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Abstract

Abstract

Understanding the mechanisms of crazing, which are the precursor to fracture in
polyethylene under slow crack growth conditions, is one of the key factors in the
development of tough materials for structural applications such as in pipes for the

transportation of water and gas.

Due to the localised nature of the damage (craze) evolution in polyethylene, it was
possible to postulate a traction-separation relationship to describe the fracture process.
Using a circumferentially notched tensile specimen, the relationship has been examined
over a wide range of constraint and rate conditions. The aim is to show that the traction-
separation behaviour of polyethylene is constraint and rate dependent and that this
dependency can lead to contrasting damage-failure behaviour between different grades.
On a macroscopic scale, this is manifested by distinctive crack growth behaviour with
varying degrees of resistance against crack propagation. As a result, the nature and the
type of the damage formed affected the overall energy dissipation. The implication on
the fracture toughness and hence the long-term fracture properties is significant.
Through the optical and microscopy work, a unified approach was developed which
combines mechanical characteristics with microstructural observations. Based on this
approach, both gross and subtle differences in the fracture behaviour between different
grades were readily detected and differentiated. Furthermore, the structure-property
relationship associated with each grade was established. Such an analysis should
provide the crucial information about the material performance for plastic pipe
manufacturers in the development and the characterisation of new generations of pipe

materials

Preliminarily numerical simulations of the circumferentially notched tensile tests were
performed using the Finite Volume method. The aim is to determine the appropriateness
of the measured cohesive laws in the numerical simulations. Results of this study will

serve as the platform for the development of a fully predictive fracture model.
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I Cohesive energy /area under the traction-separation curve
p Density

Eeng Engineering strain

Etrue True strain

gy Yield strain

Nomenclature
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Nomenclature

€ Strain rate

) Displacement/separation

Obreak Separation at decohesion/break separation distance
dcop Critical separation value

Snormal Normal displacement

Opeak Peak separation distance

Otolerance Tolerance value for numerical simulation
c Applied stress

Geng Engineering stress

O normal Normal stress component

Opeak Cohesive/peak/maximum stress/strength of the traction-separation curve
Csoft Softening stress

Cirue True stress

Gy Yield stress

Gvo Yield stress at unit time

A Extension/draw ratio
Abbreviations

BMPE Blow moulding polyethylene

CNT Circumferentially notched tensile test

Ccz Cohesive zone

CZM Cohesive zone model

DENT Double edge notch test

FNCT Full notch creep test

FOAM Field Operation And Manipulation

FV Finite volume

FVM Finite volume method

GL Gauge length

HDPE High density polyethylene

LEFM Linear Elastic Fracture Mechanics
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Nomenclature

MWD Molecular weight distribution

PES80 2™ generation pipe grade with excellent slow crack growth resistance.
PE100 3" generation pipe grade with excellent slow crack growth resistance.
PE Polyethylene

PENT Pennsylvania edge notched test

RCP Rapid crack propagation

RPM Revolution per minute

SCB Side chain branch

SCG Slow crack growth

SEM Scanning electron microscopy

TS Traction-separation
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Chapter 1
General Introduction

The present work focuses on the SCG which is often regarded as the more critical
fracture characteristic between the two modes of failures (RCP and SCG) since it would
require slow crack growth to provide an initiation site for RCP. In characterising the
SCG resistance, numerous studies have exploited the applicability of laboratory sized
deep notch specimens to provide an integrity assessment of large structure with defects,
such as the full notch creep test (FNCT) (Nishio er. al. [1985]), the double edge notch
test (DENT) (Choi and Broutman [1985]), the Pennsylvania edge notch test (PENT) (Lu
and Brown [1992]) and the circumferentially notch tensile test (CNT) (Duan and
Williams [1998]). Such an approach is often taken with a view to accelerate the failures
in laboratory conditions and also to reduce the costs associated with large-scale tests.
Moreover, the localised nature of the damage (craze) evolution ahead of the crack front
permitted the use of laboratory sized specimens to facilitate the SCG assessment. A
good correlation was found between the laboratory results and the SCG resistance of
pipe (Trinkner et. al. [1996] and Lu et. al [1997]). These studies were mainly
performed in plane strain conditions arising from the deep notch geometry. In this
aspect, the SCG resistance thus evaluated may be regarded as the inherent resistance to
slow crack growth in the brittle fracture mode since it represents a lower bound of the
material toughness. Therefore, these tests may be viewed as too severe in relation to
possible service situations (e.g. surface notches caused by rock/soil impingement)
where the level of constraint is possibly lower and hence the deformation capacity
would be different (Beech et. al. [2001b]). Furthermore, the structural condition is
likely to cover a wide range of constraint (or stress triaxiality). Depending on the
material ability to yield locally, a low constraint could invoke ductile mechanisms and
cause a considerable increase in the fracture resistance. In some extreme cases, it

leads only to plastic flow. However, the influence of the ductile mechanisms on the
SCG process has yet to be examined extensively. Comparatively few studies have

addressed the effect of constraint (crack tip constraint) on SCG behaviour.

1.2 Project aims

The primary aim of this thesis is to examine the role of the crack tip constraint on the

fracture behaviour of a range of polyethylenes. By utilising a circumferentially notched
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tensile specimen devised by Duan and Williams [1998], it was possible to vary the
geometric constraint via the notch depth and the specimen thickness. By subjecting the
specimens to uniaxial tension at various constraint and rate conditions, a wide range of
experimental data were collected. Due to the localised nature of the damage zone, it
allowed the postulation of a traction-separation relation to describe the fracture process.
Through the microscopy work, a unified approach was developed which combines
mechanical characteristics with microstructural observations. On this basis, the damage
and failure mechanisms associated with each grade were identified as well as the
structure-property relationship. The investigation also presented one of the few studies
that deal with the direct determination of the cohesive law. A relatively smaller
proportion of project time was spent in the numerical analysis which was based on the
Finite Volume (FV) scheme. The CNT model was developed, validated and simulated
for a limited range of the measured cohesive laws. Results of this study will serve as the

platform for the development of a fully predictive fracture model

1.3 Thesis outline

The thesis is organised as follows. In Chapter 2, a literature survey on subjects related to
the present work is given. Chapter 3 introduces the material used in this project and
details the specimen preparation and the experimental technique. This is followed in
Chapter 4 by examining the stress-strain behaviour of the material at various rates. The
traction-separation behaviour is given in Chapter 5 and illustrates the role of the crack
tip constraint on the damage-failure mechanisms and the relation between mechanical
properties and microstructure are presented in Chapter 6. Chapter 7 describes the results
of the numerical study. Concluding remarks and recommendations for future work are

given in Chapter 8.
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Chapter 2

Literature review

2.1 Introduction

The purpose of this chapter is to provide a literature survey on subjects related to the
present work. A review of the molecular structure in polyethylene forms the starting
point in understanding the mechanical behaviour. This is followed by examining the
phenomenon of crazing in polyethylene, which is regarded as the key to understand the
reasons behind the material resistance to deformation and hence the material toughness.
Finally, the chapter concludes with a focus on some of the recent findings on cohesive

zone modelling.

