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Abstract

Ductile-to-brittle (DB) transition is of tremendous importance for lifetime prediction of
polyethylene (PE). Majority of current methods for determining critical stress for the DB transition
of PE products use notched coupon specimens in order to shorten the test timeframe. However,
those work are mainly for characterization of the crack resistance performance, not for determining
critical stress level for the DB transition. Therefore, the ultimate goal of this research is to develop
a new short-term test, based on notch-free specimens, to predict critical stress for the DB transition
of PE for load-carrying applications. The key assumption for the approach used in the research is
that below a critical stress level, brittle failure occurs as a result of the limited extent of deformation
due to the constraint of deformation in the amorphous phase; above this critical stress level, ductile
failure dominates the failure mode due to the activation of collective crystallographic slips which
accommodate large plastic strain. Thus, it is expected that critical stress for the DB transition
should not exceed the stress level for the onset of global yielding in the crystalline phase. Also,
the critical stress contains two components, one is the time-dependent viscous stress and the other
the time-independent quasi-static stress. In view that the quasi-static stress should dominate the
long-term load-carrying performance of PE, the viscous stress should be excluded from the critical
stress that is considered for the long-term applications.

Based on the above assumption, uniaxial creep tests are firstly conducted on three PE
plaques differing mainly in mass density, and master time-to-failure curves are constructed through
the use of a stress-time-temperature (StT) parametric method. PE with the highest density shows
the well-known DB transition; PE with the medium density shows a different transition which was

detected through the change in the dependence of failure time on the applied stress, but the failure
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mode remained ductile. Therefore, this transition is named ductile-ductile (DD) transition. To
investigate the correlation between creep deformation and activation energy at the secondary creep
stage, Norton Power Law (NPL) and Eyring’s Law are used to analyze the results. The analysis
suggests a strong correlation between the DB transition and activation energy at the secondary
creep stage, and that the Monkman-Grant relationship is applicable to ductile failure, even with
the DD transition. Therefore, rather than the use of creep tests with failure time up to 13 months,
short-term creep tests have been investigated, and found to have the potential for predicting the
critical stress for the DB transition.

The study also included development of a new short-term test, named multi-relaxation (MR)
test which is proven to be capable of detecting two critical quasi-static stresses for change of
mechanisms involved in deformation. Six PE plaques with different mass densities were studied
and the results show that the 1% critical stroke has very similar values among six PEs of different
mass densities. More interestingly, ratio of the quasi-static stress at the 1% critical stroke to the
yield stress from the standard tensile test shows little dependence on PE density. Therefore, it is
possible to use the popular short-term tensile test to characterize the critical quasi-static component
of the applied stress to initiate plastic deformation in the crystalline phase, which is expected to
play a significant role on the long-term, load-carrying applications of PE.

Finally, the study has correlated the critical quasi-static stresses from the MR test with the
critical stress for the DB transition from the creep test. The results on compression-molded PE
plaque show that the critical quasi-static stress for the onset of global yielding in the crystalline
phase correlates well with the critical stress for the DB transition. Therefore, such a concept is also
transferred to PE pipe. The results suggest that critical quasi-static stress for the onset of plastic

deformation in the crystalline phase is close to the hydrostatic design basis (HDB) value based on
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the long-term hydrostatic strength (LTHS) determined from hydrostatic pressure tests, but the MR
test takes less than two weeks to complete, while the LTHS requires more than 1 year to measure.
Therefore, the MR test can be used as an alternative method to characterize PE pipe performance,

especially for preliminary screening or in-service monitoring of PE pipe performance.
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Chapter 1 Introduction

Chapter 1 is an overview at this thesis, which provides the research background, motivations,
literature review, objectives and methodologies. The thesis organization is also outlined at the end

of this chapter.



1.1 Background and motivation

Polyethylene (PE) has long been an attractive option for load-carrying applications,
ranging from plastic pipes for water and gas transportation to containers and film for material
packaging, because of its light weight, corrosion resistance and excellent ductility [1-4]. In
addition, easy installation and low maintenance costs make PE pipe the most popular candidate
for the newly installed low-pressure gas pipeline systems [5-7]. Therefore, there is considerable

interest to address the mechanical behaviors of PE pipe for load carrying applications.

For the use of PE in such applications, a ductile-to-brittle (DB) transition of failure mode
is a major concern [8-9], since PE can fracture in either a ductile or a brittle manner, depending on
the loading conditions [10-15]. Using hydrostatic pressure test on full-sized PE pipes, as suggested
in ASTM D2837 [16], the LTHS (long-term hydrostatic strength) of PE pipe is typically obtained
through standard extrapolation methods. However, the standard test requires a long duration (some
more than 14 months) to complete in order to cover the service life of 50 years. And this standard
test is yet to be able to determine time and stress level for the DB transition. Better understanding
of the DB transition will help in predicting the failure mode and lifetime of PE. Hence, it is of
great importance to develop an accurate and time-efficient test to predict critical stress for the DB

transition.

Typically, failure mechanisms of PE under creep loading can be divided into three
characteristic regions, depending on the applied stress level, schematically shown in Fig. 1.1 [17].
At arelatively high stress level, corresponding to region I in the figure, PE fails in a ductile manner

as a large scale of plastic deformation occurs before fracture. At a lower stress level, region 11, the



failure mode changes to brittle, as little indication of plastic deformation occurs, which is also
known as slow crack growth (SCG) [18]. The DB transition is where the inflection point is between
regions I and II. Region III is nearly stress independent, where failure occurs via chemical aging

or polymer degradation, usually after a very long period [19].

Region |
Ductile

| Region 1l
1 Brittle

Region 1l
Degradation

log (hoop stress)

A J

log (failure time)

Fig. 1.1 Schematic plot of the typical hoop stress versus failure time for PE pipes.

As brittle failure is mainly characterized by SCG, some standard test methods, such as
notched pipe test (NPT) [20], full-notch creep test (FNCT) [21] and Pennsylvania edge-notch
tensile test (PENT) [22] and cracked round bar (CRB) test [23] have been developed to promote
SCG at the notch tip. Notched specimens are effective in reducing test time for detecting the DB
transition. However, use of the notches prevents the test results from predicting critical stress and
time for the DB transition in PE products that do not contain any notch [24]. In addition to the use
of sharp notches to promote SCG, environmental stress cracking agents such as Igepal are also
used to facilitate the formation of crazes and reduce time for initiation of crack growth [25-26].

For semi-crystalline polymers such as PE, the crystalline lamellae are packed together by the tie



molecules in the amorphous phase, which play a decisive role in the load transmission in the
deformation process [27-29]. The pull-out and disentanglement of tie molecules from the
crystalline lamellae can initiate crack, which are favored by the use of stress cracking agents.
However, the above test is mainly for characterization of the environmental stress cracking
resistance (ESCR) performance, not for determining the critical stress level for the DB transition.
Therefore, in this study, without the use of environmental stress cracking agents, notch-free

specimens are used to characterize critical stress for the DB transition.

As a semicrystalline polymer, PE’s deformation involves both crystalline and amorphous
phases. Although both phases are involved from the beginning of the deformation process, their
role of involvement varies with the applied stress level [30]. A widely accepted concept is that
deformation of PE is initially dominated by the amorphous phase, due to its relatively low
resistance to deformation [31]. The crystalline phase is involved at this stage through inter-lamellar
shear, inter-lamellar separation, and lamellar stack rotation [31-34], of which the contribution
depends on the loading mode and the stress level. Majority of the recoverable deformation can be
attributed to the reversible inter-lamellar shear due to the rubber-like behaviour of the amorphous
phase [35]. In an engineering stress-strain curve from tensile loading, PE is known to yield at the
peak point, at which the lamellar structure starts to disintegrate. However, Strobl and co-workers
[36-38] reported that local plastic strain started to occur before the global yielding, and transition
from amorphous-phase-dominant deformation to that involving plastic deformation in the
crystalline phase is detectable. Based on this concept, we believe that the brittle-like failure
behavior in PE at a low stress level is caused by the limited extent of deformation due to the

constraint in the inter-lamellar, amorphous phase.



Following the work described above, this study proposed a new short-term test method to
detect critical stresses for deformation transitions. On the other hand, creep tests were also
conducted to predict critical stress and time for the DB transition, based on a stress-time-
temperature (StT) parametric method that is similar to the method introduced in ISO 9080 [39]
and ASTM D2837 [16]. Results from short-term and creep tests were correlated to demonstrate

the feasibility of using a short-term test to characterize DB transition of PE.

1.2 Literature review

1.2.1 Characterization of the DB transition using notched-coupon specimens

Over the last few decades, many researchers have shown considerable interests in
predicting the DB transition and long-term performance of PE using short-term laboratory tests
[19, 40-43]. To my knowledge, majority of these studies introduce artificial notches to specimens
to use high stress concentration at the notch tip to encourage SCG development. Such coupon

specimens are chosen to be able to characterize the DB transition in a very short period.

Brown and his co-workers have studied extensively the DB transition and long-term
performance of PE and its copolymer [11, 14, 25, 44-45]. In Ref. [44], they conducted creep tests
on linear PE at 30 °C to generate ductile failure. In order to generate brittle failure, they used
single-edge notched (SEN) specimens to initiate the fracture process and then to measure crack
growth speed. The notch opening under different loading conditions was obtained from scanning
electron microscopy (SEM), which was used to determine crack growth speed for brittle failure.
By expressing time for the ductile failure as a power law function of applied stress, the location of
the DB transition is in qualitative agreement with results from hydrostatic pressure tests (notch-

free) [46]. However, the quantitative comparison is not given.
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Brown and his co-workers also investigated the effect of the side chains of PE molecules
on the occurrence of the DB transition [14]. The SCG behaviours of a high-density homopolymer
and an ethylene-hexene copolymer were studied using SEN specimens. The results suggest that
the major effect of the side chains is to decrease the rate of disentanglement which governs the
process of SCG. In other words, the homopolymer has a lower resistance to SCG. Later, they
studied the effects of crack tip blunting [11], environmental stress cracking agent [25] and thermal
history [45] on the long-term performance of PE. Following the aforementioned work, Brown and
his co-workers developed an accelerated test to evaluate SCG resistance and DB transition of
polymer pipe [47]. The test later became an international standard, and is known as PENT test [22].
However, many researchers [17, 48] have shown concerns in quantitative evaluation of the DB

transition of PE grades using the PENT test.

Other accelerated tests using coupon specimens have also been developed by many
investigators. Frank and Pinter [40] conducted cyclic fatigue test to predict the failure time and
DB transition of PE using cracked round bar (CRB) specimens. Based on linear elastic fracture
mechanics, stress intensity factor was used to characterize the crack growth kinetics. The fatigue
crack growth (FCG) curves were generated by plotting the crack growth rate against R-ratio (ratio
of minimum to maximum loads). These curves were then extrapolated to static loading conditions
(i.e., R-ratio = 1). Without considering the crack initiation time, the DB transition determined was
compared to results from hydrostatic pressure tests (notch-free), to show a good agreement with
an initial crack size of 0.4 mm. However, the strong dependency of the DB transition on initial

crack size remains a concern for its universal applicability.

Schilling et al. [49] used FNCT test to characterize the DB transition of HDPE. Location

of the DB transition was investigated and compared when performing FNCT test among different
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media, i.e. water, air and 4-nonylphenyl-polyethylene glycol. It was found that location of the DB
transition was strongly dependent on the surfactant used in the study. Time for the DB transition
was significantly shortened and the corresponding stress lowered in 4-nonylphenyl-polyethylene
glycol. Although such an accelerated test is effective in ranking different PEs, it is ineffective for

lifetime prediction under the in-service loading conditions.

Adib et al. [50] studied the influence of specimen geometry on the SCG testing of HDPE
pipes. They suggested that different specimen geometries adopted by PENT test and
circumferentially deep notched tensile (CDNT) test can lead to different ranking for the PE pipes.
Such phenomena leave uncertainties in quantitatively evaluating the DB transition of PE pipes in

service.

In addition, coupon specimens were also widely adopted in Refs. [12, 15, 51-56], to shorten
the timeframe for characterizing the DB transition. However, results from these studies cannot be
used to determine the DB transition of PE pipes in service because of the use of artificial notches
[24]. Moreover, those work are mainly for characterization of the crack resistance performance,

not for determining critical stress level for the DB transition.

1.2.2 Characterization of the DB transition using notch-free specimens and its comparison

with that using notched-coupon specimens

On the other hand, to my knowledge, only a few groups have tried to use notch-free
specimens to predict the DB transition, and to apply the test results to prediction of service life of
PE under the in-service loading conditions. The DB transition is known to cause brittle failure at

a low stress level, occurring often after a long incubation period [10, 14]. Hence, one problem for



the use of notch-free specimens is that the DB transition may not be detected for a long period,

even at elevated temperatures.

Using dumbbell specimens, Crissman [57] investigated the long-term creep and lifetime
behavior of linear low density PE (LLDPE) under different loading conditions. The concept of
time-temperature superposition was applied to construct a master curve to predict long-term creep
response for LLDPE. For all tested specimens, none of them showed brittle failure. In other words,
the DB transition cannot be detected by this type of creep test within a year. This was not surprising,

as LLDPE contained a large amount of amorphous structure, making it relatively ductile.

Crissman and Zapas [58] conducted creep test on HDPE with mass density of 0.970 g/cm?.
They have shown that brittle failure of their HDPE occurs after 10 days under a low stress level at
ambient temperature. For HDPE, the mass density is around 0.94 to 0.97 g/cm? [59]. Therefore,
the high mass density PE used in their work reaches the upper density limit and is prone to brittle
failure because of the high degree of crystallinity [60]. For this type of PE, creep test can be

performed within a very short timeframe to measure the DB transition.

Lang et al. [15] also studied the failure behavior of HDPE pipes under constant internal
pressure and characterized the DB transition at several temperatures using an extrapolation method
in ISO 9080. A transition from ductile failure to brittle or quasi-brittle failure is clearly visible at
elevated temperatures. Although no brittle failure was detected at room temperature within the test,
the extrapolation method in ISO 9080 was capable of predicting the location of DB transition at
room temperature. However, the test is quite time-consuming (more than three months) even with
the acceleration factor of temperature. Krishnaswamy [61] also investigated the creep rupture

behavior of PE pressure pipes with mass density of 0.952 g/cm?® at room temperature and 80 °C.



Only ductile failure was evident for all tested conditions at room temperature. Although the DB
transition was observed at 80 °C, the long time required for gathering rupture data is more than a
year. It is therefore expected to be very time-consuming to characterize the DB transition of HDPE

of different mass density.

Due to the improved crack resistance of newly installed PE pipe, only a few works
addressed the comparison of the DB transition in notched and notch-free specimens.
Krishnaswamy [17] compared the DB transition for two different HDPEs using PENT test and
hydrostatic pressure test (notch-free). In the PENT test, the applied stress was increased to 3.8
MPa to accelerate the fracture process. For both HDPE pipes, the DB transition was detected from

the two tests. However, contradictory results were obtained.

Nezbedova et al. [48] compared PENT test result with hydrostatic stress pressure tests.
They suggested that PENT test may underestimate the SCG rate and thus overestimate lifetime.
Considering that PENT test is carried out at elevated temperatures, the obtained failure time does
not allow us to estimate the absolute lifetime of PE in the ambient temperature that is common in

service.

1.3 Research objectives and methodology

The overall objective of this research project is to develop a short-term test, using notch-
free specimens, to detect critical points for deformation transitions of PE and predict critical stress
for the DB transition. In this research project, six compression-molded PE plaques with different
mass densities, all from ExxonMobil Chemical provided by Imperial Oil, are selected as sample
materials. Due to PE’s popularity in pipeline industry, another six commercial PE pressure pipes,

provided by Gas Technology Institute and Polytubes, are also studied. However, the main focus

9



of this research is on PE plaques, as the residual stress within PE pipes may have unknown effects
on the characterization of the DB transition. Nevertheless, feasibility of transferring the concept
used for PE plaques to PE pipes was examined.

Here are the specific objectives for the study:

(1) To establish master time-to-failure curves for creep test results using a stress-time-
temperature (StT) parametric method.

(2) To quantify the occurrence of DB transition and to identify deformation
mechanisms in notch-free specimens.

3) To develop a new short-term test to detect the critical points for transitions of
deformation mechanisms.

(4) To correlate the short-term test results with creep stress for DB transition.

To achieve the above objectives, the following tasks have been completed:

(1) Creep tests are conducted to collect test data for three ethylene-hexene copolymers,
with different failure modes observed. Collecting enough creep data for each failure mode, a StT
parametric method, similar to that described in ISO 9080, can be adopted to construct master time-
to-failure curves. Master time-to-failure curve for ductile failure should be obtained by pure ductile
failure data. Similarly, master time-to-failure curve for brittle failure is generated using pure brittle
failure data. The intersection of two master curves is the location where DB transition is expected.
The master time-to-failure curves were constructed for the three PE plaques.

