 GPa and »; equals to 0.07 [20], and
Poisson's ratio of PE is regarded as 0.45. What's more, it is
considered that the Poisson's ratio of PE remains constant

during aging.
Plasticity of the material is expressed as the permanent
deformation under loads. The areas under the

load—displacement curve during loading and unloading can
be used to quantify the plasticity of the material. In this paper,
a parameter ‘plasticity index’ was used to characterizes the
relative plastic/elastic behavior of the material when it un-
dergoes external stresses and strains. In the case of indenta-
tion contacts, one of the possible definitions for the plasticity
index might be obtained from the compliance method tests,
where the index may be as follows [40,41]:

Wi
YW, WL )
where W;, is the irreversible energy work determined from the
area OABhy in Fig. 4.

According to this definition, y = 0 for fully elastic cases and
y = 1 for a fully plastic deformation. For other materials, 0 < y
<1

As mentioned before, nanoindentation technique has been
widely used to assess the creep behavior of materials [42,43].
Generally, there are three stages in a macroscale creep test:
transient (stage I), quasi-steady (stage II), and accelerating
(stage III). Most nanoindentation cases show only the first two
stages because the materials would not rupture owing to the
local load [44]. The Stage I is the transient creep stage where
the creep displacement with an initial rapid increase is pro-
gressively slowed down due to the occurrence of creep resis-
tance or strain hardening. After the transient stage, the creep
displacement turns to increase at a nearly constant rate,
which hints the appearance of Stage II, namely the quasi-
steady creep stage. The relationship between creep rate and
the stress exponent is based on the following power—law
relation [45,46].

én~ o (12)

Where ¢ is the strain rate, ¢ is the applied stress and n is the
stress exponent of creep which is determined through ante-
riorly identifying the equivalent values of stress and strain
rate in the quasi-steady creep stage. The equivalent strain rate
and stress obey the following scaling relations.

1 dh P
“ha’ T w

The mechanical responses of the polymer can be described
by the theoretical model consists of springs and dashpots. In
this paper, the generalized Kelvin model model was suggested
to describe the indentation creep displacement responses of
PE materials during the holding stage. Based on this model,
the total displacement of two PE materials during the holding
stage h(t) can be fitted by using the following equation [47].

&

(13)
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h(t)=he + hey + h, (14)

23: hl —t/t

i=1

u:t/,“O (15)

Where he, hy, and h, are elastic, viscoelastic and viscous
deformation. It should be pointed out that hy in this paper is
described by three Voigt elements. h; and t; are the indentation
depth and delay time for ith Voigt element. y, is the viscosity
coefficient of the single dashpot in the generalized Kelvin
model.

2.3. Differential Scanning Calorimetry

Thermal analysis was carried out by Differential Scanning
Calorimetry (DSC) of the type DSC 200F3 (NETZSCH Group,
Germany). The samples were continuously heated up from
room temperature to 300 °C with a heating rate of 20 °C/min.
In terms of polymer samples, the effect of their heat treatment
or heating history on the polymer properties can be studied
with the results of a single heat-up process, and the crystal-
linity can be calculated. Approximate 1 mm thick material of
the inner surface, middle layer and outer surface of the aged
PE pipe were removed for testing according to different aging
times. The output data of the DSC experiment was analyzed
according to the most common methods to calculate the
physical properties of the material. For instance, the crystal-
linity (X.) was calculated from the melting enthalpy of the DSC
curve by the following formula:

_ AHp
¢ AHO

(16)

where AHp, is the melting enthalpy of the tested sample, and A
HS, is the melting enthalpy of 100% PE crystal, which equals to
293]/g [48].