2.2 Physical structure of polyethylene

Polyethylene is one of the most widely studied polymers that belong to the family of
thermoplastics. Polyethylene is produced by joining together ethylene monomers to
form a long covalently bonded chain which consists of a backbone of carbon atoms.
Under a combination of heat, pressure and catalysts, the double bond between the
carbon atoms of the ethylene molecule is broken to a single bond. This allows the
linking process to begin where many more ethylene monomers are added to the growing
chain. The chemical process is known as addition polymerisation, which is a popular

method for producing polyethylene.

2.2.1 Branching of polyethylene

The main chain formed can be branched, whereby a complete chain section replaces

the H atom attached to the main linear chain to form a branched polyethylene, as
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illustrated in Figure 2.1. However, branching reduces the packing efficiency of the
chains making it more difficult to crystallise which in turn decreases the density. The
material strength falls as an indirect result of branching. Furthermore, branching is
known to obstruct the movement between molecular chains during disentanglement.
This obstruction could be highly detrimental in impact loading as it decreases the chain
mobility. On the other hand, branching has a beneficial effect during SCG as it keeps

the chain from unravelling.

Figure 2.1 Schematic illustration of the branching process.

2.2.2 Molecular weight

The growth and termination of the chains during polymerisation is a statistical process,
resulting in a nonuniform distribution of chain length and weight that often resembles a
bell-shaped curve giving the molecular weight distribution (MWD) curve. The
molecular description of the material is usually completed with the definition of the

number average molecular weight, M, and weight average molecular weight M,,.

_ ZniMi
M, ——Z”i (2.1)
2
M, = M (2.2)
Zn,—M,

Where n; represents the number of molecules with molecular weight, M,. The value of
M, is sensitive to the presence of short and light chains while M,, value depends on the
high M; species (long and heavy molecules). The ratio of M, over M, defines the
polydispersity, Pp or the range of molecular sizes in the material. Greater control during
polymerisation is required to narrow the MWD, whereby the proportion of short chains

to long chains would be evenly distributed. On the whole, the entanglement density

24



Chapter 2
Literature review

increases with an increase in the molecular weight due to a greater probability that long
molecular chains would form entanglement points. In addition, these entanglement
points behave rather like permanent chemical crosslinks, thereby increasing the strength
of the material. The likelihood of forming inter-crystalline tie molecule also increases
with molecular weight, which in turn is a contributory part of the overall entanglement
density. The combined effects of long molecular chains and inter-crystalline ties would
generally increase the resistance against the disentanglement processes. Normally, the
mechanical properties (strength and stiffness) improve with increasing molecular weight
however, it is also coupled with an increase in the melt viscosity. Processing
practicalities and costs therefore restricted the molecular weight increase. From the
literature the molecular weight and branching are often cited as the two most important

structural variables in manipulating the SCG resistance (O’Connell et. al. [2003]).

2.2.3 The crystalline and amorphous structure

The conventional model of bulk polyethylene consists of amorphous regions
sandwiched between crystalline regions which are held together by tie molecules that
extend from one crystalline layer to another as illustrated in Figure 2.2. The crystalline
region contains molecule chains folded in a repeated manner to form ordered crystalline
lamellae as opposed to the disordered structure characterised by the random chains
arrangement in the amorphous region. The amorphous structure can be thought of as
frozen melt in which the molten state structure is retained at room temperature. At room
temperature, the material obtained the strength through the crystalline lamella while the
ductility is via the amorphous domain. The tie molecules are believed to constrain the
extent of ductile deformation. Under tensile loading modes, the interlamellar separation

is thought to cause voiding in the amorphous region (Lin and Argon [1994]).

folded chains

lamellar crystal

"

amorphous layer

tie molecules

Figure 2.2 Crystalline lamella and amorphous region in polyethylene.
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assessment of the long term performance of polyethylene pipe concentrates on obtaining
an accurate characterisation of the craze behaviour (Lu and Brown [1997], Beech et. al.

[2001b] and Hamouda et. al. [2001]).

-~ undeformed bulk

t4>>t3>>12>11 >t

Figure 2.4 The crazing process during SCG.

2.3.2 Mechanics of craze deformation

Once a craze is initiated, the manner in which it spreads into the undeformed polymer is
thought to be via the meniscus instability mechanisms as suggested by Argon and
Salama [1977] and illustrated in Figure 2.5. The finger-like growth occurs due to the
density differences between the phases and can be thought of as the propagation of a
low density voided structure of the craze into the denser, undeformed matrix (Donald

[1997]).

fibril

craze tip

- matrie

@ (b) (c) d

Figure 2.5 Generation of void-fibril structure by the meniscus instability mechanisms.

(a) Side-view of the void-fibril structure. (b) to (d) Sequence of the propagation of a
craze tip viewed from above, leaving behind isolated fibrils. (affer Donald [1997]).

As the craze grows in length, it also widens in the direction of the tensile load by
drawing new material from the dense polymer into the new fibrils, a process known as

surface drawing (Hui and Kramer [1995]). In this manner, the craze may not weaken as
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resistance in polyethylene is generally recognised to depend on the ability to minimise
fibrillar creep and to resist the molecular disentanglement processes. Several studies
pointed out that the SCG resistance of a medium density polyethylene (MDPE) is
superior to that of the high density polyethylene (HDPE) due to its better ability to resist
chain disentanglement. A study by Lu et. al. [1988] found that the SCG performance in
MDPE was indeed improved because of an increase in resistance against the
disentanglement processes. The superior performance was attributed to the presence of
side branch chains in MDPE. The findings are consistent with results reported in the
literature on the effect of branching on the SCG performance (Bubeck and Baker [ 1982]
and Egan and Delatycki [1995]). The fact that the disentanglement becomes more
difficult with a branched chain as opposed to a smooth chain is due to the chain sliding.
It seems obvious that pulling a branched chain through the crystalline regions of the
fibrils would be more difficult than pulling through the relatively smooth chain as
illustrated in Figure 2.8. As a result, the SCG performance is enhanced by branching,

which delays the onset of crack growth by hindering the disentanglement processes.