(2) In order to investigate the deformation mechanisms for different failure modes,
Eyring’s Law and Norton Power Law are used to analyze deformation behaviour at the secondary

creep stage. With the analyses, activation energy at the secondary creep stage is correlated with
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the transition of failure modes. The analysis was based on creep test results from four PE plaques,
three being ethylene-hexene copolymers and one homopolymer.

3) A new short-term test method is developed to detect critical stress for deformation
transitions, based on the concept that the stress relaxation behavior can characterize the material
state of PE during the tensile deformation. Wide-angle X-ray Scattering (WAXS) is also performed
to provide supporting evidence for the short-term test results. The critical stresses for deformation
transitions are characterized for both six PE plaques and six PE pipes.

(4) To investigate the possibility of using the new short-term test to characterize DB
transition of PE plaque, the critical stresses detected from the short-term test are evaluated with
stresses for the DB transition. For PE pipes, the critical stresses are compared with their hydrostatic

design basis (HDB) values which were provided by suppliers.

1.4 Thesis organization

The thesis provides a detailed description of the proposed short-term test and deformation
transitions under creep test, and demonstrates the correlation between short-term test results with

creep test results. The remainder of this thesis is composed of five chapters as follows:

In Chapter 2, creep tests were performed on three ethylene-hexene copolymers to obtain
master time-to-failure curves with the help of a StT parametric method. Two deformation
transitions, i.e., ductile-ductile (DD) transition and ductile-brittle (DB) transition, are detected
through the change in the dependence of failure time on the applied stress. The critical stress for
the DB transition is obtained and verified by addition creep test data. This chapter also examines

applicability of the Monkman-Grant relationship for PEs that involve DD or DB transition.
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Chapter 3 presents a study on the analyses of creep deformation and its correlation with
activation energy at the secondary creep stage for three ethylene-hexene copolymers and one
homopolymer. Different from the three copolymers, the homopolymer exhibits a third failure
behaviour, referred to as low-temperature brittle failure (LTBF). The Norton Power Law (NPL)
and the Eyring’s Law are used to analyze the creep deformation at the secondary creep stage. The
analysis suggests a strong correlation between DB transition and activation energy at the secondary
creep stage. The results also suggest that Monkman-Grant relationship is applicable to both ductile

and LTBF failures.

Chapter 4 proposes a new short-term multi-relaxation (MR) test to characterize the critical
points for deformation transitions based on the concept that stress relaxation behavior can be used
to reflect the material state of PE under tension. The first critical point is for the onset of plastic
deformation in the crystalline phase and the second critical point for global yielding in the
crystalline phase. WAXS is also performed to examine the change of the crystalline phase in PE
during deformation. The corresponding quasi-static stresses at two critical points are obtained,
which are expected to play a significant role on the long-term, load-carrying applications of PE.
Materials used in Chapter 4 are six PE plaques, including four ethylene-hexene copolymers, one

ethylene-butene copolymer and one homopolymer.

Chapter 5 provides a quantitative comparison of short-term MR test results and long-term
performance for both PE plaques and PE pipes. For PE plaques, critical stress for the DB transition
correlates well with the second critical quasi-static stress. For PE pipes, the HDB value which is a
material property determined using the LTHS according to ASTM D2837, is found to be close to
the first critical quasi-static stress. The good correlations shade a light on the possibility of using

short-term MR test to predict the long-term behaviour of PE in load-carrying applications.
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Chapter 6 summarizes the main contributions of this work and provides recommendation

for the future work.
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Chapter 2 Deformation transitions of ethylene-hexene copolymers

under creep Loading

In this chapter, creep tests were conducted in the temperature range from 296 to 358 K, on three
commercial ethylene-hexene copolymers (PE) with mass density of 0.938, 0.941 and 0.952 g/cc.
PE with the highest density shows the well-known ductile-brittle (DB) transition in the relationship
between applied stress and failure time, and PE with the medium density a different transition
which was detected through the change in the dependence of failure time on the applied stress, but
the failure mode remained ductile. Therefore, this transition is named ductile-ductile (DD). The
work shows feasibility of establishing creep master curves to include the two transitions, and
discusses exclusiveness between DD and DB transitions so that detection of the DD transition can
be used to determine the likelihood of the DB transition to occur in the long-term service. The
work also examines applicability of the Monkman-Grant relationship to PEs that involve DD or

DB transition.
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2.1 Introduction

Polyethylene (PE) has long been an attractive material candidate for load-carrying
applications because of its light weight, strong corrosion resistance and excellent ductility[1-3].
Such advantages, however, have been hampered by the possibility of a ductile-brittle (DB)
transition that is known to cause a sharp decrease of the material performance. Because of the
impact of DB transition on PE’s long-term performance, standard short-term tests for some
applications have required the consideration of DB transition to determine the maximum service
life. For plastic gas pipe, for example, the standard test needs more than 13 months to complete [4]
in order to cover the service life of 50 years, but this standard test is yet to be able to determine
time and stress level for the DB transition. As a result, great efforts have been made by various
groups to develop short-term tests that can be completed in a period much shorter than 13 months,

and provide accurate measurement on time and stress level for the DB transition [5-8].

Many test methods proposed to detect the DB transition in PE are based on the creep
loading [9]. As illustrated in Fig. 2.1 which is commonly used to describe creep failure in PE pipe,
failure in region I is for creep failure under a relatively high stress level. Failure in this region is
ductile, due to extensive plastic deformation before the final fracture. By decreasing the stress
below a critical level, failure occurs in region II, also known as slow crack growth (SCG) [10],
which is to generate brittle failure from a single crack with little plastic deformation at the
macroscopic scale. Intersection between two lines in Fig. 2.1 which represent regions I and II,
respectively, is the critical point for the DB transition, also known as the “knee” point in the plastic
pipe industry. Further decrease of the stress level from region II is to enter region III which is also

for brittle failure, but with a large scale of multiple cracks. Failure in region III is often caused by
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chemical aging or polymer degradation, and time for its failure is nearly independent of the applied

stress level [11].
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Fig. 2.1 Schematic plot of applied hoop stress versus failure time for PE pipes.

Majority of short-term coupon tests developed to predict long-term performance of PE use
specimens with pre-notches in order to encourage SCG development from the notch tip [12-15].
Results from such tests can detect the DB transition using a relatively short test period. But due to
crack growth from a sharp notch, the results cannot quantify the critical stress level for the DB

transition or time for its occurrence in the load-carrying applications.

Among studies for developing coupon tests to characterize the long-term performance of
PE, extensive works were carried out by Brown and his co-workers. Work in Ref. [16] shows that
ductile failure can be easily generated in all types of coupon specimens of PE under creep loading
at 30°C, but brittle failure at the same temperature requires the use of notched specimens with
specific dimensions. The study also used notch opening displacement to determine crack growth

speed for brittle failure. By expressing time for the ductile failure as a power law function of
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applied stress, Brown and his co-workers showed that critical condition for the DB transition has
a qualitative agreement with results from the hydrostatic pressure tests on notch-free pipe sections.
They used notched-coupon specimens to investigate the effects of molecular side chains [17],
crack tip blunting [18], environmental stress cracking agent [19] and thermal history [20] on the
long-term performance of PE. The results provided a database for the development of an
accelerating test method, known as Pennsylvania Edge-Notched Tensile (PENT) test [21], to
evaluate SCG resistance of PE pipes. The PENT test is now an international standard for
characterizing SCG resistance of PE pipes and their resins [22], though some researchers [9, 23-
24] are still concerned about validity of the PENT test for quantitative evaluation of SCG resistance

of the pipe grade PE.

Other research groups have proposed other than creep loading to characterize DB transition
of PE. For example, Frank and Pinter [25] used cyclic fatigue test and simulation tools on cracked
round bar (CRB) specimens to predict failure time and DB transition of PE. The CRB test is based
on linear elastic fracture mechanics, using stress intensity factor to characterize the crack growth
kinetics. However, main concerns are that conditions used to generate the DB transition in this
type of tests show a strong dependence on the initial notch size, and that the use of a notch has

limited the test to measurement of crack growth time, not crack initiation time.

Other tests proposed based on the similar approach are also to provide a qualitative
comparison among PEs for their long-term performance [26-29]. None of them could quantify the
critical condition for the DB transition. Furthermore, studies have indicated that results from the
notched specimens can be inconsistent with results from notch-free specimens. For example,
Krishnaswamy [9] compared results from PENT test for two HDPEs with results from the

hydrostatic pressure test on their pipe sections. The comparison indicated that resistance to SCG
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failure from the two types of tests are contradictory to each other. In another study, Adib et al. [30]
showed that PENT test and circumferentially deep notched tensile (CDNT) test can lead to
different ranking among PE pipes of the same group. Such inconsistency provides uncertainties on
the validity of these test methods, which need to be resolved before these tests could be considered

for characterizing the long-term performance of PE products.

In view of the above shortcomings for the use of notched specimens, we decide to use
notch-free specimens for the study. Work presented here is about results collected from creep tests
at room and elevated temperatures, and analyzed based on a stress-time-temperature (StT)
parametric method that is similar to the method introduced in ISO 9080 [4]. The StT method is to
construct master curves of creep stress versus time-to-failure in order to explore the possibility of
detecting the DB transition. The work also reports another failure transition that does not cause
any change in the ductile failure behaviour, and examines the use of the Monkman-Grant

relationship to predict the creep failure time when the two failure transitions are involved.

2.2 Experiments

2.2.1 Materials and specimens

Plaques of three commercial ethylene-hexene copolymers were used in this study, all from
ExxonMobil Chemical provided by Imperial Oil. Commercial names of the PEs and their basic
properties are given in Tab. 2.1. For convenience, the three PEs are referred to as #1 LLDPE, #2
HDPE and #3 HDPE, respectively. Rectangular PE plaques with nominal thickness of 3 mm and
dimensions of 17.5 x 17.5 cm? were compression-molded according to the conditions specified in
ASTM D4703 [31]. A pre-determined quantity of polymer beads was placed into a metal “picture

frame” mold, heated to 177 °C in a platen press, and subjected to 10 MPa for 10 minutes before
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being cooled down at a rate of 15 °C/min. All plaques of 3 PEs were prepared using the same
process. Specimens of a modified dog-bone geometry, as shown in Fig. 2.2, were prepared from
PE plaques using a milling machine with a single point cutter which has been sharpened and used
only for cutting polyethylene specimens. No evidence for melting or any other kind of machining

damage could be found for specimen surfaces using this milling process.

Tab. 2.1 Material characteristics of PEs used in the study.

Yield Melt index Peak meltin

. Commercial Density Crystallinity (g/10 min) at g

Material strength o o temperature
name (g/cc) (MPa) (%) 190 °C/2.16 ©C)

Kg

#1 LLDPE LL 8460.29 0.938 17 63 33 126
#2 HDPE  HD 8660.29 0.941 19 64 2.0 129
#3 HDPE HD 6706.17 0.952 26 71 6.7 132

11

65

Unit: mm

Fig. 2.2 Geometry and dimensions of the modified dog-bone specimens.
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2.2.2 Creep test

Creep tests were conducted using a universal test machine (Qualitest Quasar 100), with a
personal computer to control the test program and data acquisition. The two ends of each specimen
were clamped in home-made fixtures. Each specimen was centered with respect to the fixtures and
aligned to the loading direction. Also, the clamping edge is at a distance of 11 mm from the end
of the gauge section, to avoid stress concentration in the gauge section, introduced by the teeth
along the clamping edges. Load was applied to the specimen within 30 seconds. In view that total
number of creep tests could be large, levels of the applied stress were chosen to ensure that each
test could be completed within 10 days, but results for failure time less than 4 hours were discarded
as the time was deemed to be too short to be considered as creep. In this study, stroke was used to
quantify the deformation under the creep loading. For specimens failing in a ductile manner, 20
mm was selected to be the maximum stroke before the test was terminated, so that the deformation
could be well into the tertiary creep stage. This allows proper determination of the creep failure

time under ductile deformation, as to be shown in Section 2.3.1.

Two batches of creep tests were conducted in this study. The first batch is to establish the
database for constructing master curves for creep deformation, which includes results obtained at
temperatures of 296, 315, 333, 353 and 358 K. The second batch is to verify the trend lines
generated from the first batch and includes results obtained at temperatures of 343, 353 and 358 K
for ductile and brittle failures of #3 HDPE and 323 K for transition of ductile failure in #2 HDPE.
Total number of specimens used in this study was 20 for #1 LLDPE, 23 for #2 HDPE, and 32 for
#3 HDPE. Note that temperatures reported here are based on the readout from a thermocouple that

was placed close to the specimen gauge section, with the variation of =1 K. For creep tests at
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elevated temperatures, the specimens were subjected to a preheating period of 2 hours at zero load,

to ensure that the specimens had reached the thermal equilibrium state before the load was applied.

2.2.3 Scanning electron microscopy (SEM)

Surfaces generated from brittle failure were examined using a Zeiss Sigma field emission
scanning electron microscope (SEM), focusing on the surface topography at the crack initiation
sites. The specimens were not coated with any conductive layer. Rather, the SEM chamber was
back-filled with nitrogen gas to minimize the surface charging, and a backscattering detector was

used to collect the signals.

2.3 Results

2.3.1 Creep test

Fig. 2.3 presents typical post-test specimens with ductile failure. All ductile failures involve
extensive plastic deformation and necking. The figure indicates that necks in #1 LLDPE and #2
HDPE are slightly more translucent than that in #3 HDPE. Variation in the neck translucency was
also reported by Pae and Bhateja [32] and Jar [33], and is believed to be caused by the difference

of cavity content generated in the neck-forming process.
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#1 LLDPE

D/Translucent D/Translucent

Fig. 2.3 Sample specimens in ductile failure.

As shown in Fig. 2.4, all brittle failures were observed from #3 HDPE which were
generated by testing at or above 333 K. Most of the brittle failures were initiated in regions close
to one end of the gauge section, as shown by the very left specimen in Fig. 2.4. Fracture at such a
location was possibly caused by stress concentration in that region, due to change of the specimen
width. Two of #3 HDPE specimens had brittle failure initiated away from the end of the gauge
section, as depicted by the middle specimen in Fig. 2.4. Failure time for these two specimens
turned out to be much shorter than the trend line generated by the other specimens tested at the
same temperature. Therefore, fracture initiated away from the end of the gauge section is possibly
due to the presence of defects in the gauge section, and the results were then excluded from the
analysis. The specimen on the right of Fig. 2.4 shows a combination of brittle failure initiation
from both sides of the gauge width and ductile stretch of the remaining ligament. This type of

failure behaviour occurred only in two #3 HDPE specimens tested at 333 K.
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B at root B at middle

Fig. 2.4 Sample of specimens for #3 HDPE that fractured in a brittle manner (left and centre) and in a mix

of brittle initiation and ductile stretch (right).

Fig. 2.5 summarizes typical curve profiles generated from the creep tests. The curves in
Fig. 2.5 were selected from #3 HDPE as this is the only PE that showed both ductile failure and
brittle failure, but its curve profiles for ductile failure also represent the curve profiles for the other
two PEs used in the study. Each of these curves in Fig. 2.5 contains three characteristic creep
stages, i.e., the primary stage that corresponds to a rapid stroke increase, but at a decreasing rate,
the secondary stage that shows virtually a constant stroke rate, and the tertiary stage at which the
stroke increment accelerates till the end of the test. All curves in (a) and (b) of Fig. 2.5 and the left
four curves in (c) are typical for ductile failure, and all curves in (d) and (e) for brittle failure. The
right two curves in (c), marked “mixed behaviour,” are from specimens with a mixed mode of
brittle initiation and ductile stretch, as depicted by the specimen on the right of Fig. 2.4 which as
mentioned earlier, occurred only in #3 HDPE. Since the mixed behaviour is an indication that the
testing condition was close to the DB transition, results from these two specimens were put in the

data set for the validation of the master curves, not for the construction of the master curves.
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Number next to each curve in Fig. 2.5 denotes the applied stress used for the testing. Point
for ductile failure or brittle failure is defined by the intersection of two trend lines, one for the
secondary creep stage and the other for the tertiary creep stage, as demonstrated by one curve in
Fig. 2.5(a) and one in 2.5(e), for ductile and brittle failures, respectively. Fig. 2.5 suggests that
regardless of ductile or brittle failures, all curves have similar profiles. The main difference is that
the curves for ductile failure have a relatively smooth transition from the secondary to the tertiary
creep stages, and those for brittle failure have a relatively sharp transition. Note that time for the

ductile failure is essentially the time for the onset of necking [34].

Fig. 2.6 presents double logarithmic plots of applied stress versus time for ductile failure
(open symbol) and brittle failure (solid symbol) from the first batch of creep tests. As shown in the
figure, the data can be fitted quite well by linear regression, with the correlation coefficient greater
than 0.95. However, in contrast to that reported by Lu and Brown [8], the fitting lines in Fig. 2.6
are not always parallel to each other. Rather, the lines become increasingly flat with the increase

of the test temperature.
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Fig. 2.5 Typical creep curves at different applied stresses and temperatures (selected from #3 HDPE).