2.4. Infrared spectroscopy

IR spectra were collected with an ATR-FTIR spectrometer,
using a 4 cm ™! spectral resolution and 30 scans per specimen.
To characterize potential changes in the chemical structure
during the exposure time, ATR- FTIR spectroscopy measure-
ments were completed with a device of the type Bruker VER-
TEX 70 (Bruker Corporation, Germany). The ATR-FTIR for
ranges from 400 to 4000 cm™* was used to analyze the varia-
tion in functional groups of pipe samples due to exposure to
heater air. The aging degree is characterized by the carbonyl
index (CI), which was calculated from the ratio between the
integrated band absorbance of the carbonyl peak from 1650 to
1850 cm™?! and that of the methylene (CH,) scissoring peak
from 1420 to 1500 cm ! as expressed in the following equation
[49]:

__Area under band 1650 — 1850 cm™
" Area under band 1420 — 1500 cm-?

(17)

3. Results and discussions
3.1. Nanoindentation testing results

Fig. 6 exhibits typical load—displacement curves of the outer
layer of PE80 and PE100 pipe samples at the different aging
times, respectively. The maximum indentation depths (the
displacement in the indenting direction) decreased with the
exposure time for both samples, and the indentation depth of
PE100 were smaller than PE80 samples at early stage of
accelerated test, implying the PE100 material is stiffer than the
PE80 material. However, it is worth noting that the indenta-
tion depth of the PE80 pipe samples is smaller than the PE100
with further exposure in oven, which implies the PE8O pipe
might be more affected by thermo-oxidative aging. In addi-
tion, the two curves at the leftmost end in Fig. 6 (a) and (b)
show that the aging degree of PE80 pipe after exposing to
heated and pressured air about 10104 h is comparable to the
result of 25 years of service, and PE100 after 10104 h exposure
is close to the result of PE100 pipe servicing for 15 years. As

Unaged
Aged 672h
—— Aged 1344h
—— Aged 2352h
—— Aged 3024h
—— Aged 10104h
—— Service life, 25years

=7 1
0 200 400 600 800 1000 1200 1400
Depth[nm)]
(2)
1.0
0.8
Z /
_%.0.6- / —— Unaged
g ‘ —— Aged 672h
— 0.4 —— Aged 1344h
— Aged 2016h
— Aged 2688h

—— Aged 10104h
4 —— Service life, 15years
0 200 400 600800

1000 1200 1400
Depth[nm]
(®)

Fig. 6 — Typical load—displacement curves in outer layer of
PE80 pipe (a) and PE100 (b) samples with different aging
times.
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Fig. 7 — The creep depth curves on the outer surface with different exposure times for PE80 (a), and PE100 (b), with different
positions of PE8O after aged 3024 h (c), and PE100 after aged 10104 h.

mentioned in Fig. 4, the curves could be divided into three
stages, where the horizontal segment represents the holding
stage and reveals the creep process. It can also be crudely
observed from Fig. 6 that the creep depth is positively corre-
lated with the maximum indentation depth i.e., both the
maximum indentation depth and the creep depth decrease
with the aging times. In the following pages, the correspond-
ing values of creep depths or maximum indentation depths
will be extracted for further analysis.

Fig. 7(a) and (b) present the creep behaviors of the two types
of the PE pipes at different aging times. In these tests, the
loading of 1 mN was held for 30s. In regard to all specimens,
the creep deformation decreased with exposure times. At
each aging time, the creep depth of the PE100 pipe specimens
is almost greater than that of the PE8O pipe specimens, which
elucidated PE80 specimens show higher resistance to creep.
The above difference between the two materials in the creep
resistance (creep and relaxation are essentially the same)
might be due to the higher molecular mobility of PE100 than
PE80 [50]. Compared to PE100, the chains in PE80 with lower-
density entanglements become oriented more easily which,
in turn, reduces molecular mobility and leads to lower relax-
ation time or creep depth [51]. Similarly, the creep curve of the
PE80 after aged 10104 h was closer to the results of the PE8SO
pipe servicing for 25 years, while the creep depth of the PE100

after aged 10104 h was smaller than the result of PE100 pipe
servicing for 15 years. Fig. 7 (c) and (d) show the creep curves at
different positions on the samples after aged 3024 h for PE80
and 10104 h for PE100, respectively. It can be seen that the
creep depth of the middle layer was greater than that of the
inner and outer layers of the pipe, which indicates the non-
middle layer shows higher resistance to creep after a long
term of exposure in high temperature and pressure.