(i | (I i

i il
(a) (b)

Figure 2.8 Schematic structures of highly oriented polyethylene: (a) for branch-free

chain and (b) for branched chain. Light areas are amorphous region. (from Lu et. al

[1988])

Resistance to SCG in polyethylene is also known to increase with increasing
molecular weight (Nunes ef. al. [1982] and Lagaron et. al. [2000]). This is because the
higher molecular weight molecule has a greater probability of forming entangled
networks. Moreover, the concentration of tie-molecules spanning the amorphous region
is likely to increase. Additionally, a longer chain would pass through a larger number of
lamellar crystals (Brown and Ward [1983]). Therefore, it would become more difficult

to pull molecules through the crystalline lamella and to disentangle the chains in the
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amorphous region. Pandya [2000] proposed that the optimum SCG resistance would be
achieved through the combination of a high molecular weight and a judicious degree of

chain branching.

2.4 Cohesive zone methodology

Linear Elastic Fracture Mechanics (LEFM) has proved a useful tool for characterising
the fracture of a cracked body under load provided the nonlinear zone ahead of the
crack tip is negligible. However, a number of studies performed previously by several
authors (Narisawa and Takemori [1989] and Duan [1996]) reported the difficulties in
applying LEFM in ductile polymers. The work of Chan and Williams [1983] provided
one of the first known cases. They proposed that the rate of SCG could be described by:

Ko d" (2.3)
Where K is the stress intensity factor, & is the crack speed and n is the slope of the K- &
curve. However, the relationship was only rigorously true for high density polyethylene.
As can be seen from the Figure 2.9, the slope (or n) approached infinity at high K and &
values for the tough polyethylene tested in Comprox 2% at +75°C, which invalidated
equation (2.3).

K (MN,_#?)

a(ms™

Figure 2.9 K- & curves for tough polyethylene in two different environments at various
temperatures: (M) in distilled water at +80°C; (4) in Comprox 2% at +60°C; (+) in
Comprox 2% at +75°C. Numbers alongside curves indicates slopes of respective lines.
(from Chan and Williams [1983]).
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In later work, it was found that the energy released in tough polyethylene during
ductile crack growth leads to the creation of a large crack tip plastic zone (Duan
[1996]). Consequently, the K and J -fields underestimated the severity of the crack and
provided an incorrect characterisation of the fracture properties. The validity of such an
approach becomes questionable. Furthermore, the description of the near crack tip stress
and strain conditions based on a single parameter treatment appears inadequate under
conditions of widespread yielding.

Therefore, a useful starting point to assess the applicability of LEFM is fo
consider the size of the fracture process zone. If the size of the zone at the crack tip is
small in comparison to the size of the crack and the size of the specimen or to the size of
the crack tip stress field (i.e. K-field), then the strength can be predicted using LEFM.
On the other hand, if the size of the nonlinear zone - due to plasticity or crazing - is not
negligible in comparison with other dimensions of the cracked geometry then the
cohesive forces that exist in the fracture process zone must be taken into account and
LEFM cannot be used. Moreover, even for brittle materials, where the process zone can
be lumped into a single point, the presence of an initial crack is still required for LEFM
to be applicable. This would mean that bodies with blunt notches, but no cracks, cannot
be analysed using LEFM.

In recent years, the cohesive zone model (CZM) has been put forward to address
the limitation associated with LEFM. The origin of cohesive zone concept can be traced
to Dugdale [1960] however, his work was perceived at that time as the crack tip plastic
zone analysis. Another notable early contribution to this technique came from
Hillerborg et. al [1976] who has pioneered the use of cohesive model in concrete by
introducing the concept of fracture energy into the methodology. The authors were able
to represent simply and reliably a number of traction-displacement relationships for
concrete and hence emphasised further the elegance, simplicity and appropriateness of
the cohesive crack model.

The principle behind the cohesive zone (CZ) concept or traction-separation (TS)
law is to define a relationship between the cohesive force and the separating surfaces
within the fracture zone. In other words, the cohesive zone idealised the fracture process
in solids as occurring within thin layers confined to a line segment or a narrow sirip

where material degradation and separation occur as illustrated in Figure 2.10. The key
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the findings. Both studies showed that the o, increases with increasing constraint
whereas Speax is large at low triaxialities and decreases with increasing constraint.
Pandya and Williams [2000b] measured the traction-separation properties for a range of
polyethylenes at various rates and concluded that the cohesive parameters were
dependent on the loading conditions. The evidence suggests that the cohesive process is
not independent, neither from the global constraint nor throughout the crack growth
history. It thus showed the attractiveness of the cohesive zone approach to fracture
problems in that the linkage between the cohesive zone properties and crack growth

resistance can be established.

2.4.2 The Dugdale model

The work performed by Dugdale [1960] to analyse a narrow slit in an infinite plate
presented one of the earliest efforts in cohesive zone modelling. According to the
Dugdale theory, yielding at the crack tip would extend the length by a distance, ¢ as
shown in Figure 2.12. As can be seen ¢ defines the plastic zone length and the normal
stress along the zone is assumed to be constant and equal to o.. By allowing the crack to
yield with the formation of the plastic zone ahead, the stress singularity at the tip was
removed. Hence, an expression for predicting ¢ can be derived by relating the

parameters of the plastic zone to the applied load as follows:

2,2
_7m°c°a

2
8o

(2.4)

Where o is the applied stress, o is the compressive stress and a is the crack length. It is
rather obvious that the line shaped plastic zone or narrow strip ahead of the crack tip
proposed by Dugdale resembled that of the craze zone in a polymeric material more
closely than that of the circular shape (under plane stress condition) or the kidney shape
(under plane strain condition) predicted by the elastic stress field solutions given in
Figure 2.13.