The StT parametric method with four fitting parameters (4, B, C and D), as expressed in
Eq. (2.1) below, is used to correlate the applied stress (o), time for ductile or brittle failures (¢) and
temperature (7) for the creep tests. As mentioned earlier, Eq. (2.1) is similar to that given in ISO

9080 [4], except that in ISO 9080, log ¢ is expressed in terms of a function of log ¢ and 1/7.
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log (o) = [A + g] + [C + ?] log (t) (2.1)

Values for 4, B, C and D in Eq. (2.1) were determined by plotting intercept and slope values
for the fitting lines in Fig. 2.6 as functions of 1/7, as shown in Fig. 2.7 in which the trend lines for
the intercept values, Fig. 2.7(a), are used to determine A4 and B, and the trend lines for the slope
values, Fig. 2.7(b), to determine C and D. For clarity, these 4, B, C and D values are summarized

in Tab. 2.2.

1.2 1.2
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Fig. 2.6 Plots of applied stress versus time for ductile or brittle failures at different temperatures: (a) #1

LLDPE-ductile, (b) #2 HDPE-ductile, (c) #3 HDPE-ductile and (d) #3 HDPE-brittle.
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Fig. 2.7 Summary of intercepts (a) and slopes (b) used for the fitting functions in Fig. 2.6, plotted as a

function of 1/7 (‘D’ and ‘B’ in the legends indicate ductile and brittle failures, respectively).

Note that each of the two figures in Fig. 2.7 contains two trend lines for #3 HDPE, one for
temperatures up to 333 K and the other from 353 to 358 K. The corresponding sets of 4, B, C and
D values in Tab. 2.2 are referred to as ‘Ductile’ and ‘Brittle’, respectively. For #2 HDPE, there is
only one trend line in Fig. 2.7(a), but two in Fig. 2.7(b). One of the trend lines in Fig. 2.7(b) (in
solid line) is for temperatures up to 333 K, and the other (in dashed line) from 333 to 353 K. Since
all failures for #2 HDPE are ductile, the corresponding two sets of 4, B, C and D values in Tab.
2.2 are referred to as ‘Ductile-Low temp’ and ‘Ductile-High temp’, respectively. Also, since the
change of the trend lines for the slope of #2 HDPE does not affect the creep failure behaviour, the
change is referred to as a ductile-ductile (DD) transition. For #1 LLDPE, neither slope nor intercept

in the temperature range showed any change in the trend lines, and thus only one set of values are

listed in Tab. 2.2.
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Tab. 2.2 Values for parameters 4, B, C and D in Eq. (2.1).

Material A B C D
#1 LLDPE-Ductile -1.04 645.97 0.21 -75.90
#2 HDPE-Ductile-Low temp -1.04 655.95 0.31 -107.06
#2 HDPE-Ductile-High temp -1.04 655.95 -0.01 0
#3 HDPE-Ductile -1.35 781.49 0.29 -111.75
#3 HDPE-Brittle -5.78 2425.20 0.99 -431.88

Based on values listed in Tab. 2.2, master curves for creep deformation could be
constructed using Eq. (2.1), which for #3 HDPE should include both ductile and brittle failures,
but for #1 LLDPE and #2 HDPE only ductile failure as these two PEs did not show any brittle
failure in the experimental testing. Fig. 2.8 presents the master curves at temperatures used for the
testing, with symbols in the figure representing values determined experimentally which are
identical to those presented in Fig. 2.6. Note that since these master curves do not consider the
possibility of aging or environmental degradation during the long-term loading, their use for the
performance evaluation is limited to the conditions that do not involve any aging- or degradation-
related change in the mechanical properties [7]. Furthermore, since slope values for #2 HDPE at
333 and 353 K are very close to each other, as shown in Fig. 2.7(b), the corresponding master
curves in Fig. 2.8(b) at these temperatures differ mainly by a vertical shift that is equivalent to the
difference of the intercept values between these two temperatures. Also, because the DD transition
was detected only through the trend line change of slope versus temperature, as shown in Fig.

2.7(b), none of the master curves for #2 HDPE show any change in the trend line to indicate the

36



DD transition at that temperature. This issue will later be discussed with additional test data, to

depict the effect of DD transition on the creep test results at a given temperature.
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Fig. 2.8 Sample master curves generated based on Eq. (2.1): (a) #1 LLDPE, (b) #2 HDPE and (¢) #3 HDPE.

For #3 HDPE, trend lines for ductile and brittle failures at each temperature, as shown in
Fig. 2.8(c), can be generated using the corresponding sets of 4, B, C, and D values listed in Tab.
2.2, based on the form of Eq. (2.1). Fig. 2.8(c) presents the two sets of trend lines for #3 HDPE at
each temperature used for the testing, and the corresponding intersection points are connected
using a dashed line which is marked as ‘DB transition’ in the figure. Note that each master curve
in Fig. 2.8(c) consists of one solid line and one dashed line. The solid line contains symbols that
represent the experimental measurements, but the dashed line does not. In addition, Fig. 2.8(c)
includes a master curve at 343 K which does not contain any experimental measurement. This
curve is included in the figure because based on Eq. (2.1), DB transition at this temperature should
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occur in a test period between 10 and 100 hours which is suitable for the experimental testing, and
thus the data can be collected to verify the validity of the predicted master curve. As mentioned in
Section 2.2.2, this part of experiment has been included in the second batch of creep tests. The

results will be presented in Section 2.4.1.

2.3.2 Fractographic analysis

Fig. 2.9 presents typical SEM micrographs for #3 HDPE, on the initiation site of the brittle
failure surface. All micrographs are from specimens that fractured close to the end of the gauge
section. The micrographs on the right-hand side in Fig. 2.9 are the enlarged views of the boxed
regions on the left. These micrographs suggest that fracture was initiated from the surface along
the thickness of the cross section. The enlarged views also suggest that in spite of little plastic
deformation from the naked eyes, micro-scaled plastic deformation still exists on the fracture
initiation site. This is consistent with that reported previously using notched specimens of pipe
grade PE under fatigue loading [24], and no differences can be identified among surfaces formed

in #3 HDPE specimens by the brittle failure.
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Broad initiation region .

Fig. 2.9 SEM micrographs of selected brittle failure surfaces for #3 HDPE: (a) 353 K and (b) 358 K.

2.4 Discussions

2.4.1 Deformation transition under creep loading

Two types of deformation transitions, DB and DD, have been detected from the study. The
DB transition was detected in #3 HDPE through the increase of test temperatures. However, none
of the master curves in Fig. 2.8(c), established using Eq. (2.1), contains experimental data for both
ductile and brittle failures. Therefore, a second batch of creep tests were conducted on #3 HDPE

so that some of the master curves have experimental data for both ductile and brittle failures.
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Results from these additional creep tests at 343, 353 and 358 K are summarized in Fig.
2.10 using square symbols, solid for brittle failure and open for ductile failure. The trend lines in
Fig. 2.10 are identical to those shown in Fig. 2.8(c), i.e., solid lines containing experimental data
from the first batch of creep tests and dashed lines not. In addition to the experimental data from
the second batch of creep tests, Fig. 2.10 includes two data points at 333 K that are from the first
batch of creep tests, for specimens showing a mixed mode of brittle initiation and ductile stretch,
as depicted by the right specimen in Fig. 2.4. Overall, Fig. 2.10 indicates clearly that the
experimental data show a fairly good agreement with the trend lines generated from Eq. (2.1), and
thus support the validity of using the StT parametric method to construct a master curve that

includes both ductile and brittle failures under the creep loading.

1.5

Ductile #3 HDPE
DB transition

log (eng stress, MPa)

log (time, h)

Fig. 2.10 Data from the second batch of creep tests on #3 HDPE (squares), with the line plots identical to

those shown in Fig. 2.8(c).

Fig. 2.10 also suggests that critical stress for the DB transition decreases significantly with

the increase of test temperature, from 11.1 MPa at 296 K to 6.5 MPa at 358 K. The critical time
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for the DB transition also decreases with the increase of test temperature, from about 800 hours at

296 K to about 6 hours at 358 K.

Although the DB transition has been well recognized for PE under creep loading, the DD
transition is not. In this study, the DD transition is detected from the change of the trend line for
#2 HDPE, as indicated in Fig. 2.7(b). Occurrence of the DD transition has avoided the slope value
to become positive. Otherwise, a positive slope would represent an impossible scenario where an

increase of the applied stress level increases the creep failure time.

A linear relationship between 1/7 and slope for the trend line in the double logarithmic plot
of applied stress versus failure time was also observed from the long-term hydrostatic strength
(LTHS) test of PE pipe [35, 36]. However, most of the studies on PE pipe were to detect the DB
transition at an elevated temperature. Little attention was paid to the possibility of the trend line
change for the slope which is shown for #2 HDPE in Fig. 2.7(b). As a result, presence of the DD

transition in PE pipe was not recognized in the past.

Although a clear change is shown for #2 HDPE in Fig. 2.7(b) for the trend line of the slope
with 1/7, the corresponding trend line for the intercept values in Fig. 2.7(a) does not seem to show
any change. This results in two sets of C and D values in Eq. (2.1) for one set of A and B values,
as listed in Tab. 2.2. The corresponding master curve of applied stress versus failure time at a given
temperature, in a double logarithmic plot, is then represented by two straight lines that are
discontinuous at the point for the DD transition. This issue was clarified by conducting additional
creep tests on #2 HDPE, as part of the tests in the second batch of creep tests, to establish a double
logarithmic plot of applied stress versus failure time at a given temperature, which includes the

DD transition.
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Temperature chosen for the additional creep tests is 323 K which is about halfway between
315 and 333 K used in the first batch of creep tests, as slope at 315 K is smaller than -0.01 (i.e.,
before the DD transition) and slope at 333 K equal to -0.01 (after the DD transition). Results from
these additional creep tests are presented in Fig. 2.11 in which two trend lines can be identified
and intercept of the two trend lines, marked as “DD transition,” happened to be one of the data
points. Note that two trend lines in Fig. 2.11 were generated through connecting two points at the
high applied stresses and two points at low applied stresses. As shown in Fig. 2.11, slopes for the

two trend lines agree well with the prediction based on the plot for #2 HDPE in Fig. 2.7(b).

Fig. 2.11 also suggests that occurrence of DD transition causes an upward swing of the
data points with the increase of the failure time, while the DB transition, as shown in Fig. 2.9, the
downward swing of the data points. Therefore, occurrence of the DD transition increases the
sensitivity of failure time to the change of the applied stress, while the DB transition decreases the

sensitivity.
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Fig. 2.11 Creep test results for #2 HDPE at 323 K.
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A transitional phenomenon similar to that shown in Fig. 2.11 was reported by Crissman
[37] on an ethylene-hexene copolymer for natural gas piping systems. Difference of the transitional
phenomenon reported by Crissman and the DD transition is that for the former, slope in the double
logarithmic plot of applied stress versus failure time is not affected by the temperature change on
both sides of the transition, but for the DD transition, the slope is not affected by the temperature
change only after the DD transition. Before the DD transition, the slope shows a linear function of

1/T, as depicted in Fig. 2.7(b) for #2 HDPE.

Fig. 2.12 summarizes slope and intercept values from all creep test data for #2 HDPE, by
combining data in Figs. 2.6(b) and 2.11. Trend lines in Fig. 2.12 were generated using the same
expressions for #2 HDPE in Fig. 2.7. Fig. 2.12 shows that even with two slopes and intercept
values at 323 K, the trend lines given in Fig. 2.7 still fit pretty well with data obtained from the
experimental testing. This suggests that occurrence of the DD transition does not generate
significant change in the slope or intercept values. Therefore, the best way to detect the DD
transition is through the trend line change in the plot of slope versus 1/7, as shown in Fig. 2.7(b)
for #2 HDPE. The DB transition, on the other hand, can be detected using either the trend line
change in the double logarithmic plot of applied stress versus failure time at a given temperature,
such as those master curves shown in Fig. 2.10, or the significant change in slope and intercept

values in their plot versus 1/T, as shown in Fig. 2.7 for #3 HDPE.
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Fig. 2.12 Summary of slope and intercept values for #2 HDPE, including those presented in Figs. 2.6(b)

and 2.11. The trend lines are based on the same expressions as those for #2 HDPE in Fig. 2.7.

Another interesting point about the data for #2 HDPE is that based on its solid trend line in
Fig. 2.7(b), slope for #2 HDPE 1is expected to reach zero at 346 K above which the slope would
become positive which is an impossible scenario for the creep testing. Therefore, if the DB
transition could occur in #2 HDPE under the creep loading, brittle failure should have been
generated below 346 K. But the ductile failure was still generated at 353 K, as shown in Fig. 2.6(b).
Therefore, rather than the DB transition, the DD transition must occur in #2 HDPE before 346 K

to keep the slope to be negative.

It should be noted that although DD and DB transitions were detected in #2 HDPE and #3
HDPE, respectively, the study did not detect any transition in #1 LLDPE. Based on the trend line
for #1 LLDPE in Fig. 2.7(b), the slope should reach zero at about 361 K. Therefore, either DD or
DB transition is expected to occur at a temperature between 353 and 361 K, in order to avoid the

slope becoming positive. However, creep tests could not be conducted on #1 LLDPE in this
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temperature range, as these tests would require a force resolution that is beyond the capability of
the test machine used in this study. For example, creep test on #1 LLDPE at 358 K would require
a force resolution that should be better than 0.1 N in order to establish the trend line for the double
logarithmic plot of applied stress versus failure time, but maintaining a loading level with

resolution better than 0.1 N during the creep test is not possible for our test machine.

Although it is yet to clarify the underlying factor that is responsible for the occurrence of
DB and DD transitions, as observed in #3 HDPE and #2 HDPE, respectively, results presented in
this work indicate that change of PE’s mass density (or degree of crystallinity) affects the
dependence of failure time on the applied stress level. Occurrence of the DD and DB transition is
speculated to be caused by the difference in mechanisms involved in the deformation process. As
a semi-crystalline polymer, PE’s deformation generally involves both crystalline and amorphous
phases. The DD and DB transitions could be caused by changes in the interaction between the two
phases. The amorphous phase is expected to be more compliant than the crystalline phase, even
with the constraints of the molecular motion introduced by the adjacent crystalline phase. When
subjected to a relatively high stress level at a sufficiently fast loading rate, which in this study is
at a stress level above the point for the DD or DB transition, deformation introduced to the
crystalline phase is sufficient to start disintegrating the crystalline structure at an early stage of the
creep deformation, thus causing ductile failure in a relatively short test period. For #2 HDPE, by
reducing the applied stress to a level below the critical value for the DD transition, stress is still
sufficient to introduce plastic deformation to the crystalline phase, but initially only enough for
localized deformation such as intra-lamellar shearing. Accumulation of the localized deformation
eventually leads to a large-scaled lamellar disintegration to generate ductile failure. For #1 LLDPE,

its low degree of crystallinity suggests that difference between the stress for the localized
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deformation and the stress for a large-scaled lamella disintegration could be very small, and thus
difficult to detect. As a result, the creep test could yield either short-term failure or no failure at all
(i.e., taking a very long time to fail which could not be detected in a short-term creep test). For #3
HDPE which is the PE used with the highest mass density, stress required to introduce plastic
deformation in the crystalline phase is expected to be the highest. At a low strain rate, the
amorphous phase may not be able to transfer the required stress level to disintegrate the crystalline
phase before cavitation is initiated in the amorphous phase, thus causing crack growth between the
crystalline layers to form a brittle-like failure surface. This generates the DB transition. Increase
of temperature enhances molecular disentanglement in the amorphous phase, thus encouraging

cavitation and crack growth in the amorphous phase.

The above suggestion for the change of deformation mechanisms to cause DD or DB
transition could provide a reasonable explanation for the observation presented in this work, but
the concept is simply a speculation at this stage. Further investigation, possibly through molecular

dynamics simulation, is needed to provide supporting evidence for the above suggestion.

2.4.2 Relationship between stroke rate and failure time under creep loading

After the successful detection of DD and DB transitions from the experimental data, we
then proceeded to investigate potential influence of the two transitions on the relationship between
stroke rate and failure time which at the secondary creep stage, is known to be linear in a double
logarithmic plot. The linear relationship is commonly known as the Monkman-Grant (MG)
relationship [38], as given in the expression below, which was developed for metallic materials,

but has recently been applied to polymers [39-41].
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log (t) + mlog (6) = Cygc (2.2)

where ¢ is creep failure time, 8 stroke rate, and Cmg and m constants that are assumed to be
independent of applied stress and temperature [42]. Note that stroke rate is used here to represent
the rate of deformation in the original MG relationship. This is for consistency of information
presented here, especially for the plots presented in Fig. 2.5. Besides, the measured stroke values
were found to follow a linear relationship with the measured strain values before the necking

started.