Fig. 8(a) and (b) exhibit the creep depth and the maximum
indentation depth of PE80 and PE100 pipe specimens at
different exposure times and different positions, respectively.
In particular, Fig. 8(a) gives the specific values of creep depth
vs aging time for the curves in Fig. 7(a) and (b), and Fig. 8(b)
gives the specific values of creep depth vs spatial location for
the curves in Fig. 7(c) and (d), as well as the specific values of
maximum indentation depth vs spatial location. The results
demonstrate that the creep depth of the specimens shows an
obvious characteristics of the space-time distribution with the
increment of aging times. As shown in Fig. 8(a), it can be seen
that the stepwise increments in exposure time to the heated
and pressured air induces a significant reduction in the creep
depth of the outer layer of the pipe but a slow decrease of the
middle layer. In detail, the data show that the creep depth of
middle layer of the PE80 and PE100 specimen decreases by
9.1% and 20.5% respectively, while it decreases by 75.6% and
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60.0% in outer layer respectively. In addition, the creep depths
of the outer layer of PE80 after served 25 years and PE100 after
served 15 years are marked in Fig. 8 by dotted lines. As shown
in Fig. 8(b), both of the two parameters show obvious non-
uniform characteristics, and the value of the middle layer is
larger than the surrounding area, nomatter outer layer or
inner layer.

Fig. 9(a) and(A) show the typical displacement profiles of
PEBO after aging 3024 h and PE100 after aging 2688 h, respec-
tively, during the holding period with a constant load of 1 mN.
Creep displacement during holding stage is fitted by using Eq.
(15). It is apparent from Fig. 9(a) and (A) that slope of the creep
curve become nearly constant (quasi-steady creep, stage II) at
the end of holding period which gives the value of creep rate.
Creep rate is obtained from the linear curve fitting during
quasi-steady stage, as shown in Fig. 9(a) and (A). Fig. 9(b) and
(B) show all strain rate profiles of PES80 and PE100 with time
during 30 s holding stage at the same peak load. With
increasing aging time, the stage II of creep was observed for
both materials. It's clear that the quasi-steady stage of the
creep has been reached after approximately 20 s for PE80 aged
3024 h, 10104 h and service for 25 years, or for PE100 aged
2688 h, 10104 h and service for 15 years. The creep stress
exponent, which identifies the dominated creep mechanism

and creep stability is an important parameter for analyzing
creep behavior. Stress exponent during steady state creep is
obtained by the slope of In (de/dt) versus In (¢) within the
quasi-steady creep stage, as shown in Fig. 9(c) and (C). The
linear fitting in the initial steady state region of the plot gives
the value of stress exponent.

A good agreement is observed between the experimental
data and the generalized Kelvin model as shown in Tables 1
and 2 Under the accelerated conditions, significant re-
ductions in h, indicate a reduction of the elasticity for the both
materials. What's more, the elastic deformation of the PE80 is
smaller than that of the PE100 during most of the exposure
times except for 672 h. The time-dependent deformation (h,)
which is considered as inelastic response, shows a similar
trend to he (h, or hs exhibit a little change). A reasonable
interpretation is that both he, and h; are proportional to the
stiffness [52], and accelerated aging may cause the material to
harden and creep displacement to decrease. Moreover, for all
PE pipe samples, u, increases with exposure time. Relative
study demonstrates that creep deformation is caused by
polymer chain slip, crystal rotation and interlayer separation
[53], which can be divided into viscoelasticity and plastic
deformation of the material. But it should be noted that the
plastic deformation is insignificant during the indentation
creep while the load holds at a constant value [47]. In addition,
available research indicates that the lower crystallinity can
accelerate the creep deformation of PE [54]. Thus, a reduction
of creep deformation might clarify a fact that the crystallinity
increased with aging time.