Consequently, many authors adopted the Dugdale model to describe the crack
tip craze zone in polymeric materials. For example, Marshall et. al. [1973] suggested

the use of Dugdale theory to predict the craze stress in polystyrene. Brown and Lu
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eak
Figure 2.14 Dugdale cohesive zone model

2.4.3 Application of the cohesive zone model

The appeal of the cohesive zone model is reflected by the vast amount of literature
available on the subject covering a wide range of topics and materials. Hillerborg
[1991] provided a useful review on the cohesive modelling technique and offered
suggestions for the implementation in concrete, fibre reinforced concrete, rock, fibre
reinforced plastics, wood and metal. A recent publication of Elices er. al [2002]
described the application in a range of engineering materials and addressed the
advantages, limitations and challenges facing the methodology. In other work, Williams
and Hadavinia [2002] examined the analytical solutions of various popular cohesive
laws for cantilever beam specimens. The crazing (initiation, widening and breakdown)
in amorphous polymer was modelled by Tijssens et. al. [2000]. The validity of the
model was demonstrated through the simulation of crazing around a circular hole and
compared it to the results obtained experimentally. To account for the mixed-mode
fracture in T-peel and single lap-shear adhesive joints, Yang and Thouless [2001]
developed a mode-dependent CZM and obtained a good correlation between the
experimental observation and numerical prediction of the fracture. To capture the rate-
dependency of failure in adhesive bonds of the double cantilever beam, Xu er. al.
[2003a,b] introduced a rate-dependent CZM based on the standard linear solid material
model. Using cohesive parameters inferred from global measurement and a
micromechanical model, the simulation of crack growth behaviour of thin sheet
specimens of high strength aluminium alloys was evaluated by Li and Siegmund [2001].
Tvergaard and Hutchinson [1992] proposed a generic traction-separation relation of the

form in Figure 2.15 to model the fracture process (void growth) in ductile metals.
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The scheme has proved attractive in that it provided the actual and physical link
between the cohesive law and the local fracture process (or the specific experimental
measurements). A reasonable correlation was obtained between the measured and
predicted crack growth in polyethylene when the measured cohesive curves were
incorporated as the local fracture criterion in a numerical scheme (Pandya er. al

[2000,2001] and Ivankovic et. al. [2003]).
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Chapter 3

Materials, preparation and experimental

procedures

3.1 Materials under review

Four different grades of polyethylene provided by BP Chemical Ltd were studied. The
selection comprised of one homopolymer and three copolymers. HDPE is a high-

density homopolymer whereas BMPE is a grade used for blow moulding applications.
The other two grades, namely PE80 and PE100 are pipe materials. Amongst the
materials, the pipe materials are known to be the toughest. However, the pipe materials
do not represent the fully formulated products. Instead, these materials are
representative of the type of ex-reactor product used as a basis for pipe applications.

Their properties are listed in Table 3.1.

PE types Yo, SCB M, M, Pr | %M | %M
(kg m™) | (/1000C) | (g mol) | (g mol”) <10* | >10°
PESO 940 45 185,000 | 14,000 | 132 | 11.6 | 4.7
PE100 947 25 | 310,000 | 11,000 | 282 | 159 | 10.6
\ 947 1.5 290.000 | 22.000 | 132 | 93 | 62
BMPE ’ ;
HDPE 954 0 355.000 | 20400 | 17.4 | 78 | 73

Table 3.1. The properties of PE studied. Where p is the density, SCB is the side chain
branch density, M, is the weight average molecular weight, M, is the number average
molecular weight, Pp is the polydispersity, % M <10% is the percentage of low
molecular weight material and % M >10° is the percentage of high molecular weight
material. Data supplied by BP Chemical Ltd.

According to Table 3.1 the copolymers have side chain branches added to the

main chain and Figure 3.1 shows a schematic presentation of the branch construction.
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material forms a basis for comparing the damage behaviour between the grades to
highlight the influence of the molecular features and specimen geometry on the

micromechanisms.

3.2 Specimen preparation

A common source of error during testing can usually be traced to poorly prepared
specimens, in addition to the experimental set-up and procedures. Therefore, the
preparation of the specimen has to be carefully undertaken as an integral part of error-
free experimental work. The present investigation required the dumbbell tensile

specimen and the circumferentially notch tensile (CNT) specimens.

3.2.1 Dumbbell specimen

The dumbbell specimens were supplied as compression-moulded with a thickness of 1.5mm

and a 70mm gauge length. The dimensions are given in Figure 3.3.

’ 110 .
*_25ﬂ 'L 20 % 15
m
18 All dimensions in mm
10

Figure 3.3 Dimension of the dumbbell specimen.

3.2.2 Circumferentially notched tensile (CNT) specimen

The second test specimen used in the experiment is the circumferentially notched tensile
specimen developed by Duan and Williams [1998]. The specimens were cut from
compression moulded sheet in the forms of rectangular bars with the following
dimensions (a) 10 x 10 x 110mm, (b) 16 x 16 x110mm and (c) 20 x 20 x110 mm. The
specimen geometry was changed by introducing three different notch depths for each

bar. The notch depth was determined by calculating the ligament to bulk area (LBA)
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used to measure the load under constant crosshead speed. The specimen was mounted

onto the machine using the Instron standard screw-driven jaw grips.

3.3.1 Tensile test

In the uniaxial tensile test, the dumbbell specimen was employed to obtain the
engineering stress-strain data. The extension of the specimen was measured by the
crosshead with the initial gauge length defined at 70mm. A schematic presentation of
the test set-up is shown in Figure 3.7. The load-displacement data extracted from the

test was used to calculate the engineering stress and strain in accordance with:

P
eng T T 3.1
Geng 4, (3.1
I, =1 .
geng - L0 — xhead (3.2)
lO lO

Where Gen, is the engineering stress, P is the load, 4, is the initial cross-sectional area,
Eeng 1S the engineering strain, /s is the final gauge length, /, is the initial gauge length and

Leheaa 18 the crosshead extension.

G.ng=0riginal
e

Load cell

iy

_ Crosshead extension

Figure 3.7 Tensile test set-up

3.3.2 CNT test

In the CNT test, the experiments were performed on circumferentially notched
tensile specimens under displacement-controlled conditions. Some improvements to the

original test configuration put forward by Pandya [2000] were made. One of the
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changes involved the specimen gripping method. Initial observation found that the pin-
hole mounting method (which was developed for gripping 16mm thick specimen with a
10% LBA ratio) was unsuitable in the current work. This is because materials deformed
around the mounting holes when specimens with 30% and 50% LBA ratio were tested.
Furthermore, if the hole was slanted or misaligned, as illustrated in Figure 3.8 during
preparation then it is possible to introduce shear force in the test. Several alternative
gripping methods were evaluated (Ting [2001]) and it was found that the Instron
standard screw-driven bulk gripper overcame the problems associated with the pin-hole
mounting method. To increase the gripping strength, the shallow serrated pattern of the
gripper jaws was changed to parallel rows of deep V-shaped grooves of 1lmm pitch.
Another significant improvement made in the CNT test set-up was switching from the
_aechanical extensometer to a video system. One of the drawbacks with the mechanical
system is the potential slippage of the extensometer during recording. In contrast, the
video system is a non-contacting device. In addition, the video system is capable of
large strain measurement of 50 mm extension. Previously, strain measurement was
restricted to the limits of the extensometer arms travel to + Smm. More importantly, a
gauge length of 5 mm can be defined whereas the smallest gauge length that can be
used with the mechanical extensometer is 12.5mm. The selection of the gauge length is
important as it can affects the accuracy of the measurement. A discussion of its effect
will be given in the following section. The final configuration of the CNT test and the

video extensometer system are illustrated in Figure 3.9.
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Figure 3.8 Illustration of (a) slanted hole and (b) misaligned hole.