Figs. 2.13 presents a double logarithmic plot of failure time in hour (h) versus stroke rate
in mm/h at the secondary creep stage, for all data obtained from the study. The figure suggests that
for ductile failure, regardless of the difference in PE type, applied stress, and test temperature, Eq.
(2.2) can provide a reasonable linear regression function to fit all data points. A similar
phenomenon was reported by Vakili-Tahami and Adibeig [40], but only for small deformation.
Fig. 2.13 also suggests that the occurrence of DD transition in #2 HDPE does not affect the trend
line for the MG relationship. On the other hand, data for brittle failure, i.e., for #3 HDPE after the
DB transition, Fig. 2.13 suggests that failure time and stroke rate show a poor correlation, even for
the same material and in a relatively narrow temperature range from 333 to 358 K. Although data
points for brittle failure at the same temperature do show some linear relationship, the number of
points is too small to draw a meaningful conclusion. Therefore, the analysis concludes that the MG
relationship is valid for PEs that show ductile failure under the creep loading and that the existence

of the DD transition does not affect the MG relationship.
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Fig. 2.13 Double logarithmic plot of failure time versus stroke rate for ductile and brittle failures for all
specimens used in the study, that is, #1 LLDPE (o), #2 HDPE (A and A), and #3 HDPE (O and ®). Open
and solid symbols represent before and after DD and DB transitions, respectively (DD transition for #2
HDPE and DB transition for #3 HDPE). Different colours for #3 HDPE in the electronic version represent

results from different temperatures.

2.5 Conclusions

In this work, notch-free specimens of three PEs, all being ethylene-hexene copolymers but
with different mass density, were tested under creep loading. A stress-time-temperature (StT)
parametric method, similar to that introduced in ISO 9080, is used to express applied stress used
for the testing in terms of time for creep failure and test temperature. Master curves of applied
stress versus time to creep failure are successfully established using the StT parametric method,
which are also verified using data from additional creep tests. The well-known ductile-brittle (DB)
transition is detected in #3 HDPE, and a less known ductile-ductile (DD) transition in #2 HDPE.

For #1 LLDPE, based on the trend line of the temperature dependence of the slope in the double
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logarithmic plot of applied stress versus failure time, as shown in Fig. 2.7(b), DB transition is

unlikely to occur without additional influence from aging or environmental degradation.

Using test data obtained from the study, the Monkman-Grant (MG) relationship was

evaluated for its applicability to ductile and brittle failures of PE. The analysis suggests that the

MG relationship is applicable to ductile failure of PE, even with the DD transition, but cannot be

applied to data for brittle failure.
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Chapter 3 Creep deformation and failure behaviour of polyethylene

and its copolymers

Creep tests were conducted on four types of polyethylene (PE), one homo-polymer and three
ethylene-hexene copolymers, at temperatures from 296 to 358 K. Three failure modes were
observed, i.e., low- and high-temperature brittle failures and ductile failure, but the Monkman-
Grant relationship was only applicable to ductile and low-temperature brittle failures. The test
results were also analyzed using the Norton Power Law and the Eyring’s Law. The analysis
indicates that the former cannot provide a proper description of the creep deformation for all PEs,
but the latter can if two processes acting in parallel are considered. Activation energy for the
Eying’s model also shows a strong correlation with the transition from ductile to high-temperature
brittle failures. Therefore, short-term creep test should have the potential for predicting the
ductile-brittle transition that has long been a major concern about PE for load—carrying

applications.
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3.1 Introduction

The use of polyethylene (PE) as a structural material requires the assurance of its long-term
durability. However, PE’s strong viscoelastic behaviour [1-2] has been a barrier for material
evaluation for this purpose, which requires time-consuming experiments to evaluate and often uses
tests at elevated temperatures to shorten the test time [3-4]. To ensure validity of the high-
temperature test results, a comprehensive understanding of the creep deformation behaviour,

including the influences of temperature and stress levels on the PE failure, is needed.

In general, PE exhibits ductile failure in the laboratory testing at room temperature [5]. But
by decreasing the stress below a critical level, the failure may change to a brittle mode [6]. The
change is known as the ductile-brittle (DB) transition which plays a significant role in evaluating
long-term durability of PE [7]. The brittle failure is also known as slow crack growth (SCG) which
often emanates from a defect in the material [6, 8]. Hence, artificial notches are used in the test
specimens to encourage the SCG development, and to shorten the time required to generate the
DB transition [9]. For the new generation of PE, however, improvement of the SCG resistance has
required the tests to be conducted at elevated temperatures in order to shorten the test time for
identifying the critical stress level for the DB transition [10]. Brittle failure generated in such tests

is thus referred to as the high-temperature brittle failure (HTBF) in this work.

When conducting creep tests at elevated temperatures, influence of temperature on the
failure behaviour should be carefully considered, as more than one failure mode could be detected
even using fully notched specimens, such as brittle failure at low temperature which is referred to
as low-temperature brittle failure (LTBF) and ductile failure. Transitions from LTBF to ductile

failure and then to HTBF have been reported by O’Connell et al. [7] using monotonic tensile tests
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on fully-notched specimens, by increasing temperature and decreasing loading rate. Since the
ductile failure occurs between LTBF and HTBF, it is believed that different mechanisms are
involved in the two brittle failure modes which compete with the mechanism for the ductile failure.
In general, LTBF is believed to be dominated by chain scission which is enhanced by the increase
of loading rate to prevent disentanglement of the interlocking molecules [7]. The HTBF, on the
other hand, is believed to be a disentanglement-controlled deformation process that occurs in a
confined space, followed by crack initiation and SCG development. Ductile failure that occurs in-
between is a result of bulk yielding, which requires a sufficiently high stress level to involve both
amorphous and crystalline phases, but at a relatively low loading rate to prevent the interlocking
of the molecules. Such a competition among the three mechanisms for the failure has been

schematically described by Deblieck et al. [11].

Over the last few decades, many researchers have shown considerable interests in HTBF-
related creep behaviours of PE. For example, Brown and his co-workers investigated the effects
of molecular side chains [6], crack tip blunting [8], environmental stress cracking agent [12] and
thermal history [13] on the initiation of HTBF of PE. Nezbedova et al. [14] studied HTBF
behaviour of different pipe-grade high-density PE (HDPE) using Pennsylvania notch test (PENT)
[15] and full notch creep test (FNCT) [16]. However, Krishnaswamy, by firstly comparing the
occurrence of HTBF in two HDPE pipes using PENT test and hydrostatic pressure test [17] and
then investigating the influence of wall thickness on the occurrence of HTBF of an HDPE pipe
[18], suggests that even at low stress levels, PE can show very diverse mechanical behaviours.
Therefore, it is of great importance to fully characterize the long-term behaviour of PE before its

large-scaled production.
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To our knowledge, only limited work is available in the literature [7, 11, 19] which paid
attention to the relationship among LTBF, HTBF and ductile failure. This has served as the
motivation for the current work. Considering that deformation at the secondary creep stage can
best reflect the load-carrying performance of PE in the long-term applications [20], creep tests

were used in this study, and the analysis was based on test results at the secondary creep stage.

3.2 Experiments

3.2.1 Materials and specimens

Four commercial PEs in compression-molded plaques were provided by Imperial Oil and
used in this study. Commercial names of the PEs and their basic properties are given in Tab. 3.1.
For convenience, the four PEs are referred to as #1 LLDPE, #2 HDPE, #3 HDPE and #4 HDPE,
respectively. The former three PEs are ethylene-hexene copolymers, while #4 HDPE is a

homopolymer. Specimen geometry and preparation are same as those reported in Ref. [21].

Tab. 3.1 Summary of characteristics for PEs used in this study.

Yield Melt index Peak
Material Commercial Density Crystoalllnlty strength (g/ 100 min) at melting
name (g/ce) (%) (MPa) 190°C/2.16  temperature
K (9]
g
#1 LLDPE LL 8460.29 0.938 63 17 33 126
#2 HDPE  HD 8660.29  0.941 64 19 2.0 129
#3 HDPE HD 6706.17  0.952 71 26 6.7 132
#4 HDPE  HD 6908.19  0.965 79 30 8.2 135
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3.2.2 Mechanical testing

All tests were performed using a universal testing machine (Qualitest Quasar 100,
Lauderdale, FL, USA), with the test program and data acquisition controlled by a personal
computer. An extensometer was used to record changes of the width in the gauge section during
the test. The recorded width change was then used to determine the strain (¢) development during

the creep test, based on the following expression [22]:

£=2xIn (%) (3.13)

where wo and w are original and deformed widths in the gauge section, respectively. Creep tests at
296, 315, 333 and 353 K were conducted on all PEs, but for #3 HDPE creep tests were also
conducted at 358 K to obtain one additional set of data for HTBF that was needed in the analysis.
In this study, at least four creep tests were conducted for each PE at each temperature. Totally, 76
creep tests were conducted. The test conditions are identical to those used previously [21], thus

not detailed here.
3.2.3 Scanning electron microscopy (SEM)

Surfaces generated from brittle failure were examined using a Zeiss Sigma field emission
scanning electron microscope (SEM). Note that these specimens were not coated with a conductive
layer. Rather, the SEM chamber was back-filled with nitrogen gas to minimize charging of the

surface, and a backscattering detector was used to collect signals for the imaging.
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3.3 Results

3.3.1 Creep test

Typical curves from creep tests to cover the full temperature range used in the study are
shown in Fig. 3.1. In total, three failure behaviours are observed, LTBF, HTBF and ductile failure
(denoted as DF in the figure). As shown in the figure, all curves have similar profiles, with the
main difference being the transition from the secondary to the tertiary creep stages. Transitions in
the curves for ductile failure and LTBF are relatively smooth, while those for HTBF are sharp. For
#1 LLDPE and #2 HDPE, only ductile failure was detected in the test conditions, with neck being
well developed in the gauge section at the tertiary creep stage. The same phononmenon was
observed for #3 HDPE up to 333 K above which HTBF occurs, indicating that failure mode has
changed from ductile to brittle. For #4 HDPE, LTBF was observed at room temperature (296 K),
but occurred only in a very narrow stress window. By further reducing the applied stress, creep
failure would become ductile. At 315 K, ductile deformation dominated the failure behaviour with
a total creep stroke larger than that for the brittle failure. But the failure behaviour changed to
brittle again with a further increase of temperature, to 333 and 353 K, indicating that both brittle-
ductile (BD) and ductile-brittle (DB) transitions can occur in #4 HDPE by increase of the test
temperature. Such a phenomenon was also observed under simple tensile loading, as reported by
O’Connell et al. [7]. In our results, the BD transition corresponds to the change from LTBF to

ductile failure, while the DB transition from ductile failure to HTBF.

Using strain to quantify the creep deformation, typical creep curves for the three failure
modes in Fig. 3.1 are shown in Fig. 3.2. The critical point for the onset of failure is defined as the

intersection of trend lines in the secondary and tertiary creep stages, as indicated by red dots in
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Fig. 3.2. Noted that the tertiary creep stage for LTBF is too short to draw a trend line. Therefore,
a vertical line was used to replace the trend line at the tertiary creep stage. The corresponding
critical failure strains as a function of applied stress are plotted in Fig. 3.3, with unfilled symbols
for ductile failure and filled symbols for brittle failure. Overall, Fig. 3.3 indicates that the failure
strain varies appreciably. For ductile failure, the failure strain increases by decreasing the applied
stress. The counterpart for brittle failure shows a different trend. As shown by brittle failure of #3
HDPE and #4 HDPE in Fig. 3.3, in filled symbols, the strain is lower than the corresponding ductile
failure strain. Furthermore, failure strain for HTBF decreases with the decrease of the applied
stress level. However, it should be pointed out that the data set for LTBF, for #4 HDPE only,

covers only a limited stress range which is too narrow to draw a clear conclusion.

In view that deformation at the secondary creep stage reflects closely performance of PE
in the load-carrying applications [20], special attention was paid to modeling of PE deformation
at this stage, with the corresponding strain rate (&s) determined by the slopes of the fitting lines as
shown in Fig. 3.2. The modeling considers thermally activated rate process based on the Norton

Power Law (NPL) and the Eyring’s Law.
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Fig. 3.1 Typical creep curves for four PEs used in the study, with temperatures indicated by the numbers

next to each curve, followed by DF (ductile failure), LTBF (low-temperature brittle failure) and HTBF

(high-temperature brittle failure).
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3.3.1.1 Norton Power Law

The NPL which is widely used for modeling creep behaviour at the secondary stage [20,
23], describes a linear natural logarithmic relationship between & and the applied engineering

stress (o), as expressed below:

: En
Iné;s = nlno — RT + In4, 3.2)

where 7 is the power law exponent, Ex the activation energy obtained from NPL, R the Boltzmann
constant and 4 the material constant. Values for n in Eq. (3.2) were determined using Fig. 3.4
which summarizes plots of & versus o in a natural logarithmic scale. In spite of some differences
in the fitting quality, Fig. 3.4 indicates that each set of data can be fitted using a linear function,
with slope of the fitting functions representing the n values that are also summarized in Fig. 3.5(a).
Fig. 3.5(a) indicates that the n values for ductile failure (in unfilled symbols) show a remarkable
dependence on temperature, that is, n increases with the increase of temperature. The dependence
of n with temperature was also reported by Fatemi and his co-workers [23-24] for thermoplastic
composites and HDPE. However, their results do not show any clear correlation between »n and
temperature. On the other hand, »n values in Fig. 3.5(a) for brittle failure show little dependency on
temperature. This temperature-independence is consistent with that reported before [20] in which
HDPE used for the study has mass density comparable to those for #3 HDPE and #4 HDPE used

here.

Activation energy for NPL, EN, is embodied in the last two terms of Eq. (3.2), and can be

determined from the intercepts of the expressions in Fig. 3.4 plotted as a function of reciprocal
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temperature, as shown in Fig. 3.5(b). Note that in spite of three failure modes involved in #4 HDPE,
its four points in Fig. 3.5(b) show a good linear relationship, suggesting that a single En value can
be used for #4 HDPE for the secondary creep stage, regardless of the difference in failure mode.
The curves of the best fit in Fig. 3.5(b) for #4 HDPE give Ex and 4 values of 240 kJ/mol and 1.5
x 10*! MPa™s!, respectively. For #3 HDPE, data for ductile failure and HTBF require different
trend lines, for which the expressions are also given in Fig. 3.5(b). The expression for HTBF leads
to Ex of 385 kJ/mol and A of 3.4 x 10 MPa™s™!. But for the ductile failure, the expression results
in a negative Ex value. The trend lines for #1 LLDPE and #2 HDPE also yield negative Ex values.
Considering that Eq. (3.2) cannot provide positive Ex values for #1 LLDPE, #2 HDPE and ductile
failure for #3 HDPE, it seems that the NPL is merely a mathematical fitting function for
characterizing the secondary creep behaviour of HDPE, without much of the physical meaning. A
similar conclusion was drawn from other studies [25-26] which suggest that due to change of
mechanisms for creep deformation at different temperatures, the NPL does not provide a good fit
to data from creep tests for ceramics. Therefore, NPL is just an empirical-based model for

characterizing creep deformation of PE.
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Fig. 3.4 Natural logarithmic plots of strain rate at the secondary creep stage versus the applied stress.
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3.3.1.2 Eyring’s Law

The Eyring’s Law, which likes NPL, is based on the Arrhenius equation, and has also been
used to describe the temperature- and stress-dependence of the creep behaviour at the secondary

creep stage. The Eyring’s Law takes the following form:

~|Q

RT

<| >

sinh™! (E—Z exp (i)) (3.3)

where V is the activation volume, E the activation energy and & the reference strain rate. Plots of
o/T versus In (&) at different temperatures are constructed to determine V, as shown in Fig. 3.6.
Linear trend lines and the corresponding expressions are listed next to each curve. As suggested

by Liu and Truss [27], if slopes for the expressions in each figure of Fig. 3.6 can be set to have a
common value, then the slope is equal to R/V under the condition of z_s exp (%) > 1. As shown in
0

Fig. 3.6, however, it is not possible to have a common slope for all trend lines in each figure,
especially for those data at lower temperatures. Some studies [27-30] have suggested that a
significant change of slopes for the trend lines in Fig. 3.6 could be characterized using two

Eyring’s processes acting in parallel, as shown in the expression below:

0_01+02_R _h_l(és E1>+R _h_l(és E2> 34
T=7t7 —Vlsln Zon exp (RT) stm 2, exp (RT) 3.4
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where the subscripts ‘1’ and ‘2’ denote processes 1 and 2, respectively. Process 1 is active for all
test conditions, while process 2 is active only at high stresses. To determine values for the Eyring’s

parameters in each process of Eq. (3.4), the following approximations are used:

Ré, ( E ) oS E. o (3.5a)
o | V& P\RT or0 <z exp (gr)
T\ R R ¢ E é E

“In(éy) — —In2 + — for =S exp (—) > 1

v n(é) ;> + T or i exp (RT) (3.5b)

For #1 LLDPE and #2 HDPE, in view that their slopes for the trend lines at 333 and 353 K
have small difference, it is reasonable to assume that data points at these temperatures can be fit
using trend lines of the same slope, i.e., based on the same Eyring’s process (process 1). On the
other hand, process 2 which is an additional process is active only for results at 296 and 315 K. A
similar concept is applied to #3 HDPE and #4 HDPE. That is, process 1 is active at all temperatures,
but process 2 is active only before the DB transition, i.e., at and below 333 K for #3 HDPE and at
and below 315 K for #4 HDPE. The fitting procedure used to determine parameters in Eq. (3.4) is

described as follows.
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Fig. 3.6 Plots of ¢/T versus In (&) for the four PEs used in the study.