The elastic modulus and hardness of the materials were
calculated and plotted separately by using two methods (the
energy-based method and O— P method) and the corre-
sponding testing data were listed in Fig. 10. Obviously, the
almost indistinguishable results of the two methods shown in
Fig. 10(a), indicate that the energy-based method to calculate
the contact stiffness is not only suitable for cementitious
materials [17,39] and rocks [19], but also for PE materials.
Then, for the sake of convenience, only the results calculated
by using energy-based method would be shown later. In
addition, as seen in Fig. 10(b-c), it shows the elastic modulus
and hardness of the PE80 and PE100 specimens with different
aging time and at various positions, respectively. Apparently,
with the increment of aging time, the elastic modulus and
hardness of the materials also show obvious characteristics of
the time- and space-dependent distribution. As listing in
Fig. 10(b), the elastic modulus and hardness of the outer layer
of the pipe substantially increase with exposure time, while in
the middle layer they show an extremely slow increase. In
addition, the PE100 demonstrates a greater elastic modulus
and hardness than that of the PE8O at the early aging stage,
which reveals it posess greater initial stiffness. However,
significant changes occur in these two parameters of the PE80
than those of the PE100 from approximate 2500 h—10104 h,
which indicates an approximately lower resistance to the
elevated temperatures and pressures. One possible reason is
that the stiffness is proportional to the crystallinity [55], and
the crystallinity in the original PE100 is higher than that in the
PEO, but lower than the latter as the thermo-oxidative aging
proceeds. Additionally, the obvious non-uniform aging char-
acteristics can be seen in Fig. 10(c). Due to the adequate
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profile of PE8O (b), and PE100 (B); the corresponding In (de/dt)-In (o) plot of strain rate vs. stress.

oxygen supply accelerating aging process, it is conceivable
that the elastic modulus and hardness of the inner and outer
layers of the pipe are greater than those of the middle layer
and that is exactly what happened as shown in Fig. 10.
Furthermore, it can be seen that under natural age, the PES80O
has greater elastic modulus and hardness after 25 years of
service operation comparing to accelerated aged 2352 h, while
the PE100 has less elastic modulus and hardness after 15 years
of service operation when compared to accelerated aged
10104 h. These smaller changes in creep depth, elastic

modulus and hardness shown in Figs. 8 and 10, might reveal
that PE pipes operate at a slow aging rate in the natural
environment.

Changes in relative plastic/elastic behavior of the material
are quantified by plasticity index, as shown in Fig. 11 (a) and
(b). Under accelerated conditions, stepwise reductions in
plasticity index within a relevant small range (i.e., 0.5-0.75)
indicate a progressive reduction in the plastic deformation. As
a semi-crystalline polymer, the PE structure consists of
amorphous region (semi-crystalline region), the crystalline

Table 1 — The generalized Kelvin model fitting parameters with different aging times for PE80.

Aging time he (nm) h; (nm) t1 (S) hy (nm) to (S) hs (nm) ts (s) Uo (s/nm) R?

Oh 148.35 45.52 12.57 0.69 11.45 2.88 0.36 1.27 0.9998
672h 136.19 44.42 12.38 1.84 11.32 3.52 0.74 1.21 0.9999
1344 h 140.15 35.35 12.18 1.06 11.65 1.72 0.95 1.32 0.9979
2352h 115.98 24.99 10.95 1.93 11.98 5.18 1.10 1.39 0.9998
3024 h 84.56 6.70 5.82 2.73 18.04 4.50 0.19 1.44 0.9975
10104 h 81.41 6.57 5.05 1.79 20.91 4.74 0.78 3.52 0.9874
Service 25 years 82.41 6.79 4.43 1.84 67.91 15.01 0.60 3.45 0.9754

Table 2 — The generalized Kelvin model fitting parameters with different aging times for PE100.

Aging time he (nm) hy (nm) ta1 (s) hy (nm) t (S) hs (nm) ts (s) Ko (s/nm) R?

Oh 183.71 53.91 19.46 2.81 12.13 3.72 0.193 1.18 0.9998
672 h 115.47 51.01 18.12 4.11 14.17 4.51 0.276 1.15 0.9998
1344 h 144.87 49.57 15.73 2.04 16.57 441 0.37 1.25 0.9994
2016h 137.7 47.76 15.59 0.67 15.61 3.43 0.43 1.83 0.9997
2688 h 128.23 40.71 14.00 0.84 24.09 3.86 0.03 247 0.9996
10104 h 93.31 38.03 3.99 0.79 49.97 1.70 0.40 2.50 0.9920
Service 15 years 110.37 39.69 8.27 2.55 31.02 5.39 0.48 249 0.9983
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region and the interzonal region. Many research indicated
that thermal oxidation only occur in the amorphous region
[2,8]. Once the amorphous regions are oxidized, the fracture of
tie-molecular increase, which induces increment of the crys-
tallinity due to cross-linking at an early aging stage. When
cross-linking occurred, it would hinder the chain motion and
ultimately reduced the ductility of the PE material to some
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Fig. 11 — Changes in plasticity index (a) and their
distribution along the distance from inner surface (b).

extent. Macroscopically, the changes in crystalline structure
induce the increment or reduction of mechanical properties,
where the elastic modulus and hardness increase with the
aging time, in contrast creep depth, maximum depth
decrease. Similarly, it can be seen from Fig. 11(b) that there is
also a significant heterogeneity in the plasticity index among
the inner, outer layers and the middle layer.