Prior to the start of a test, the specimen was marked with a pair of dark parallel
lines 5Smm apart (i.e. the initial gauge length) positioned at an equal distance from the

plane of the notch opening. The boundary that enclosed the likely total extension of the
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3.3.3 Stop-section technique

The CNT test provided an ideal vehicle for investigating the damage (craze) structure.
To be able to view the damage as it initiates and grows within the ligament requires
skills and a sound technique to halt the test and section the specimen at a pre-
determined load or extension. Several methods based on a similar idea have been
proposed (Riemslag [1997] and Pandya [2000]). It was suggested that the specimen was
sectioned in the unloaded state and then reopened with a jig to its original displacement
at stop. A major drawback of such an approach was the immediate recovery of the
fibrils in the damage zone upon unloading. Intuitively, it was also felt that the elastic
spring back of the bulk material upon unioading could further compress the fracture
(damage) zone. Furthermore, it is likely that the reopened sectioned only approximated
the original opening. A recently developed stop-section method by Clutton [2002]
addressed the problems associated with the former method and is adopted by the present
study. The technique is illustrated in Figure 3.13.

When the test was terminated, the partially opened specimen remained on the
test machine under load. Next, a G-clamp was used to protect and stabilise the notch
area (damage zone) against any vibration while holes was drilled for positioning the jig.
Then the G-clamp was removed to allow the jig to clamp open the specimen while it is
still gripped under load. Subsequently, the specimen was removed from the machine to
cut off the excess length. Finally, the specimen was sliced into halves using a razor
blaze, thus exposing the damage zone in the fully opened state for inspection under the
scanning electron microscope (SEM). "Prior to the SEM, the specimen was coated in
gold and the beam voltage was set to between 10 and 20 kV. Throughout the process,
the resulting axial slices remained held open by the jig thereby providing an accurate

qualitative assessment of the damage behaviour.

3.4 Conclusions

This chapter provided a review of the material properties and summarises the various
procedures in relation to the specimen preparation and the experimental techniques. A
video system capable of measuring strains in localised regions has been introduced into

the CNT test procedure. The aim is to enhance the measurement techniques during the
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deformation of the polymer. A novel stop-section method to analyse the evolution of the

damage behaviour has been proposed by Clutton [2002] and adopted in the present
investigation.

Specimen gripper

Y Front view" !

-
(d)

Razor blade

m AN

XX
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Figure 3.13 The stop-section technique. (a) Stop the test, (b) clamp specimen, (¢) drill
locating holes, (d) remove clamp and place jig, (¢) specimen removed from machine, (f)

cut-off excess length, (g) slice specimen using a razor blade and (h) specimen ready
for SEM examination.
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The stress-strain behaviour of polyethylene

4.1 Introduction

The aim of this chapter is to characterise the material mechanical behaviour under
tension and more specifically, to determine the mechanical properties under plane stress
conditions. This can be accomplished by performing the tensile test which is one of the
most widely employed mechanical tests for assessing mechanical properties. The appeal
stems from the fact that much useful engineering information on the mechanical
behaviour of the material can be obtained. A complete tensile test result would generate
data on elastic properties, yield strength, ductility (toughness) and the degree of plastic
deformation. However, the viscoelastic nature of polymers, which introduces time-
dependent behaviour, adds another component in the test. As a result, the mechanical
properties are strain rate dependent and in characterising the deformation behaviour of

polymers the effects of temperature and strain rate must be included in the assessment.

4.2 Deformation under uniaxial stretching

Consider a semi-crystalline polymer sample stretched under tension at a uniform rate of
extension the stress-strain curve will often assume the shape as shown in Figure 4.1.
The applied stress increases steadily but begins to deviate from linearity as it
approaches the yield point. With ongoing strain, the yielded material deforms further
causing the nominal stress to fall drastically while a neck is formed (Figure 4.1(b)). As
the neck stabilised the stress settles at a constant value and this marks the onset of
large plastic deformations as the neck begins to propagate across the length of the

sample, as seen in Figure 4.1(c). The plastic deformation is hindered with increasing
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strain (this phenomena is known as strain hardening) and the stress-strain curve begins

to rise once again until a critical limiting strain is reached where the sample breaks.

fracture

Nominal stress

Nominal strain

Figure 4.1 Nominal stress-strain curve. (a) Undeformed, (b) neck and (c) draw.

4.2.1 True stress-strain curves

The conventional stress-strain data (Figure 4.1), which used the original cross-section
area and gauge length to compute the stress and strain respectively, is adequate
provided that the strain is small and remains homogeneous. However, at large strains
conventional stress-strain curve can give a misleading interpretation of the post-yield
deformation. There are several reasons for this shortcoming as pointed out by Haward
[1994]. Firstly, the gauge length becemes ambiguous as deformation spreads into the
shoulder of the dumbbell sample. Secondly, the true strain rate is not rigorously applied
during the test. More importantly the slope, at large strains, of the nominal stress-strain
curve fails to measure accurately the strain hardening process because of the
inhomogeneous deformation caused either by necking, crazing or shear yielding which
was not taken into account in the definition of the nominal stress and strain. Therefore, a
more precise definition is required for the stress and strain that consider the interrelation
between gauge length and diameter change§ associated with plastic deformation, as

defined in the following equations.

P
Grue: —— 4.]
e = (4.1)

Etrue = lnjL =InA (4.2)
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Where Gy is the true stress, P is the load, 4; is the instantaneous cross-sectional area,
Erue 18 the true strain, /; is the initial length, /. is the current length and A is the extension

ratio.