In the fitting procedure, value for V1 was determined first using Eq. (3.5b), i.e. by fitting
the plot of /T versus In (&) for data collected at two highest temperatures from the experimental
testing, as presented in Fig. 3.7. Each data set in Fig. 3.7 was fit using two trend lines. The dashed
trend lines with the expressions on the left were based on the best R?, and the solid trend lines with
the expressions on the right using a slope that is same at both temperatures. Values for the common
slopes were taken to be close to the average of the two slopes for the dashed trend lines, except #1
LLDPE for which the common slope was taken to be the same as that for #2 HDPE. This is because
data in Figs. 3.7(a) and (b) have very flat trend lines, with their R? values showing little sensitivity
to the change of the slope. Therefore, the same value was used for their slopes. The corresponding

V1 values determined using the common slope are given on the top right corner in each figure.

With Eq. (3.5b), values for E1 and €1 were determined by plotting intercepts of the solid

trend lines in Fig. 3.7 as a function of reciprocal temperature, as shown in Fig. 3.8(a). Ideally, three
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or more data points should be used to ensure linearity of the trend line, but due to four temperatures
used for the testing and only one trend line was obtained for creep data at each temperature, each
trend line in Fig. 3.8(a) could only be established using two data points. Nevertheless, as to be
shown later, E values so determined could still distinguish the different creep behaviours, as to be

presented below.
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Fig. 3.7 Plots of o/T versus In (&) at two highest temperatures used in the experimental testing, for

determining the V; values.

To examine validity of the assumption for Eq. (3.5b), values for ;—Sexp (%)for all PEs
01

used in this study are summarized in Fig. 3.8(b). The figure indicates that the condition
,é—sexp (5—;) > 1 holds for all E; and €01 values determined from Fig. 3.8(a). Therefore, these

€01

values and the corresponding V1 values are listed in Tab. 3.2, under ‘Process 1.’
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Fig. 3.8 Summary of analysis for process 1 based on the Eyring’s model: (a) The intercept values for the

solid trend lines in Fig. 3.7, and (b) values for i exp (ﬂ) versus 7.
€01 RT

Tab. 3.2 Fitting parameters of the Eyring’s Law for the four PEs.

Process 1 Process 2
Material
o1 (s Ey (kJ/mol) Vi (nm?) €02 (s E> (kJ/mol) V> (nm?)
#1 LLDPE 2.2E+158 1317 60.0 2.3E+15 118 6.9
#2 HDPE 7.7E+172 1433 60.0 1.4E+19 140 6.0
#3 HDPE 1.8E+33 315 13.8 5.5E+16 133 4.5
#4 HDPE 7.5E+37 329 10.7 2.4E+17 135 5.1

In order to determine values for the parameters in the Eyring’s Law for process 2, Eq. (3.4)

was rearranged to become
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o, 1 _ kR _1<é5 EZ)
= (6 —0y) = v sinh = eXp (RT) (3.6)

02

That is,
—smh [— (o — 01)] —exp (—) (3.7)

where o1 was obtained from Eq. (3.3) using & measured from the experimental testing and
parameters for process 1, as listed in Tab. 3.2. By taking natural logarithm on both sides of Eq.

(3.7), we have:

In {—smh[ﬁ(a 01)]}=——ln(802) (3.8)

Although determination of the V> value could be based on a procedure similar to that for
process 1, it was not clear whether the assumption of ;—S exp (:—;) > 1 could be satisfied for all
02

data points. Therefore, an alternative approach was used, in which a preliminary analysis was

carried out to determine a temporary values for V2, E» and &p. Then, the assumption

f — exp ( ) > 1 was examined using these temporary values to identify data points that could

satisfy the assumption of %, CXP ( ) > 1. The data points that satisfied the assumption were then
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used to carry out the same analysis the second time to determine the true V>, E> and o values.

Details of the analysis are described as follows.

First of all, using data points at 296 and 315 K for #1 LLDPE, #2 HDPE and #4 HDPE,
and at 296, 315 and 333 K for #3 HDPE, a common slope in the plot of (¢ — 61)/T versus In (&)
was determined for each PE using an approach similar to that applied to Fig. 3.7. These slope
values were then used to determine the temporary V> value based on Eq. 3.5(b). With the
experimentally measured & and o values and o1 determined from Eq. (3.3), values for the left-hand
side (LHS) of Eq. (3.8) were determined and plotted as a function of reciprocal temperature in Fig.
3.9(a) in which the trend line expressions are also given. Slope and intercept values for the
expressions in Fig. 3.9(a) were then used to determine the temporary values for E> and &2, based

on Eq. (3.8), in the same way as that used earlier to determine £ and £o;.

. . : E .
The temporary E> and ép2 values were then used to determine values for ;—S exp (é) which
02

are summarised in Fig. 3.9(b) as a function of temperature. Fig. 3.9(b) suggests that only data

. o ' E
points at room temperature met the condition of ;—S exp (é) > 1. Therefore, values for (6 — a1)/T
02

at the room temperature were plotted as a function of In (&) in Fig. 3.10(a) to determine the V>
values based on Eq. (3.5b). These V> values, along with the experimentally measured & and o
values and o1 determined from Eq. (3.3), were then used to calculate values for the LHS of Eq.
(3.8), referred to as ‘true LHS of Eq. (3.8),” which are presented in Fig. 3.10(b). Slope and intercept
for the trend lines expressions in Fig. 3.10(b) were then used to determine £> and &2 values, based

on Eq. (3.8), as listed in Tab. 3.2 under ‘Process 2.’
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Fig. 3.9 (a) The left-hand side (LHS) of Eq. (3.8) generated using the temporary V> values, and (b) plots of
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Note that for #4 HDPE, although three failure behaviours were observed, i.e. LTBF, ductile

failure and HTBF, a third Eyring’s process was not needed to regenerate results from the creep

tests.
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as a function of 1/T.
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3.3.2 Fractographic analysis

Fig. 3.11 presents SEM images for #4 HDPE on the initiation site of the fracture surfaces.
Fig. 3.11(a) is from LTBF at 296 K, and Figs. 3.11(b) and (c) from HTBF at 333 K and 353 K,
respectively. The micrographs on the right-hand side of Fig. 3.11 are the enlarged views of the
boxed regions on the left. These SEM images depict drawn fibrils and relatively brittle surface in
between. In addition, the left image of Fig. 3.11(a), from LTBF, shows evidence of fracture
behaviour that resulted in multiple ‘islands,” which suggests that the fracture might be initiated
from multiple sites that were on slightly different cross sections. In Figs. 3.11(b) and (c), from
HTBF, number for such islands is much reduced and the fibrils were drawn to a less extent. The
initiation site becomes quite smooth, though the enlarged views on the right-hand side suggest that
microfibrils were still involved in the fracture process, but the stretch was less extensive. Apart
from the above features, the initiation site generated by the brittle failure does not show much

difference between LTBF and HTBF.
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(2) 296 K

Fig. 3.11 SEM micrographs of surfaces generated by brittle failure of #4 HDPE: (a) LTBF at 296 K, (b)

HTBF at 333 K and (c) HTBF at 353 K.

3.4 Discussion

3.4.1 Applicability of the Monkman-Grant relationship

It has recently been demonstrated [21] that the Monkman-Grant (MQG) relationship, as
described in Eq. (3.9), is applicable to data for the three copolymers failed in a ductile manner, i.e.
#1 LLDPE, #2 HDPE and #3 HDPE, regardless of the difference in mass density, applied stress

and test temperature.
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log (t) + mlog (&) =Cuyg (3.9

where ¢ is the failure time, and m and Cwmg constants that should be independent of applied stress
and temperature [31]. Fig. 3.12 presents a double-logarithmic plot of ¢ versus & for all data
obtained from the study, with data for ductile failure represented by unfilled symbols and brittle

failure (both LTBF and HTBF) using filled symbols.

7
DF and LTBF

6 “A. y +0.82x = 0.50
0
5
=14}
=

4 a

3 1 1 1 1

-9 -8 -7 -6 -5 -4

Fig. 3.12 The Monkman-Grant (MG) plot for all data reported here: #1 LLDPE (L), #2 HDPE (A), #3
HDPE (O and @) and #4 HDPE (<> and #) in which unfilled symbols represent ductile failure and filled

symbols brittle failure.

Fig. 3.12 suggests that the MG relationship is applicable to data for LTBF and ductile
failure. Therefore, LTBF might be generated by deformation that is similar to the deformation that

led to ductile failure. Data for HTBF, on the other hand, lie on a different trend line which suggests

78



that at a given strain rate, HTBF occurred in a much shorter time frame than that for the ductile
failure or LTBF. In view that HTBF occurred after a sharp transition from the secondary to the
tertiary creep stages, in contrast to the relatively smooth transition before the occurrence of ductile
failure or LTBF, HTBF might be caused by a premature failure. This is consistent with the failure
mode proposed in a previous work, suggesting that the appeared brittle behaviour for HTBF is
possibly due to the fracture being confined in the amorphous phase, constrained by the neighboring

lamellae [32].

3.4.2 Mechanisms and comparison of Eyring’s parameters for the four PEs

Fig. 3.13 compares the experimentally measured applied stress and failure time with those
predicted using the Eyring’s model based on parameters listed in Tab. 3.2. The figure shows a
fairly good agreement between the experimental measurements and the model predictions. The
Eyring’s processes (1 or 1+2) that were used to regenerate the experimental measurements are also
given next to each data set. Furthermore, Fig. 3.13(d) indicates that for #4 HDPE, the relationship
between the applied stress and strain rate at the secondary creep stage for both LTBF at 296 K and
ductile failure at 315 K can be predicted using the same two Eyring’s processes. With Fig. 3.12
that shows the same kinematic relationship between strain rate and failure time for the two failure
modes, it is possible that the same deformation mechanisms are involved in the generation of LTBF
and ductile failure for #4 HDPE. However, the final failure behaviours are very different, and

factors that cause such different failure behaviours require further investigation.

Fig. 3.13 also suggests that mechanisms that govern creep deformation in #1 LLDPE and
#2 HDPE might have changed when test temperature increased from 315 to 333 K, as process 2

that was involved at 315 K was no longer involved at 333 K, though the failure behaviour remained
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ductile. In a previous study [21], a transition named ductile-ductile (DD) transition was detected
for #2 HDPE through the change of the trend line slope in a double logarithmic plot of creep stress
versus failure time, by decreasing the creep stress to below a critical level. However, such a change
was not detected in #1 LLDPE. Therefore, the DD transition may have also occurred in #1 LLDPE,
but not detectable using the change of the trend line between creep stress and failure time. Results
presented here suggest that the DD transition can also be detected by the change of the Eyring’s

processes needed to simulate the creep test results.
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Fig. 3.13 Comparison of experimental measurements (unfilled and filled symbols of large size in black)
with predictions based on the Eyring’s Law using parameters listed in Tab. 3.2 (unfilled symbols of small

size in red).
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Occurrence of LTBF, ductile failure and HTBF is believed to be caused by difference in
mechanisms involved in the deformation process. As a semi-crystalline polymer, under a high
creep stress, both amorphous and crystalline phases are involved at the beginning of creep
deformation, but it is the extensive disintegration of the crystalline phase before the crack
development that results in the ductile failure. If strength for the amorphous phase is not high
enough to survive from the disintegration process, fracture occurs before the extensive deformation
is generated. On the other hand, if the applied stress is sufficiently low that limits the deformation
and the eventual fracture in the amorphous phase without much involvement of the crystalline
phase, brittle-like failure occurs. The former is believed to be responsible for LTBF in #4 HDPE,
and the latter for HTBF in #3 HDPE and #4 HDPE. Therefore, the occurrence of LTBF should be
due to the sufficiently high stress used for deformation which could occur in all PEs as long as
crack is generated before complete disintegration of the crystalline phase. The occurrence of HTBF,
on the other hand, is due to weak amorphous phase in PE. When the applied stress is sufficiently
low to avoid the crystalline phase involved in the deformation process, fracture is expected to
occur eventually in the amorphous phase to result in a brittle-like failure, due to the limited space

available for the fracture development.

Activation energy in the Eyring’s model is defined as the energy barrier that needs to be
overcome for molecular motions [33], and involvement of the two Eyring’s processes should be
able to distinguish the mechanisms involved in the deformation process. Work by Ward and
Wilding [29] has suggested that the process 1 is related to the amorphous phase and process 2 to
the involvement of the crystalline phase. Some of the activation energy values reported for PE in
the literature are listed in Tab. 3.3, which show the similar order of magnitudes as those listed in

Tab. 3.2.
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In view that #1 LLDPE and #2 HDPE has significantly larger values of Ei than the
counterpart for #3 HDPE and #4 HDPE, it is believed that the former two PEs have a stronger
amorphous phase than the latter two PEs to resist crack development in the amorphous phase
before disintegration of the crystalline phase occurs. For E> which represents the additional
activation energy needed to involve the crystalline phase in the deformation process, Tab. 3.2
suggests that E> values for all PEs used in this study are similar, especially for the three co-

polymers, and thus resistance of their crystalline phase to deformation should be similar.

Tab. 3.3 Activation energy (in kJ/mol) in literature for deformation of PE using two Eyring’s processes.

Reference Materials Specimen geometry Process 1 Process 2
Truss et al. [30] Linear PE Dumbbell and 146-285 46-180
cylindrical specimens
HDPE and Notched cylindrical
Truss et al. [34] MDPE specimens 243 100
C Dog-bone and
Sedighiamiri et al. [35] PE100 .1 . 560-1293 110
cylindrical specimens
Taherzadehboroujeni PE100 Pipe gegmpnts and 903 108
et al. [36] pipe rings
Jar [32] PE4710 Notched-pipe-ring 1140 82

specimens

3.5 Conclusions

Creep tests were performed on one ethylene homopolymer and three ethylene-hexene
copolymers with different mass density. Three failure modes were observed from the creep testing,
two brittle failures, LTBF and HTBF, and one ductile failure. Fractographic analysis on the crack

initiation sites for the two brittle failures shows micro-fibrillation which is slightly more extensive
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for LTBF than for HTBF. The results also suggest that in addition to ductile failure, the Monkman-

Grant (MG) relationship is also applicable to LTBF, but not to HTBF.

Norton Power Law (NPL) and Eyring’s Law were used to characterize creep behaviour at
the secondary stage. The study shows that the NPL cannot fully describe the temperature-
independence of activation energy and thus, may not be suitable for modeling creep behaviour of
PE. On the other hand, two Eyring’s processes that are connected in parallel can provide good
characterization of the creep data, indicating three transitions that were observed in this study, i.e.
DD transition for #1 LLPDE and #2 HDPE, DB transition for #3 HDPE, and BD and DB
transitions for #4 HDPE. In addition, activation energy for process 1 (£1) of the Eyring’s model
was found to be significantly higher for #1 LLDPE and #2 HDPE than for #3 HDPE and #4 HDPE,
while the activation energy for process 2 (E2) is similar among the four PEs. Value for Ej is
believed to be related to the strength in the amorphous phase. Since the latter is known to plays a
significant role for the occurrence of DB transition, the Eyring’s model with two processes could
be used to fit the creep test data, and its £7 value be used to characterize the likelihood of the

occurrence of DB transition that has long been a concern for load-carrying application for PE.
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Chapter 4 Determining deformation transition in polyethylene under

tensile loading

In this chapter, a multi-relaxation (MR) test is developed based on the concept that stress
relaxation behaviour can be used to reflect the material state of polyethylene (PE) under tension.
Based on this concept, critical stroke for the onset of plastic deformation in the crystalline phase,
named the 1°' critical stroke, is determined using the MR test. Results from wide angle X-ray
scattering suggest that phase transformation occurs in the crystalline phase of PE after the
specimen is stretched beyond the 1*' critical stroke. In this work, the MR test is applied to six PEs
of different mass densities to determine their Ist critical strokes and the corresponding total and
quasi-static (QS) stress values. The results show that the 1* critical stroke has very similar values
among the six PEs. More interestingly, ratio of the QS stress at the I*' critical stroke to the yield
stress from the standard tensile test shows little dependence on PE density. Therefore, it is possible
to use the popular short-term tensile test to characterize the critical QS component of the applied
stress to initiate plastic deformation in the crystalline phase, which is expected to play a significant

role on the long-term, load-carrying applications of PE.
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4.1 Introduction

Polyethylene (PE) is a family of commodity polymers with excellent durability, light
weight [1-3], and relatively low cost. These advantages have attracted applications in many areas,
ranging from plastic pipes for water and gas transportation to containers and film for materials
packaging. For PE used in load-bearing applications, the main concern is about PE’s time-,
temperature- and strain-rate-dependent mechanical properties [4-6]. This issue is further
complicated by the semi-crystalline nature of PE’s microstructure which has crystalline and
amorphous phases mingled in a lamellar arrangement. Although both phases are involved from the
beginning of the deformation process, their role of involvement varies with the applied stress level
[5]. A widely accepted concept is that deformation of PE is initially dominated by the amorphous
phase, due to its relatively low resistance to deformation [7]. The crystalline phase is involved at
this stage through inter-lamellar shear, inter-lamellar separation and lamellar stack rotation [7-10],
of which the contribution depends on the loading mode and the stress level. In an engineering
stress-stroke curve from tensile loading, PE is known to yield at the peak point, at which the
lamellar structure starts to disintegrate. Necking occurs after the yielding, which from the

microstructural viewpoint, is a process that transforms lamellae to fibril clusters.