3.2. DSC and ATR-FTIR results

Changes in characteristic temperatures of the melting of PE
pipes allows to derive some information about the deteriora-
tion in the molecular chains during material aging, and thus
relevant analysis facilitate understanding of the aging mech-
anism and process of PE pipes. Fig. 12 presents some DSC re-
sults of the inner, middle and outer layer of the PES80 and PE100
samples, respectively. It can be seen that the melting peak
temperature (melting point, Tr,) shows a slow increment with
aging time (except for aging 10104 h), and the crystallinity
obtained by the total enthalpy method mentioned earlier also
shows a stepwise increment, as shown in Fig. 13(a). That is to
say, because the more perfect and thicker PE crystals will tend
to melt at a higher temperature than smaller crystals, the
thickness of the crystals as well as their perfection show a
similar trend as T,,. When PE pipes suffer from thermo-
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Fig. 12 — DSC curves of aged PE pipes: (a) PES80 and (b)
PE100.

oxidative aging, the chain scission caused by aging and
degradation of the material can lead to chemi-crystallization,
which results in the increasing of crystallinity. In addition, as
shown in Fig. 13(b), the other characteristic temperatures of
the melting including the initial melting temperature (or
called onset temperature, Tiy,) and end melting temperature
(Tem) Were extracted. Significant temporal and spatial depen-
dence was observed for the crystallinity, melting point, initial
melting temperature, end melting temperature. With the
increment of exposure time, all values of initial melting
temperature of the two types of PE pipes have remained on a
downward trend (especially in inner or outer layer of sam-
ples), where the T;,, value of the outer layers of the PE80 and
PE100 pipe decreases from 120.4 °C to 117.2 °C—114.3 °C and
111.9 °C, respectively, while the T;,, value of the middle layers
of the PE8O or PE100 pipe actually reduces a little. Additionally,
the end melting temperatures Ten, of the inner and outer
layers of all pipe materials increases firstly and then de-
creases. The Ti, and Tem value represent the information
related to short and long molecular chains, respectively.
When the characteristic temperature decreases, it indicates
the number of relevant molecular chains drops. In contrast,
an increase of the characteristic temperature indicates an
increment for the number of molecular chains. In other
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Fig. 13 — Aging-induced changes in crystallinity (a), initial
melting temperature, melting point and end melting
temperature for PE pipes (b).

words, the decline in the initial melting temperature Tiy, in-
dicates the number of short molecular chains of pipe material
descend, while the increase in the end melting temperature
Tem implies an increment of the long molecular chains.
Additionally, the spectra of the outer surface of the PE
pipes with different aging times are shown in Fig. 14. In
addition, the aging degree of the two PE materials was quan-
titatively characterized using the carbonyl index calculation
method mentioned earlier, and the results are shown in
Fig. 15. As the general characteristics of the infrared spectrum
of high density polyethylene, all the infrared spectrum curves
obtained have two absorption peaks around 2900 cm™* and
one strong absorption peak at 1460 cm ! and 720 cm™?
respectively. Based on free radical theory, the majority of the
oxidation degradation products are the carbonyl-containing
organics with small molecular weights, including ester
(1740 cm™?), ketone (1715 cm™?), aldehyde (1725 cm™%) and
carboxylic acid (1705 cm™") [56]. As shown in Fig. 14, the
wavenumbers near 1740, 1650 cm™~* and 1040 cm™* present
obvious absorption peaks, which implies the existence of
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Fig. 14 — FTIR spectrums of PE80 (a) and PE100 (b) exposed
to pressurized air.

degradation products. Because these peaks present the
stretching vibration of the C=O0 of ester, the C=C bond and
the C—0O bond of alcohol structure or anhydride [8], respec-
tively. It can be seen from Fig. 15 that the carbonyl index of
PE80 and PE100 pipes gradually increase with the aging time.
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Fig. 15 — Carbonyl index change as a function of PE grades
and aging time (including PE pipes with different service
life).