The measurement of a true stress vs. true strain is not straightforward as compared with
the conventional stress-strain curve and presents a certain amount of challenge. Much of
the experimental difficulty lies in obtaining an accurate measurement of the localised
extension ratio, A. The situation becomes tricky when damage mechanisms such as
necking and crazing are present. In recent years, numerous studies have looked at
improving the procedure and in some cases coupled with more efficient measuring
equipment. For example, Nitta and Ishiburo [2002] utilised a double edge notched
geometry to eliminate the plastic instability associated with neck formation in order to
achieve a uniform deformation during tensile stretching. In another study, G’Sell et. al.
[1992] contained the tensile measurement in a confined area of the sample where
deformation is effectively homogeneous while Boyce et. al. [1994] carried out the test
in uniaxial compression to avoid the problem of necking. More recently, G’Sell et. al.
[2002] developed a novel technique which relied on a video system to compute the
volumetric strain in real time while the axial true strain rate is kept constant. The
technique was applied to a glassy polymer which exhibited “diffuse” necking during the
test, as shown in Figure 4.2. The drop in true stress after yielding as seen in Figure
4.2(a) corresponded to the intrinsic strain softening of the material and was not a result

of any geometric artifact.
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Figure 4.2 (a) True stress-strain curve and (b) Nominal stress-strain curve of
polyethylene terephtalate (PET). (from G’Sell et. al. [2002])
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0.005 mm/min (1.2 x10° s). The nominal stress and nominal strain were used. The
tensile stretching experiments werc run to determine the influence of the strain
(elongation) rate on the tensile behaviour. The present investigation is not concerned
with the deformation at large strain plasticity or the strain hardening characteristics and
hence conventional stress-strain experiments are adequate for determining the
mechanical properties. Once yielding has been initiated, a ductile polymer is capable of
huge elongation. For example, in one of the tests the sample was stretched to an
elongation of 900% at a crosshead speed of 50 mm/min without failure, as shown in
Figure 4.5. For practical reasons, the measurements were terminated between 40% and

100% strain depending on the crosshead speed.

40

£30

=3

@

ﬁZOW

g

€10

=
y

o+ttt j it

0 200 400 600 800 1000

Strain (%)
Figure 4.5 Nominal stress-strain curve of sample after 900% strain.

4.3.1 The strain rate dependence of the stress-strain curves

The results of the conventional tensile test on PE80, PE100, BMPE and HPDE at a
constant elongation rate of 50mm/min are shown in Figure 4.6. At this rate, the stress-
strain curves showed first a I\}?]slélci)?:elgrstic range up to the yield point followed by a
marked yield drop while a neck is developed. The abrupt drop in yield terminated after
an accumulated strain of about 0.25 for HDPE, 0.3 for PE100 and 0.35 for PE8O and
BMPE. The stress eventually stabilised at the plateau and the neck cold-draws at a
relatively constant load before the test was terminated at 100% strain. It can be seen
from the figure that the yield point is the highest in HDPE while PE80 has the lowest
point. On the other hand, the yield point of PE100 and BMPE peaked at about the same

value. The high yield point observed in HDPE can be attributed to its density, which is
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It can be seen from the Figures 4.7(a) to 4.7(d) that the behaviour of the curves
observed at these rates were similar to those stretched at 50 mm/min, in which the initial
homogenous deformation gives way to an abrupt drop in yield at the clastic limit caused
by diffuse necking. Once more, the yield point of HDPE remains the highest among the
grades considered. However, as the strain rate is reduced all materials showed a
decrease in the yield point. Furthermore, the drop in stress after the peak became more
gradual as the neck evolved at a greater range of strain before stabilising.

The results for tensile tests conducted at 0.1 mm/min and 0.05 mm/min are
given in Figures 4.7(e) and 4.7(f) respectively. According to the figures and within the
range of strain considered, necking was absent in PE80 and PE100 while a shallow neck
formed in BMPE. By comparison, a sharp neck was initiated in HDPE. The most
significant features seen here is the smaller difference in the yield point between the
materials. Moreover, the local maximum becomes increasingly less well defined.
Figures 4.7(g) and 4.7(h) compare the stress-strain behaviour between the materials at
tests run at 0.01 mm/min and 0.005 mm/min respectively. In both test conditions, the
stress-strain curves showed much less instability than for test runs at higher rates. The
most remarkable feature at these rates is that there is almost no necking in the samples
while stretched and the deformations proceeded in an almost homogeneous manner, at
least in the strain range considered. As a result, the local maximum on the stress-strain
curves disappeared and the shape of the curve starts to approach the form shown in

Figure 4.8.

Stress

Strain >
Figure 4.8 Schematic presentation of a stress-strain curve without a local maximum.

The results of Figures 4.6 and 4.7 suggested the following events. First of all, the
stretching behaviour at high elongation rates (Figures 4.6, 4.7(a) to 4.7(d)) is different to
those seen at lower elongation rates (Figures 4.7(e) to 4.7(h)). Tests drawn at high
elongation rate illustrated the importance of density (crystallinity) to account for the

superior yield strength and the shape of the curve observed. This can be seen by the
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greater yield and draw strength found in the stress-strain behaviour of HDPE, which has
the highest density. The behaviour is in stark contrast to PE80 where its corresponding
strengths are inferior due to a lower density. In the case of PE100 and BMPE with
intermediate densities, their stress-strain behaviour falls between the two extremes. In
addition, plastic instability associated with diffuse necking is pronounced in all four
materials. However, as the elongation rate decreases the stress-strain behaviour
changed. The most significant change associated with the absence of necking or with
the formation of only a shallow neck in the samples. This is manifested as a broader
yield process with increasingly less defined load maximum. It can also be seen that the
differences in the yield stresses of the samples with quite different levels of crystallinity
(density values) is small. It appears that the effect of crystallinity became less noticeable
as the elongation rate decreases. Therefore, it is reasonable to assume that while at high
test rates crystallinity (density) is the most important property, at lower elongation rates
the molecular entanglement, which is influenced by the molecular weight and
branching, is vital in achieving a more even distribution of stress. Given that at low
rates of extension, more time is provided for chains to disentangle and to align with the
direction of applied stress. As a consequence, all four materials exhibited coherent
drawing characteristics while stretched thereby leading to more stable stress-strain
behaviour.

Figure 4.9 summaries the effect of elongation rate on the stress-strain behaviour
of each material. It can be seen that the polyethylene samples exhibited stress-strain
response which is sensitive to the applied rate around the yield region. The yield point
of all samples decreased as elongation rate is lowered. At lower test rates, siress-strain
behaviour is more stable but the local peak is less defined. According to Brooks et. al.
[1992] the rate-dependent behaviour of the pre-yield stress-strain curve of polyethylene
can be explained by two distinct processes. It was found that the polyethylene exhibited
two yield points in true stress vs. nominal strain tests carried out at a range of
temperature under constant elongations. It should be noted that the decrease in the
elongation rate has an influence similar to the increase in temperature (Nitta and
Ishiburo [2002]). The first yield point occurred at a low test temperature (high
elongation rate) which is characterise by a marked yield drop at the elastic limit. Brooks

associated the first yield point with the intrinsic softening process within the materials
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point has also been proposed (Ward and Hadley [1993]). The former appears more
accurate as it utilised the whole pre-yield curve to determine the yield point. For the
sake of consistency in the results, all stress-strain curves measured used the method of
intersecting lines to establish &y, €, and E.

o

A

=]
<

SN

Stress

y Strain
Figure 4.10 The yield stress is defined at the point where the two tangents intersect.