Strobl and co-workers have characterized the mechanism transition in the above
deformation process using four critical strains, of which the first two occur before the drastic
disintegration of the lamellae [5, 11-14]. The first critical strain is suggested to have a value of
around 0.04, at which local yielding starts in the crystalline phase. In other words, the first critical
point for deformation transition is for the onset of plastic deformation in the crystalline phase. The

second critical point, defined by the Strobl’s group as the point with the maximum curvature on
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the true stress-strain curve, represents the onset of the collective slipping in the crystalline phase,
which is dominated in PE by the slip system of (100) plane in [001] direction [15-19]. Note that
the corresponding point in the standard tensile test, which is usually conducted at a constant

crosshead speed, is the peak point on the engineering stress-stroke curve.

Following the above work, a mechanical test, named multi-relaxation (MR) test, is
developed to detect transition from the amorphous-phase-dominant deformation to the
involvement of the crystalline phase in PE. The MR test contains multiple stress relaxation stages
at different strokes. In view that a relatively small stroke is required to reach the critical point for
the above mechanism transition and that for a given specimen geometry stroke and strain at such
a small deformation level should follow a one-to-one relationship, stroke is used here, rather than
strain, to quantify the deformation level introduced to the specimen. This paper gives details of
analysis used to determine the critical stroke for the mechanism transition. Since transition from
amorphous-phase-dominant deformation to that involving plastic deformation in the crystalline
phase is the 1 transition detectable by the MR test, this point is denoted as the 1*' critical point
hereafter. Analysis presented here is based on a standard viscoelastic model in which the applied
stress (named total stress) is divided into the time-independent, quasi-static (QS) component and
the time-dependent, viscous component. In addition, this paper compares six PEs of different mass
density for their stress and stroke for the 1% critical point. Wide-angle X-ray scattering (WAXS)
is used to examine the change of the crystalline phase in the six PEs, before and after the stroke

for the 1% critical point is reached.
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4.2 Multi-relaxation (MR) test

Concept for the MR test is similar to that proposed by Hong et al. [14], which is to use the
stress relaxation behaviour to characterize material state of PE during the tensile deformation.
Transition of deformation mechanisms is detected through the change of stress relaxation
behaviour. The main difference between MR test and that used by Hong et al. is that the former
uses single specimen for all stress relaxation stages, while the latter uses multiple specimens, one
for each stress relaxation stage. The latter approach was also used in our previous work on PE pipe
specimens [20], from which critical deformation for the mechanism transition was found to be
consistent with that using MR test on single specimen [21]. However, the use of single specimen
has the advantage of avoiding inconsistency in the stress decay during stress relaxation which can
be caused by for example, dimensional inconsistency among specimens. Note that our preliminary
study has found that even through waterjet cutting, specimen width may vary up to 3% along the
gauge section, and the width variation profile may not be consistent among specimens from the
same batch. Moreover, the MR test takes the advantage of the computer control function that is
available in the test machine. Therefore, all stress relaxation stages can be conducted with the

minimum interference from the operator.

Analysis of the MR test results is based on a standard, viscoelastic model shown in Fig.
4.1, in which the upper branch represents the time-dependent viscous stress response to
deformation and consists of a spring and a damper. The lower branch, on the other hand, represents
the QS stress response and contains only a spring. As expressed in Eq. (4.1), the applied stress
(oa), also referred to as the total stress (ot), is summation of the viscous stress component (oi(¢))

and the QS stress component (ox):
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op = 0.(t) + 05t 4.1)

According to the model in Fig. 4.1, decay of total stress (Aat) comes from the change of
viscous stress (Aay) which is equal to the change of the applied stress during the stress relaxation,

as shown in the expression below:

Aoy = Agy = 6;(0) = 01 (t) = 9a(0) — g (D) (4.2)

where ¢ is time measured from the beginning of each stress relaxation stage.

ou(1)

Er

Fig. 4.1 Schematic diagram of the standard, visco-elastic model used in this work.
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Following the assumption given in Ref. [14], the Eyring’s Law of viscosity [22-24] is

adopted to govern the stress response to deformation of the damper:

r . —
— =sinh™ 1= 4.3
o sin % (4.3)
with
RT
=— 4.4
Oy % ( )

where o; is the stress applied to the damper, & the reference strain rate, ép the strain rate of the
damper, oo the reference stress, R the Boltzmann constant, 7" the absolute temperature, and V the
activation volume. Since two branches of the model in Fig. 4.1 have the same strain and their value
should remain constant during the stress relaxation, based on interaction between spring and damper

in the viscous branch we have:

: 'h0r+1dar—0 4.5
&p sin % T E @ = 4.5)

where E: is modulus for the spring in the viscous branch.

The above expression can also be expressed as:
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T Zgiph= .
T Trsm o (4.6)
with
L b 4.7
Tr—foa0 (4.7)

where 7; is the relaxation time, which following the work by Hong et al. [14], is given a constant
value of 16,000 seconds for all stress relaxation stages. Stress decay (Ao:) during the stress

relaxation can be derived from Eq. (4.6), as shown in the following expression:

Op

Ao, = 0,(0) — 20, tanh™* Itanh <0;(0)> exp (— i)l (4.8)

Values for ¢:(0) and g9 in Eq. (4.8) are chosen so that curve generated from the equation
matches the stress decay determined from the MR test. Once 6+(0) and oo values are determined,
os value can then be calculated from Eq. (4.1). Note that in this work, o value is simply an
approximation of the real QS stress at a given stroke, since the stress drop did not show any plateau
at the end of each stress relaxation stage. Similarly, the corresponding o+(0) value is different from

that determined from specimens subjected to single stress relaxation stage, in view that the ¢:(0)
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value is dependent on the deformation history. Nevertheless, 0:(0) and o values determined from

these MR tests can be used to indicate the trend of change of these values as functions of stroke.

Fig. 4.2 presents examples of the best match between the experimental measurements from
different stress relaxation stages and the corresponding curves generated from Eq. (4.8). Fig. 4.2(a)
is a plot based on the linear time scale, and Fig. 4.2(b) on the logarithmic time scale. The legends
represent strokes used for the stress relaxation stages. As shown in Fig. 4.2, the curves generated
from Eq. (4.8) do not match the experimental measurements for the entire stress relaxation period.
Bartczak [25] has suggested to use at least two sets of Eyring’s parameters to fit the experimental
measurements for the entire stress relaxation period. In this work, however, only one set of
Eyring’s parameters was used for the curve fitting, to match the stress drop mainly in the timeframe
above 1,000 seconds, as shown in Fig. 4.2(b). This is because, firstly, such a curve-fitting process
is simple and can be used to determine o values close to the real QS stresses. Secondly, using one
set of Eyring’s parameter has no effects on the relative change of oo which is used to identify the
stroke for the 1% critical point. Through this curve-fitting process, variations of oo and oy are
established as functions of stroke. It is worth to point out that as shown in Eq. (4.4), variation of
oo 1s independent of z: value used for the curve fitting. Therefore, the use of go to determine the
stroke for the 1% critical point can avoid any unwanted influence from the assumption of constant

relaxation time on the characterization of stress relaxation behaviour at all stages.
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Fig. 4.2 Examples of stress drop obtained from the MR tests (open circles) and generated based on Eq. (4.8)
(solid lines) for all stress relaxation stages: (a) with time in the linear scale, and (b) with time in the

logarithmic scale.

4.3 Experimental details

4.3.1 Materials and specimen dimensions

Six types of PE are used in the study. As shown in Table 1, these PEs include one linear
low-density PE (LLDPE) (#1), and five high-density PEs (HDPE) (#2 to #6) among which density
for #2 is close to the lower end of HDPE, #4 close to the upper end, and #3, #5 and #6 in between.
Tab. 4.1 also provides their yield strength from standard tests, melt index, and co-monomer type.
All PEs are in the form of compression-molded plaques of 17.5 x 17.5 cm? in size and 3 mm in
the nominal thickness, all from ExxonMobil Chemical provided by Imperial Oil. As commercial
resins, their molecular weight and molecular weight distribution are not available. Specimens used
for the mechanical testing have a modified dog-bone geometry, as depicted in Fig. 4.3, machined
from the PE plaques. Choosing such geometry and dimensions in the gauge section is because of

the limited space available in the sample holder of the X-ray diffraction system used for the WAXS
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experiments. The sufficiently large end tabs are required to maintain the deformation in the gauge
section after removing the specimen from the universal test machine. An in-house-designed insert
is applied in the gauge section to maintain the deformation during the WAXS experiments, as to

be described in Section 4.3.3.

Tab. 4.1 Material characteristics of PEs used in the study.

Yield (1\/41‘*(1)‘;1'1‘1‘1‘;’; . Molecular Co.
Material Density (g/cc) strength & o weight
190 °C/2.16 e e monomer
(MPa) distribution
Kg
#1 LLDPE 0.938 19.0 33 Unimodal Hexene
#2 HDPE 0.941 22.0 2.0 Unimodal Hexene
#3 HDPE 0.952 27.1 6.7 Unimodal Hexene
#4 HDPE 0.965 31.4 8.2 Unimodal -
#5 HDPE 0.954 27.7 0.3 Unimodal Butene
#6 HDPE 0.957 29.2 0.46 Bimodal Hexene
30
P
_ =
N
A
11
Unit: mm

Fig. 4.3 Geometry and dimensions of the modified dog-bone specimens.
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4.3.2 Multi-relaxation (MR) test

MR tests were conducted at room temperature using a universal test machine (Qualitest
Quasar 100), with the test program and data acquisition controlled by a personal computer.
Crosshead speed for the loading stages was 5 mm/min, to introduce a stroke increment of around
0.22 mm, followed by a stress relaxation stage with the stroke fixed. Each stress relaxation stage
lasted for 10,800 seconds (3 hours) during which load was recorded as a function of time.
Specimens of #4 HDPE fractured at a stroke around 3 mm. All other PEs showed no sign of
fracture initiation at strokes above 7 mm, around which the tests were ended. Two specimens were

tested for each PE, to ensure repeatability of the test results.

4.3.3 Wide-angle X-ray scattering (WAXS)

One dimensional (1D) WAXS experiments were conducted using a Bruker D8 Discover
Diffraction System with Cu-source. Data were collected using a LynxEYE 1-D detector at a
scanning speed of 0.8 deg/min, and in the angular range (20) from 10 to 64 degrees to cover most
of the detectable peaks for PE. Fig. 4.4 gives a schematic diagram of the sample setup for the

WAXS experiments.
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Incoming X-ray beam

PE sample

Clamp

Sample holder Detector

Fig. 4.4 Schematic description of the set-up for the WAXS experiment.

Each of the specimens for the WAXS experiments was firstly stretched to a pre-determined
stroke using the same test set-up as that used for the MR test, except that at the end of the stretch,
an in-house-designed and 3D-printed insert was used to maintain the stretch in the gauge section
before the specimen was removed from the universal test machine. The assembly of specimen and
insert, as shown in Fig. 4.4, was then scanned using X-ray within 20 minutes after the removal of
the specimen from the test machine. Note that as suggested in Refs. [26, 27], deformation of PE
could cause conversion of its lamellar crystals from orthorhombic to monoclinic structures, and
the conversion could be reversed if the deformation was removed. Therefore, the insert was used
to maintain the deformation level during the X-ray scanning. In this study, the stroke range used
in MR tests for the WAXS experiments was to cover the stroke for the 1% critical point, so that the
X-ray spectrum could confirm whether change of the crystalline structure occurred around the 1%

critical point.
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It should be noted that penetration depth of X-ray beam varies with diffraction angle,
especially in the reflection mode shown in Fig. 4.4. The depth variation, in return, affects the
collected peak intensity [28]. However, such variation is minimized by comparison of intensity

from the diffraction peak at the same angle.

Two specimens from each type of PE were used for the WAXS experiments. Each
specimen was used to obtain WAXS spectra at 3 different strokes, for totally 7 strokes (including
the undeformed state). Total time to complete all WAXS spectra for one type of PE was about 9
hours. Therefore, all WAXS tests for each type of PE could be completed in one day. Note that all
WAXS spectra presented here have already had the machine background removed, which was

carried out following the procedure recommended for the machine.

4.4 Results and discussion

4.4.1 MR test

Fig. 4.5 presents typical results from the MR test for the six PEs. Fig. 4.5 summarizes plots
of total stress at the beginning of each stress relaxation stage, as a function of stroke used for the
stress relaxation. The peak point, corresponding to yielding of the specimen, is highlighted in the
figure using open blue boxes, all in the range from 2 to 2.7 mm. Some curves, such as that for #2
HDPE, contain a secondary, relatively shallow peak at a stroke above 3 mm. Such a peak is quite
common for PEs with side chain branches in the PE molecules. Work in Refs. [29, 30], based on
dynamic mechanical analysis, has suggested that higher the branch density in the PE molecules,
more significant the secondary peak appears. Significance of such a peak is also affected by the

cooling process when making plaques from PE pellets.
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Fig. 4.5 Typical curves from the MR test, of total stress versus stroke with the total stress measured at the

beginning of each stress relaxation stage, in which peak points are highlighted using open blue boxes.

Note that all PE specimens, except those of #4 HDPE, showed a clear necking behaviour
at the end of the MR test, at a stroke around 7 mm. As mentioned earlier, specimens of #4 HDPE

had a premature fracture at a stroke around 3 mm, without any indication of neck development.

Data from the stress relaxation stages were analyzed following the curve-fitting process
described in section 2, in which 6+(0) and oo values were used as fitting parameters to generate a
curve based on Eq. (4.8), with z: = 16,000 seconds, to fit the experimentally measured time function
of the stress decay, Aar. Critical point for the change of trend line in the go-stroke curve was then
used to determine the stroke for the 1% critical point. Fig. 4.6(a) presents two examples of the oo-
stroke curves obtained from this study, both from #2 HDPE. The top curve shows a gradual
increase of oo with the increase of stroke till a plateau is reached. This is a typical curve for all PEs
used in the study. Occasionally, a small drop of o appeared after its initial linear increase with the

increase of stroke, as shown in the bottom curve of Fig. 4.6(a). Cause for such a small drop of ao
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is not clear at this stage, but its appearance did not affect the general trend line of oo versus stroke
afterwards. Therefore, stroke for the 1% critical point was determined based on the intersection of
two trend lines, one for the initial, linear increase of oo with stroke and the other the horizontal line
which represents the oo value in the plateau region. In this way, possible inconsistency of the
critical stroke values due to the presence of a small drop of g could be avoided. As depicted in

Fig. 4.6(a), critical strokes from the two curves have very similar values.

Fig. 4.6(b) summaries go-stroke plots, one for each PE used in the study. The 1 critical
points are highlighted using open red circles, determined based on the approach depicted in Fig.
4.6(a). For comparison, the points corresponding to specimen yielding are also highlighted in Fig.
4.6(b) using open blue boxes. The data suggest that among the six PEs, strokes for the 1% critical
point have better consistency than those for the yield point. The corresponding oy values at the
beginning of each stress relaxation stages are summarized in Fig. 4.6(c). Similarly, the 1% critical
points and yield points are highlighted in this figure using open red circles and open blue squares,
respectively. It is interesting to point out that as shown in Fig. 4.6(c), peak ox values are only about
50-60% of the peak values of total stress shown in Fig. 4.5, suggesting that even with several stress
relaxation stages before reaching the peak point, the applied stress still has a significant viscous

stress component.
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Fig. 4.6 Summary of MR test results: (a) sample curves showing the approach used to determine the stroke
for the 1% critical point, (b) typical variation of oo with stroke, (c) typical variation of oy with stroke
(highlighted open red circles and open blue boxes indicate the 1% critical point and the yield point,

respectively).