The similar CI results of PE80 and PE100 pipes confirm that the
two pipe materials are comparably deteriorated under high
temperature and pressure exposure.

3.3.

Correlation between mechanical property and

crystalline structure

Fig. 16 (a) to (c) show the relationship between elastic modulus
and hardness, elastic modulus and creep depth, and elastic
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crystallinity (a), and crystallinity as a function of Ty, with
different aging times (b).

modulus and plasticity index obtained from nanoindentation
tests, respectively. The fitted curves and 95% confidence
bands and prediction bands are presented in Fig. 16(a). It can
be seen that the elastic modulus and hardness of PE100 show a
linear relationship, in which the R? values equals to 0.99 and is
larger than 0.95. In addition, almost all data points fall into the
above confidence and prediction bands. However, the elastic
modulus and hardness of PE80 show a power function rela-
tionship, where the R? value is also larger than 0.95. In fact, in
a small range, the elastic modulus and hardness of PE80 is also
close to linearly dependent. It can be understood that an in-
crease in the elastic modulus is proportional to the hardness,
where the physical mechanism behind them is the same-an
increase in crystallinity results in a denser material. Addi-
tionally, as seen in Fig. 16(b) and (c), the creep depth and
plasticity index of PE pipes show a power function of the
elastic modulus, where the index of the function is less than
zero. In other words, the larger the elastic modulus comes, the
smaller corresponding creep depth and plasticity index.
Moreover, different colors are used in Fig. 16 to indicate
different aging times, so that it is more intuitive to see the

stepwise reduction of creep depth and plasticity index as
aging proceeds with the progressive increase of elastic
modulus.

As a semi-crystalline polymer, the mechanical properties,
such as elastic modulus, hardness, etc. of PE pipes, are closely
related to crystallographic factors such as crystallinity. There
are even related reports also indicate that crystallinity also
affects the friction and wear properties of the material [57].
Fig. 17 shows the relationship between crystallinity and
elastic modulus of PE pipes. Obviously, the mechanical
property-elastic modulus shows a roughly proportional to
crystallinity. Moreover, for all testing samples, the values of
crystallinity were plotted as a function of T,, in Fig. 17(b).
Similarly, the crystallinity is proportional to Ty, but the data
points are discretely distributed around the fitting straight line
in Fig. 17(b), indicating that although there is a linear rela-
tionship, the linear correlation between crystallinity and Ty, is
a bit weak. In conclusion, these above results indicate that
crystallinity is the main factor affecting the variation of me-
chanical properties of PE pipes, and a good correlation exists
between crystallinity and mechanical properties-elastic
modulus.

4, Conclusions

In this paper, the mechanical, physical and chemical proper-
ties of two types of aged polyethylene pipes are systematically
investigated by using nanoindentation, DSC and FTIR. The
nanoindentation test can be used to characterize the thermal
oxidation of PE pipes, especially to reflect the heterogeneity of
aging properties, and can promote the accuracy of mechanical
properties characterization and possess well fitness for PE
pipes in accelerated aging conditions or in-service. In addi-
tion, it also correlates well with other characterization
methods. The energy-based method to calculate the contact
stiffness is not only suitable for cementitious materials and
rocks, but also for PE materials. What's more, the nano-
indentation creep tests can not only resolve the difficult and
inaccurate to calculate the initial contact stiffness using the
slope in O—P method, but also can extract some more detailed
parameters that are more representative of the differences in
material deformation with aging time. With increasing aging
time, the stage II of creep was observed for both materials
even with a creep time of only 30s. The generalized Kelvin
model had been used to fit the nanoindentation creep data for
PE pipes, and the creep curves of the two types of PE materials
were further analyzed to extract representative parameters to
represent those differences in material deformation. As
exposure time progresses, significant temporal and spatial
dependence was observed for the mechanical properties-
elastic modulus, hardness, plasticity index, creep properties
and physic properties-crystallinity, melting point, initial
melting temperature, end melting temperature. There is an
obvious correlation between physical properties and me-
chanical properties, the elastic modulus shows a roughly
proportional to crystallinity. All results indicate that
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crystallinity plays a dominant role on mechanical perfor-
mances of PE pipes.
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