Figure 4.11 displays the nominal yield stress as a function of strain rate for all the
samples measured. For all materials, the yield stress increases with the logarithm of
strain rate and showed an almost linear rise in the stress value. In the yield
measurements taken at high rate of extension (>1.2x10* s™), the samples are arranged
according to the value of the density as seen in Figure 4.11, with HDPE dominating the
upper stress band values followed by PE100, BMPE and PE80. It is clear from the
results that the higher the density of the material, the greater the value of the yield
stress. The result is in agreement with Vallés and Failla [2003]. As the draw rate is
reduced (<1.2x10™ s™), the yield value of different samples converges. The finding
suggested that the effect of crystallinity becomes less influential on the yield value. It is
thought that the molecular entanglement plays an important role at these rates of testing.
However, substantial experimental work is required to substantiate their influence more

quantitatively, which is outside the scope of the present investigation.

The effect of strain rate on E of PE80, PE100, BMPE and HDPE are shown in Figure
4.12. For all materials the data show well defined trends of increasing modulus with
increasing strain rate. The most prominent feature is the steep decline in modulus data
of HDPE at low strain rate. The branched polyethylene, on the other hand, showed a
much more gradual decrease in modulus data over the strain rates considered. At high
draw rate, it appears that the ability of HDPE to achieve large modulus values is

through a combination of high density and a branch-free structure, both of which are
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oM

G, =0y, & (4.3)

n

E=E,¢ @.4)
Where G, and Ey are the yield stress and modulus values at unit time respectively while
the indices m and n are the power law index. The power law parameters listed in Table
4.1 are obtained from power law curves fitted to the data in Figures 4.11 and 4.12. The
values of m and n are measured from the slopes of the respective curves and are an

indication of the strain rate sensitivity of the respective properties.

PE types | oy (MPa) m Eo (GPa) n
PES80 26.5 0.072 1.0 0.094
PE100 31.8 0.073 1.1 0.081
BMPE 35.6 0.078 1.2 0.085
HDPE 37.5 0.085 1.5 0.100

Table 4.1 Power law parameters.

As can be see from the Table 4.1, the values of m and n are the highest for HDPE,
indicating that the rate at which o, and E fall are the greatest amongst the grades. This
has been confirmed by the results in Figures 4.11 and 4.12. In conclusion, the strain rate
dependence of o, and E of each grade can now be quantified in terms of the parameters

defined in equations 4.3 and 4.4.

4.4 Conclusions

The results obtained from this study demonstrate that the tensile behaviour of
polyethylene depends on the density (crystallinity), the degree of molecular
entanglement and strain rate. It has been shown that the effect of strain rate affected the
yield behaviour and the development of necking. The stress-strain behaviour changed
markedly as the strain rate was decreased, changing from the initial necking and cold
drawing behaviour to an almost homogeneous deformation with no necking. The

strength and stiffness of the polyethylene improved with density (crystallinity) while
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stretched at a high draw rate but the effect of crystallinity became less noticeable as the
rate of extension is reduced. It is thought that the degree of molecular entanglement,
which is a property of the molecular weight and branch content, plays a critical role in

stabilising the stress-strain behaviour at these low rates of testing.

However, the role of post-yield behaviour (strain-hardening characteristics) has not
been examined extensively here as it is outside the scope of the present work.
Nevertheless, this area of research has proved invaluable in ascertaining if the
macroscopic deformation behaviour at large strain is brittle or ductile (Haward [1994])
and Melick et. al.[2003]).

65



Chapter 5
The traction-separation behaviour of polyethylene

Chapter 5

The traction-separation behaviour of
polyethylene

5.1 Introduction

It is well documented (Bhattacharya and Brown [1985], Lu et. al. [1991] and Brown
and Lu [1995]) that the precursor to fracture in polyethylene is the failure of the craze
structure ahead of the crack tip during slow crack growth. The formation of the craze
and the mechanism that leads to craze breakdown have been described frequently. The
craze nucleation is characterised by the formation of a highly localised zone ahead of
the crack tip which consists of multiple voids. Their growth and subsequent coalescence
leads to the formation of a fibrous structure. Depending on the stability of the craze
structure, the craze may widen by drawing material from the craze-bulk interface into
the craze fibrils and eventually rupture at the midribs, or fail at the craze-bulk interface
with little or no signs of material fibrillation (Lagaron et. al. [2000]).

The deformation mechanism - craze nucleation and growth to eventual failure -
in polyethylene has been extensively examined (Chan and Williams [1983], Donald
[1997] and Beech er. al. [2001]). It is clear from these studies that crazing plays a
crucial role in governing the fracture process. Therefore, a good comprehension of the
craze structure is required to understand the fracture modes observed in polyethylene.
This led to the development of a circumferentially notched tensile specimen by Duan
and Williams [1998]. The specimen is a deep notched square section specimen of
dimension 16 x 16 x 120 mm with a circular ligament. The depth of the notch is
determined by calculating the ligament to bulk area (LBA) ratio at 10%. The deep
symmetrical notch developed a highly constrained region in the ligament. As a result of
the geometrical discontinuity, the plane strain conditions prevailed in the ligament thus
suppressing the plane stress yielding and encouraged the cavitation process (associated

with crazing) across the confined ligament while stretched under tension. The results for
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a range of polyethylene were given in stress-time plots to describe the fracture
behaviour.

Pandya and Williams [2000a,b] extended the work of Duan and Williams
[1998], in which they postulated a traction-separation relation to explain the behaviour
of the crack tip damage (craze) zone. They demonstrated that the physical mechanisms
in the zone were quantifiable by rate-dependent traction-separation curves and a series
of cohesive laws describing the behaviour was established. More importantly, the study
provided a clearer presentation of the failure mechanisms that leads to crack growth.
However, the study suffered from the restriction that the tests were mostly carried out
on fixed notch depth specimens and thus fixed constraint. In reality, the time-dependent
behaviour of the craze is likely to be affected by the notch geometry. Therefore, the
subsequent crack advance would be influenced by the degree (size) of the localised
plastic deformation at the crack tip (Kinloch and Williams [1980]).