4.4.2 WAXS

Fig. 4.7 presents typical WAXS spectra obtained from PE specimens used in the study.
Spectra in the figure are all from #2 HDPE, stretched to different strokes. Two major peaks,
labelled (110) and (200), at 20 of 21.6° and 24.0°, respectively, are from the orthorhombic structure
[31, 32]. Stroke for each spectrum is not provided in the figure in order to maintain clarity of the
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curves. The general trend of change among the curves in Fig. 4.7 is that peak intensity for (110)
decreases with the increase of stroke, but the opposite trend for (200) (i.e., increase with the
increase of stroke). In addition, a minor peak, as indicated by an arrow on the right shoulder of
(200) peak, has peak intensity increase with increase of the stroke above a critical value which will
be discussed later in this section. As suggested in Refs. [8, 27, 33-35], growth of this small peak
is due to the development of a monoclinic structure which is known to exist in PE under tensile

deformation.
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Fig. 4.7 Typical WAXS spectra with different strokes (from #2 HDPE) (Peak intensity for (110) decreases

with increase of stroke applied to specimens).

The insert in Fig. 4.7 presents collection of spectra in the 20 range from 36° to 40°, in
which the peak intensity also decreases with the increase of stroke. However, intensity level for
spectra in the insert of Fig. 4.7 is much lower than that for the two major peaks. Furthermore,

change of the intensity for peak (200) is less significant than that for peak (110), and work reported
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in Refs. [8, 36], for PEs different from those used here, shows little sensitivity of the intensity for
peak (200) to the deformation change. Therefore, the following discussion is based on the change

of intensity for peak (110), at 26 of 21.6°.

Fig. 4.8 summarizes the intensity variation for peak (110) as a function of stroke used to
stretch the specimens. At small strokes, the peak intensity is relatively constant, showing little
dependence on the stroke, but when the stroke is sufficiently large, the peak intensity decreases
noticeably with the increase of stroke. As a result, Fig. 4.8 indicates that the change of peak
intensity goes through a transition. Critical stroke for the transition was determined based on the
assumption that the peak intensity remains constant below the critical stroke, but above it,
decreases linearly with the increase of stroke. The critical stroke for each PE is presented in Fig.
4.8 using an open circle, with the corresponding stroke value given under an arrow that points to
the open circle. Fig. 4.8 suggests that the critical stroke for the onset of degradation in the
orthorhombic crystalline structure can be detected using change in intensity of peak (110), and the
extent of degradation increases with the increase of stroke. However, Fig. 4.8 suggests significant
variation of the critical stroke values for the six PEs, which is different from that shown in Fig. 4.6

(represented by open red circles).
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used to stretch the specimens.

To resolve the issue of different critical stroke values given in Figs. 4.6 and 4.8, critical
strokes determined from the WAXS spectra and those from the MR tests are summarized in Fig.
4.9, plotted as a function of PE density. Note that PE density is used here as a material parameter

for convenience. Other parameters, such as degree of crystallinity from WAXS spectra [7, 37],
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could also be used to represent material characteristics. However, our analysis has shown that
values for the degree of crystallinity are linearly proportional to the values for PE density.
Therefore, trend line of the dependence of test results on PE density should be the same as that on
degree of crystallinity. In the following discussion, the former parameter is selected as the material

parameter.

Fig. 4.9 suggests that the critical strokes from the WAXS experiment are either larger than
or equal to (for #6 HDPE, with PE density of 0.957 g/cc) the stroke for the 1% critical point from
the MR test. Note that stroke used in Fig. 4.8 represents dimension of the insert used to maintain
the specimen deformation during the WAXS experiments. However, the maximum stroke required
to place the insert in the specimen was always larger than the insert dimension, and the amount of
extra stroke required varied among the PE specimens. Therefore, critical stroke values determined
from Fig. 4.9 may have a bigger uncertainty than that determined from the MR test for which
single specimen was used, with stroke resolution of the test machine being better than 0.01 mm.
Since Fig. 4.9 suggests that none of the critical stroke values from WAXS spectrum is smaller than
that determined from the MR test, it is believed that critical stroke values determined from the MR
test represent the lower bound of the possible critical stroke values determined from the WAXS
spectrum, and that the critical stroke values from the MR test are more reliable than those from the
WAXS spectrum for quantifying the deformation level required to start plastic deformation in the
crystalline phase of PE. Nevertheless, the WAXS experiments provide a plausible evidence to
support that the stroke for the 1 critical point, determined from the MR test, represents the onset

of plastic deformation in the crystalline phase of PE.
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Fig. 4.9 Comparison of critical strokes in Fig. 4.8 and those for the 1* critical point from the MR test.

4.4.3 Discussion

Using the standard visco-elastic model shown in Fig. 4.1, total stress, at, applied to PE in
the MR test can be divided into the time-independent component, o, and the time-dependent
component, g:(f). Based on change of the trend line for oo, critical strokes for the local and global
plastic deformation of the crystalline phase, i.e., the 1% critical point and the yield point,

respectively, were identified, and their corresponding ox values determined.

Fig. 4.10 depicts plots of o; (squares) and o (circles) at the 1% critical point (solid symbols)
and yield point (open symbols) determined from the MR tests, and yield strength values listed in
Tab. 4.1 (oyla-mono, open diamonds) which were determined using standard test. The figure shows
that all stress values that include viscous and quasi-static components, i.€., gyl¢-mono, oi-yield, and

or-1st, show a relatively linear relationship with PE density. However, the corresponding oy values
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determined from the MR test, i.e., ow-yield and os-1st, show a nonlinear relationship with PE

density.

Stress (MPa)

093 0.94 0.95 0.96 0.97
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Fig. 4.10 Summary of o5 and o values at the 1*' critical point and yield point from the MR tests (os-15t, os-
yield, o-1st, and o-yield), and yield strength listed in Tab. 4.1 (oy1i-mono), plotted as functions of PE

density.

As shown in Fig. 4.10, the linear relationship between o at the yield point and PE density
is similar to that for ayig-mono, which is consistent with the common belief that yield strength for
PE follows a close to linear relationship with PE density [38]. Such a linear relationship also exists
for o at the 1% critical point, as shown by the curve of oi-1st in Fig. 4.10. However, the figure also
suggests that the relationship between oy and PE density is non-linear, at both the 1% critical point
and the yield point. This could be caused by the assumption of constant z; value of 16000 sec in
the Eyring’s model for the entire deformation process, as os value required for Eq. (4.8) to fit the

experimental curve is known to vary with the 7 value. Therefore, further investigation to allow z:
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to vary with stroke is needed to verify whether the relationship between ot and PE density is indeed
non-linear, as suggested by Fig. 4.10. Nevertheless, using constant z; is sufficient for our purpose
at this stage. Our on-going study is to find a way to make 7 as a free parameter in the curve fitting

process.

In addition to the nonlinear relationship between oy and PE density, this study also
discovered a possible linear relationship between stress ratio and PE density. Fig. 4.11 presents
the stress ratio of o at the 1% critical point (ox-1st) to the yield strength listed in Tab. 4.1 (oyid-
mono), plotted as a function of PE density. The figure suggests that this stress ratio is nearly
constant among six PEs used in the study, showing little dependence on the PE density. This
phenomenon sheds a light on the possibility of using short-term test to determine the time-
independent stress component, oy, which at this stage cannot be correctly measured using any

standard test.

In view that oy-1st represents the critical QS stress to initiate local plastic deformation in
the crystalline phase of PE, its value could play a significant role on the long-term performance of
PE, especially for load-carrying applications. The possibility of using a short-term test to determine
ost-1st value, as indicated in Fig. 4.11, will greatly benefit the industry for a quick evaluation of
the long-term performance of PE. Study to address the above issues is important to confirm such

a possibility, and is planned when this manuscript is prepared.
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Fig. 4.11 Ratio of oy at the 1% critical point from the MR test (oq-1st) to yield stress from the standard

tensile test (oy1i-mono) listed in Tab. 4.1, plotted as a function of PE density.

4.5 Conclusions

A new, multi-relaxation (MR) test method is developed and applied to six PEs of different
densities, to determine their critical points for the transition from the amorphous-phase-dominant
deformation to the involvement of the crystalline phase. The critical stroke level for the onset of
local plastic deformation in the crystalline phase, named the 1% critical point, has been identified
for the six PEs. These critical stroke values were found to be nearly constant and independent of
the PE density. All of these phenomena are consistent with those reported in the past, using similar
analysis but based on test results from multiple specimens [14, 20]. WAXS experiments were
conducted to examine change of the crystal structure at the 1% critical point. The WAXS spectra
confirmed that after reaching the stroke for the 1% critical point, intensity for the (110) peak shows

a significant decrease with the increase of stroke.
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Through the study on six PEs, it was discovered that the o component for the 1% critical
point does not show a linear relationship with PE density, in contrast to the yield stress measured

from the standard test.

This study also discovered that the stress ratio of os-1st to gyl¢-mono from the standard test
shows a nearly constant value, independent of PE density. Since the long-term, load-carrying
performance of PE should be based on its o5 value, the nearly constant ratio of os-1st to gyli-mono
indicates the possibility of using short-term test to evaluate PE’s long-term performance, but

further investigation is needed.

Overall, the study provides some insights on the time-independent mechanical properties
of PE and the associated mechanisms for deformation. We intend to apply the information to
evaluation of PE, in order to explore practical benefits of the MR test on characterization of PE’s

long-term, load-carrying performance.
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Chapter 5 Multi-relaxation test to characterize the long-term

performance of PE and its pressure pipe

A new concept is proposed, which uses results from a multi-relaxation test to characterize
transition of deformation mechanisms in polyethylene (PE) pipes, from the amorphous phase only
to the involvement of the crystalline phase. The former mechanism is believed to lead to brittle
failure, while the latter ductile failure. The transition from ductile to brittle (DB) failure has been
observed in creep tests of PE pipes by reducing the applied stress below a critical level. This paper
presents results from six PE pipes of different density and molecular weight distribution. The
results suggest that high-density PE pipes require a higher deformation level for the involvement
of the crystalline phase than the medium-density PE pipes. The results also suggest that the trend
of change in the critical stress level for the involvement of the crystalline phase is close to the
trend of change in the hydrostatic design basis, but the former takes less than two weeks to
complete, while the latter more than 1 year. Therefore, the multi-relaxation test can be used as an
alternative method to characterize PE pipe performance, as a means for preliminary screening or

in-service monitoring of pipe performance.
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5.1 Introduction

Polyethylene (PE) is a semi-crystalline polymer with a microstructure of chain-folding
crystalline lamellae and inter-lamellar amorphous phase. The material has long been an attractive
option for pipe applications, due to its light weight and excellent ductility [1-4]. Many researchers
have studied complex mechanisms involved in its deformation process, which induces changes in
the microstructural morphology [5-6]. However, these studies are yet to provide evidence to clarify
the mechanisms for the well-known unusual ductile-to-brittle (DB) transition that has been
observed in laboratory testing of PE pipe sections when subjected to the creep loading. This DB
transition is known to cause brittle failure at a low stress level, occurring often after a long
incubation period [7-9]. Therefore, it is difficult to predict its occurrence in the short-term

laboratory testing.

Over the last few decades, many researchers have shown considerable interests in
predicting the long-term performance of PE using the short-term laboratory tests [10-12]. Most of
these tests introduced notches to specimens to reduce time required to initiate slow crack growth
(SCG), thus shortening the time for detecting the DB transition. However, the use of notches
prevents the test results from prediction of critical stress and time for the DB transition in PE
products that do not contain any notch [13]. To our knowledge, only a few groups have tried to
use notch-free specimens to predict the DB transition, and apply the test results to prediction of
service life of PE in service [14-15]. Therefore, it is of great significance to develop a new short-

term test to characterize the long-term performance of PE using notch-free specimens.

At a sufficiently low strain rate, deformation in PE is known to start firstly in the

amorphous phase, because of its relatively lower resistance to deformation than the crystalline
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counterpart [1]. Based on this concept, we believe that the brittle-like failure behavior in PE at a
low stress level is caused by the limited extent of deformation due to the constraint in the inter-
lamellar, amorphous phase. Hong et al. [ 16] have proposed an approach to identify the deformation
transition from the amorphous phase only to the involvement of the crystalline phase. Following
their concept, a preliminary study [17] was conducted on one ethylene-hexene copolymer (PE
plaque) to identify the critical quasi-static stress levels for deformation transition. It was found that
a short-term multi-relation (MR) test is capable of detecting two critical points for deformation
transition, one for the onset of plastic deformation in the crystalline phase and another for global
yielding in the crystalline phase. Moreover, one of the two critical points correlates well with
critical stress for the DB transition of the PE plaque. Such a phenomenon sheds a light on the
possibility of using a short-term test to characterize DB transition of PE and this concept was
transferred to PE pipes. In this study, creep tests were not conducted to determine critical stress
for the DB transition in PE pipes used in the study. Instead, hydrostatic design basis (HDB)
provided by the pipe supplier is used to compare with the critical quasi-static stress for transition
determined from the MR test. This chapter summarizes the test results and discusses possible

means to obtain additional evidence to support the conclusions.

5.2 Experiments

5.2.1 Materials and sample preparation

Materials used in the study are six 2-inch PE pipes of different categories, based on
difference in density, medium- or high-density (MD or HD, respectively) and molecular weight
distribution (bi- or uni-modal), denoted as u-MDPE, b-MDPE, u-HDPE and b-HDPE in which “u”

stands for uni-modal molecular weight distribution and “b” bi-modal. In addition to the above
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differences, pipes #1 to #4 used in this study were from manufacture A, while pipes #5 and #6
from manufacturer B. All pipes have the ratio of pipe outer diameter to wall thickness (SDR) of

11. Fundamental characteristics for these PE pipes are listed in Tab. 5.1.

Tab. 5.1 Material characteristics for pipes used in the study.

Yield strength  HDB! @23 °C

Material Pipe code Density (g/cc)

(MPa) (MPa)
#1 u-MDPE PE2708 0.940 19.3 8.62
#2 u-HDPE PE3408 0.944 22.8 11.03
#3 b-MDPE PE2708 0.940 19.3 8.62
#4 b-HDPE PE4710 0.949 24.8 11.03
#5 u-MDPE PE2708 0.940 19.3 8.62
#6 b-HDPE PE4710 0.949 >24.1 11.03

' Hydrostatic design basis
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Fig. 5.1 Schematic description of specimen preparation.

Notched-pipe-ring (NPR) specimens, with the overall width of 25 mm and ligament length
of nominally 6 mm, were machined from the above PE pipes. Instead of the conventional round
notch, a flat notch profile is used to improve stress evenness across the ligament length [18]. Fig.
5.1 depicts the general machining process for NPR specimens. At least two tests were conducted

for each type of PE pipes to ensure repeatability of the test results.
5.2.2 Multi-relaxation (MR) test

D-split tensile loading was applied to the NPR specimens using a universal test machine
(Quasar 100), with test program and data acquisition controlled using a personal computer. Fig.
5.2 depicts the test setup. The tests were under displacement control, consisting of multiple

relaxation stages each of which was for a relaxation period of 10,000 seconds. A constant
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displacement increment of 0.33 mm, at a speed of 5 mm/min, was introduced between two adjacent
relaxation stages. The maximum displacement for each multi-relaxation test was 10 mm, followed
by unloading at the same crosshead speed. A home-made extensometer was mounted on each
specimen before the test, to record changes of the gauge length during the test. All of the tests were

conducted at room temperature.

In each multi-relaxation test, raw data of load, stroke and extensometer readings were
recorded as functions of time, based on which engineering stress (ceng) and area strain (€area) Were

calculated using the following expressions.

F
O-eng = m (51)
W,
Earea = 2 anO (5.2)

where F is the applied load, W ligament length, and 7o ligament thickness. Subscript “0” stands

for the initial values of the parameters.
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Fig. 5.2 Set-up of the D-split tensile test.

5.3 Idea of using MR test to predict critical stress for the DB transition

In a previous study [17], uniaxial creep tests were conducted on one ethylene-hexene
copolymer (PE plaque) over a wide range of stress and temperature. A stress-time-temperature
(StT) expression, following the procedure in Chapter 2, was established to construct the master
curve of stress versus creep time to ductile (or brittle) failure at a given temperature, which contains
the transition between the two behaviors (commonly known as the DB transition). For the PE
plaque used in this study, examples of master curves of applied creep stress versus failure time are
constructed for several temperatures, as shown in Fig. 5.3. Open circles in the figure are data
obtained from the creep tests. In each master curve, intersection of two straight lines with different

slopes is the location where DB transition is expected.

Fig. 5.4 summarizes critical stresses for the DB transition at different temperatures,

determined based on the plots in Fig. 5.3. Fig. 5.4 indicates that at room temperature (296 K),
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critical stress for the DB transition is 11.43 MPa, which is consistent with the previous expectation
that stress for brittle failure to occur should be less than half of the yield stress (27.1 MPa) [19].
Fig. 5.4 also indicates that for this PE plaque, critical stress for the DB transition decreases

significantly, to 6.50 MPa, by increasing temperature to 358 K.
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Fig. 5.3 Master curves of engineering stress versus time, including the DB transition and creep test results.
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Fig. 5.4 Critical stresses for the DB transition () from creep tests, first critical quasi-static stresses (@)

and critical quasi-static stress for global yielding (O) from short-term MR tests at different temperatures.

The short-term MR test were conducted at three temperatures of 296, 315 and 333 K,
identical to the lower three temperatures selected for the creep test. This is to provide a more
thorough comparison between results from short-term MR test and those from creep test.
Following the analysis in Ref. [20], two critical quasi-static stresses were determined and listed in
Fig. 5.4, which represent the quasi-static stress for the onset of plastic deformation in the crystalline
phase (os-1st) and for the global yielding of the crystalline phase (ox-yield). As indicated in Fig.
5.4, the critical stress for the DB transition and os-yield have very similar values. Therefore, it is
likely that o-yield can be used to represent the critical stress for the DB transition. Although data
presented here are limited, the phenomenon has shed a light on the possibility of using short-term
test results to determine critical point for mechanism transition in the long-term performance of

PE. Based on this phenomenon, MR tests were conducted on PE pipe to predict critical stresses
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for the DB transition. Note that the creep tests on pipe specimens (NPR specimens) were conducted

at room temperature only.

5.4 Results and discussions

Fig. 5.5 presents a typical engineering stress-stroke curve from the multi-relaxation test,
while the line connecting the engineering stress at the beginning of each relaxation stage is used

to represent the applied engineering stress-stroke curve for each specimen.

20

Engineering stress (MPa)

0 2 4 6 8 10
Stroke (mm)

Fig. 5.5 A typical engineering stress-stroke curve (from #5 u-MDPE).

Fig. 5.6 summarizes curves of engineering stress versus stroke for the six PE pipes. The
figure suggests that HDPE pipes exhibit higher yield strength than the MDPE pipes, for both uni-
modal and bi-modal molecular weight distribution. Such a trend is also reflected in the curves of
true stress versus area strain, as shown in Fig. 5.7. The results also show that the HDPE pipes has
better mechanical strength than the MDPE counterparts, which is consistent with the well-known

concept that strength for PE is mainly governed by the degree of crystallinity [21].
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Fig. 5.6 Curves of applied engineering stress versus stroke for the six PE pipes.
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Fig. 5.7 Curves of applied true stress versus area strain for the six PE pipes.

The applied stress (oa) for the mechanical testing of PE can be decomposed into two
components, i.e. the time-dependent viscous stress, oi(¢), and the time-independent quasi-static

stress, ost, as shown in the following expression:
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oa(t) = 0 + 0:(1) (5-3)

Based on the Eyring’s Law, as suggested by Hong et al. [16], the drop of viscous stress
during the relaxation stage (Aor) can be expressed as a function of relaxation time using the

following equation.

Ao, = 6.(0) — 0,(t) = 0,(0) — 20 tanh™* Itanh <0;S‘00)> exp (— Tir)l (5.4)

where oy 1s the reference stress, and 7; the characteristic relaxation time which is fixed as 16000
seconds, following the work by Hong et al. [16]. Since oy is independent of time, Ao is equivalent
to the total stress decay in the relaxation stage. Therefore, by adjusting values for oo and a+(0) in
Eq. (5.4) so that the curve from the experimental measurements at each relaxation stage matches
that from Eq. (5.4), the g9 and ¢:(0) values can be plotted as a function of stroke or area strain. As
suggested by Hong et al. [16], the first change in the trend for go represents the transition in
deformation from the amorphous phase only to the involvement of the crystalline phase, and is
referred to as the first critical point. The second critical point, corresponding to the peak point on
the engineering stress-stroke curve, represents the onset of the collective slipping in the crystalline

phase.

Although the curve generated from Eq. (5.4) cannot fully match the curve obtained
experimentally, in view that the current study is focused on the long-term performance of PE pipes,
values for oo and a(0) were chosen so that the curve generated from Eq. (5.4) matches the linear

part of the curve for stress drop versus logarithmic scale of time, in the time frame above 1000
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seconds at the relaxation stage. Fig. 5.8 provides an example of such curve fitting. Two curves are

presented in Fig. 5.8(a) as a linear function of time, one from the experimental testing and the other

based on the Eyring’s Law, and Fig. 5.8(b) as a logarithmic function of time.
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(a)

o Experiment
o Eyring's law

T
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Fig. 5.8 Curve fitting of experimental data according to the Eyring’s Law.

By applying the above curve fitting process to data measured at each relaxation stage,

values for gp were determined and plotted as a function of stroke. Fig. 5.9 gives an example of

such plots for NPR specimens. Following the suggestion by Hong et al. [16], as mentioned earlier,

the first critical point occurs when the trend line for oo changes with the increase of deformation.

Such a change is indicated in Fig. 5.9 using an arrow. It is worth mentioning that, different from

Fig. 5.9, a small drop of oo appeared after its initial linear increase with the increase of stroke for

PE plaques, as shown in Fig. 4.6 (a). As a result, the ways used to determine the first critical point

for PE plaques and for PE pipes are different.

Fig. 5.10 summarizes variation of oo as a function of either stroke in (a) or area strain in

(b). The solid triangles (A) in the plots represent the critical stroke or area strain for the first

critical point. In general, the two plots in Fig. 5.10 indicate that critical values of stroke and area
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strain for the first critical point in the HDPE pipes are larger than the corresponding values for the

MDPE pipes.

0.6 LN
[
y=0.0598x +0421 ® m
RZ=1 oy
~ 04 -
ﬁ - - . -
E First critical point
A
=
© 9o y=10.2892x + 0.0026
R =0.9961
EmReference stress
0 T T
0 2 4 6

Stroke (mm)

Fig. 5.9 Plot of reference stress (oo) as a function of stroke for a NPR specimen, and depiction of the process

to determine the first critical point for deformation transition.
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132



Fig. 5.11(a) presents the plot of maximum viscous stress component, a+(0), as a function of
stroke, and Fig. 5.11(b) the corresponding quasi-static stress component, os.. The figures suggest
that ¢:(0) and oy exhibit the same trend of difference among the six pipes, but the difference for
0+(0) is bigger than that for oy. In general, their maximum values for HDPE pipes are larger than
those for MDPE pipes, and for pipes in the same density category, o+(0) values for those with bi-
modal molecular weight distribution are larger than those with the uni-modal counterpart, but the

difference for the os values are less.
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Fig. 5. 11 Two stress components determined from the multi-relaxation tests as a function of stroke for the

six PE pipes: (a) 6¢(0) and (b) o.

In order to investigate the possibility of using the short-term MR test to characterize long-
term performance, critical quasi-static stresses are compared with results from long-term
hydrostatic pressure tests. The latter tests were conducted on pipe sections by the pipe supplier,

following the procedure specified using ASTM D2837 [22].
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Tab. 5.2 summarizes critical area strains for the first critical point and the corresponding
os values for the six PE pipes, and compares these values with their hydrostatic design basis (HDB)
at 23°C and long-term hydrostatic strength (LTHS) determined using ASTM D2837 [22]. As
mentioned earlier, the critical area strain values for MDPE pipes are smaller than those for HDPE
pipes, and consequently the corresponding o values for MDPE are smaller than those for HDPE.
It is interesting to point out that critical oy values for these PE pipes are quite close to their HDB
values. Since HDB is determined from the measured values for LTHS which takes more than
10,000 hours (> 1 year) to complete, results from the multi-relaxation test, taking only about four
days to complete, can serve as an alternative, time-saving approach to evaluation of long-term

mechanical performance of PE pipes.

Tab. 5.2 Summary of results from the multi-relaxation tests and those from standard test methods (HDB

and LTHS).
First critical HDB
First critical area
Material quasi-static stress (o5 ) @23°C LTHS' (MPa)
strain

(MPa) (MPa)
#1 u-MDPE 0.05 8.18 8.62 8.27-10.55
#2 u-HDPE 0.09 10.16 11.03 10.55-11.93
#3 b-MDPE 0.04 7.25 8.62 8.27-10.55
#4 b-HDPE 0.07 10.86 11.03 10.55-11.93
#5 u-MDPE 0.04 7.25 8.62 8.27 -10.55
#6 b-HDPE 0.08 9.88 11.03 10.55-11.93

! Long-term hydrostatic strength
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5.5 Conclusions

Results from the study suggest that in general, HDPE pipes have better mechanical strength
than MDPE pipes. For PE pipes with the same density, PE pipes of bi-modal molecule weight

distribution are stronger than those of unimodal molecular weight distribution.

In the deformation process that starts in the amorphous phase and involves the crystalline
phase, a short-term multi-relaxation (MR) test can be used to determine the critical quasi-static
stress level for the deformation transition from the amorphous phase only to the involvement of
the crystalline phase. Among the six pipes used in the study, the results show that the critical stroke
and the corresponding area strain values for the involvement of the crystalline phase in the MDPE
pipes are always smaller than those for the HDPE pipes. The results also suggest that the critical
stress levels for the involvement of the crystalline phase are quite close to their HDB values.
Therefore, the proposed MR test can be used as an alternative to ASTM D2837, for comparison

of long-term performance of PE pipes in a very short timeframe.
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Chapter 6 Conclusions and future work

Chapter 6, drawing from previous chapters, summarizes the main contributions of this research

project. In addition, this chapter suggests possible work for the future investigation.

139



6.1 Main conclusions

The ultimate goal of this study is to develop a short-term test using notch-free specimens
to detect critical points, as well as their strain and stress values, for deformation transitions of PE
and to predict critical stress for the DB transition. In this study, determining the deformation
transitions of PE under creep loading through the use of a stress-time-temperature (StT) parametric
method, and interpreting the test data in terms of activation energy involved through the use of the
Eyring’s Law, have improved our understanding and knowledge of PE’s long term performance.
In addition, a short-term multi-relaxation (MR) test was proposed to determine deformation
transitions under tensile loading. To achieve this ultimate goal, quantitative comparison was made
between results from short-term MR test and creep test. The main contributions of this thesis are

summarized as follows.

(1) Characterization of deformation transitions of PE under creep loading

The study of deformation transitions in PE has a great importance not only from the
academic viewpoint, but also for the prediction of service life for load-carrying applications. In
Chapter 2, creep tests were conducted on three ethylene-hexene copolymers differing mainly in
mass density, using notch-free PE specimens. The master time-to-failure curves were constructed
through the use of a stress-time-temperature (StT) parametric method similar to that introduced in
ISO 9080, which are also verified using data from additional creep tests. The well-known ductile-
brittle (DB) transition , including its critical time and stress level, is detected for PE with the
highest mass density, and a less known ductile-ductile (DD) transition in PE with the medium mass

density. With the creep test data, the analysis also suggests that the Monkman-Grant relationship
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is applicable to ductile failure of PE, even with the DD transition, but cannot be applied to data for

brittle failure after the DB transition.

(2) Characterization of creep deformation and failure behaviour in PE plaque

In chapter 3, creep tests were performed on four types of polyethylene (PE), one homo-
polymer and three ethylene-hexene copolymers, at temperatures from 296 to 358 K. Three failure
modes were observed, i.e., low- and high-temperature brittle failures and ductile failure, but the
Monkman-Grant relationship is applicable to both ductile and low-temperature brittle failures. The
test results were analyzed through the use of the Norton Power Law (NPL) and the Eyring’s Law.
The analysis suggests that the former cannot provide a proper description of the creep deformation
for all PEs, but the latter can by considering two processes acting in parallel. The analysis also
suggests a correlation between the failure mode transition and activation energy for deformation
at the secondary creep stage. Therefore, rather than the use of creep tests with failure time up to
13 months, short-term creep tests have the potential for predicting the ductile-brittle transition that

has been a major concern for long-term, load—carrying applications for PE.

(3) A short-term multi-relaxation test to characterize deformation transitions in PE

plaque under tensile loading

A multi-relaxation (MR) test is developed based on the concept that stress relaxation
behaviour can be used to reflect the material state. Based on this concept, two critical points, one
for the onset of plastic deformation in the crystalline phase of PE, referred to as the 1% critical
point, and another for global yielding, are determined for six PEs using the MR test. The
corresponding critical quasi-static stresses are determined by removing the viscous stress

component based on a standard visco-elastic model. The results show that the 1% critical stroke has
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very similar values among the six PEs. More interestingly, ratio of the QS stress at the 1% critical
stroke to the yield stress from the standard tensile test shows little dependence on PE density.
Therefore, it is possible to use the short-term test to characterize the critical quasi-statics
component of the applied stress to initiate plastic deformation in the crystalline phase, which is

expected to play a significant role on the long-term, load-carrying applications of PE.

(4) Comparison of results from short-term multi-relaxation test and creep test in PE and

its pressure pipe

To achieve the ultimate goal of this study, a quantitative comparison was made between
the results from short-term MR test and creep test. For PE plaques, critical stress for the DB
transition shows a good correlation with the critical quasi-static stress for the onset of global
yielding in the crystalline phase. Such a phenomenon sheds a light on the possibility of using a
short-term test to characterize long-term performance of PE pipe. Based on this observation, MR
tests were conducted on six PE pipes to explore the possibility of using short-term test to predict
the long-term behaviour. For the six PEs studied, as described in Chapter 5, the results suggest that
the critical quasi-static stress for the involvement of the crystalline phase is close to the trend of
change in the hydrostatic design basis (HDB), but the former takes less than two weeks to complete,
while the latter more than 1 year. Therefore, the MR test can be used as an alternative method to
characterize PE pipe performance, as a means for preliminary screening or in-service monitoring

of pipe performance.
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6.2 Future work

Overall, the research work presented in this thesis is a step toward developing a reliable
short-term test for preliminary screening or in-service monitoring of PE. However, further research

is needed before its application is realized in industry.

(1) Evaluating the effect of relaxation time on the determination of critical quasi-static
stress in the MR test
The proposed short-term MR test has been successfully used to determine two points for
deformation transitions in this thesis. In order to obtain the corresponding quasi-static stress
component, the relaxation time in the Eyring’s Law was fixed as 16000 seconds, following the
work done by Strobl’s group [1]. Using a constant relaxation time is sufficient for our purpose at
this stage. However, to apply this new test method to engineering practices, it is necessary to
evaluate the effect of relaxation time on the determination of critical quasi-static stress and find a
way to make relaxation time as a free parameter in the curve-fitting process.
(2) Evaluating the crystallinity of PE under deformation using wide-angle X-ray

scattering

In Chapter 4, wide-angle X-ray scattering (WAXS) was used to detect the involvement of
the crystalline phase during deformation. We also conducted a preliminary study on the
determination of the crystallinity of PE under deformation using WAXS. Fig. 6.1 shows typical
WAXS spectra (from #1 LLDPE with stroke of 5 mm) after subtraction of machine background
noise. A deconvolution procedure was carried out for the amorphous halo, (1 1 0), (2 0 0) and the

monoclinic peak at 20 of 19.7°, 21.6°, 24.0° and 25.0°, respectively. According to Ref. [2], the
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individual contribution of each peak can be approximated by the Pearson VII function which takes

the form:

G
f(20) = o262 z
_ hkl 1/e _
1+ 4( A29hkl ) (2 fe 1)]

(6.1)

where £(20) is the peak profile, 6w the Bragg angle, G the peak height, A(26h«) the full width at
half maximum and e the shape parameter of the function. For each peak, G, A(26h) and e are
fitting parameters. In the preliminary study, for (1 1 0), (2 0 0) and the monoclinic peak, e was
fixed as 1 and Pearson VII function reduces to the Cauchy function, while e was fixed as 1E+7 for
the amorphous halo and Pearson VII function takes the Gaussian form. In Fig. 6.1, the fitting to
the WAXS spectra was the sum of several Pearson VII functions, and contribution from each peak
was also included. Integration under each individual peak has allowed estimate of the degree of

crystallinity (Xc) using Eq. (6.2):

LFE

X. =
¢ YR+E

(6.2)

where F. and F, are areas of crystalline peak and amorphous halo, respectively [3]. Using such a
technique, it is possible to estimate the crystallinity of polymers under deformation. It is worth
mentioning that the technique used in the preliminary study only takes into account a few major
peaks at 20 from 10° to 30°, without considering the contribution from small peaks, such as the
one indicated by an arrow in Fig. 6.1. If possible, this technique can be further investigated and

optimized to evaluate the change of crystallinity of PE over the deformation process.
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Fig. 6.1 Typical WAXS spectra (from #1 LLDPE with stroke of 5 mm) and the individual contribution of

each peak from the deconvolution procedure.

(3) Evaluating the effect of residual stress on the occurrence of DB transition in PE pipes

Residual stresses are a consequence of thermal gradient along pipe wall thickness [4-8] due
to difference in cooling rate introduced during the manufacturing processes. As pointed out by
many investigators [4, 8-9], the presence of tensile residual stress within pipes can accelerate the
fracture process when conducting a creep rupture test, resulting in the premature failure of PE
pipes. Exploring the effect of residual stress on the occurrence of DB transition in PE pipes will
definitely be beneficial to improvement of the manufacturing processes of PE pipe, to assure its

long-term performance in service.
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