Recently, Ivankovic et. al. [2003] attempted to provide a predictive assessment
of the crack growth behaviour and discovered that crack initiation and propagation were
indeed subject to and dependent on the constraint effects, in addition to rate. Thus, it
would appear that the ductile crack growth mechanism in tough polyethylene was not
well understood. Indeed, an accurate assessment of the craze behaviour at various rates
and constraint levels is required to elucidate the damage and deformation mechanisms
in polyethylene. Although some work has been performed to investigate the effect of
loading rate on the deformation and failure mechanisms (Pandya er. al. [2003b]), the
role of the crack-tip constraint on the fracture behaviour has yet to be examined
extensively.

The present experiments were designed to measure in-situ the development of
the damage mechanisms (craze) under different constraint conditions over a wide range
of loading speeds. Here, the localised fracture process is represented in terms of a
traction-separation relation on the plane of fracture. The aim is to show that the
formation and subsequent failure of the damage zone was dependent on the constraint
level, in addition to the applied rate. Through the microscopy work, a unified approach
was developed which combines mechanical characteristics with microstructural

observations to ascertain these mechanisms.
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continuous drawing of material into the damage region until failure occurred.
Examination of the cross-sectioned specimen under the SEM at various stages of
loading, as shown in Figure 5.2(c), gives a clear depiction of the craze evolution. For all
the LBA ratios, damage was initiated in the craze prior to reaching the peak load. By the
time the peak load was attained, the 10% LBA ratio specimen showed the onset of
multiple crazing. Likewise, a multiple craze structure was observed in the 30% LBA
ratio specimen. However, the size of the secondary crazes found in the 30% LBA ratio
is comparably larger than those seen in 10% LBA ratio specimen. Asaresult, the degree
of tip blunting is significantly higher than that of the 10% LBA ratio specimen. On the
other hand, a single craze structure was formed at the notch tip of the 50% LBA ratio
specimen but the notch tip was comparably more blunted due to a significant bulk
drawing. At this stage of loading (peak), the craze zones at each notch have not
extended across the ligament. At a later stage of loading (post-peak), multiple crazing
continues to be the principal damage mechanism for both of the 10% and 30% LBA
ratio specimens. According to the micrograph of the 10% LBA ratio specimen, the
primary craze has extended across the ligament accompanied by the void growth while
most of the secondary crazes formed remained unconnected. By comparison, the
majority of the crazes in the 30% LBA ratio specimen have grown across the ligament.
It becomes apparent that the small post-peak extension seen in Figure 5.2(a) for the 10%
LBA ratio curve is due to the failure of the primary craze only. As the LBA ratio
increased to 30%, the damage was characterised by the simultaneous growth of the
multiple crazes. Consequently, the 30% LBA ratio specimens were capable of drawing
more material into the numerous craze zones leading to a greater post-peak extensibility
on the macroscopic scale (Figure 5.2(a)). Towards the end, the descending slopeof the
traction curve becomes steeper owing to the failure of the craze. On the contrary, the
damage mechanism of the 50% LBA ratio specimen transformed from crazing to
shearing. As a consequence, the specimen appears to behave like a tensile specimen
deformed under plane stress conditions as it undergoes shear without the formation of
appreciable voids. Again, the transformation in the mechanism is indicated by the
change in the slope of the post-peak response of the 50% LBA ratio curve as shown in

Figure 5.2(a).
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The damage zone of each notch at the peak in Figure 5.11(c) shows a multiple
craze structure. At this stage, the length of the damage zone is less than the ligament
length. Beyond the peak, the dominant craze in the 10% LBA sample ratio seems to
have impeded the growth of the secondary crazes. By comparison, the secondary crazes
in the 30% and 50% LBA ratio have grown to a thickness that is roughly equal to the
main craze. For this reason, both of the 30% and 50% LBA ratio samples are capable of
a large post-peak extension. Eventually, the failure occurs predominantly along the

primary craze after the fibrils have probably reached the critical drawn ratio.

The traction-separation properties measured at 50mm/min are shown in Figure 5.12.
The trend of falling peak stress with increasing LBA ratio is similar to that seen at low
and intermediate rates. In moving towards higher test rates, the crack tip ductility is
almost suppressed as seen in Figure 5.12(b), resulting in . substantial falls in the break
separation values (Figure 5.12(a)). The fall in the break separation values is more
significant in specimens with a higher LBA ratio. Consequently, the difference in the
separation distance is small between the curves (Figure 5.12(a)). Another notable
feature is the shape of each curve is quite similar. Also, the near similarity in the
traction bchaviour'between the specimens could be accounted for the closeness in the
energy values. Apparently, the difference in the behaviour (fracture energy) could no
longer be differentiated solely on the basis of the constraint effects. It would appear that
the effect of rate plays a more central role on the fracture properties at high rates of
testing.

At the speed of 50mm/min, the peak stress in Figure 5.12(a) denotes the
formation of the craze across the full ligament length. Subsequent loading beyond the
peak generates voids as seen in the micrographs in Figure 5.12(c). Given that the
traction curves in Figure 5.12(a) exhibited stable post-peak behaviour, the coalescence
is likely to occur through the elongation of the voids and the clongation of the bridges of
material between the voids. Remarkably, the fracture behaviour of the PE100 at this

condition is more or less the same as with the PE80 (Figure 5.5).
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The peak stress in Figure 5.22(a) falls with increasing LBA ratio as expected. At
this speed, the peak stresses denote the cohesive strength representing the formation of a
uniformly damaged ligament. Increasing the test rates has the effect of decreasing the
break separation values as was seen also by the copolymers. As can be seen that the
30% and 50% LBA ratio curves failed in a brittle manner whereas the behaviour is more
stable in the 10% LBA ratio curve. As it was too unstable to clamp the specimen, it is
not possible to analyse the sectioned specimens at the post-peak stages. In the absence
of tip blunting (Figure 5.22(b)), there is nevertheless clear evidence that further
extension beyond the peak resulted in the immediate crack growth through void

coalescence (Figure 5.22(c)).

5.3.5 Comparison of the fracture surfaces
Figures 5.23 to 5.26 show the fracture surfaces for PE80, PE100, BMPE and HDPE

respectively. In each figure, the fracture surfaces are arranged in a x-y coordinate
according to their LBA ratio and test specd. It can be seen in the Figure 5.23 that the
fracture surface of PE80 showed a transition from craze fibril failure at low LBA
ratio and at high test speed to one which exhibited gross drawing and macroscopic
necking at high LBA ratio and at low test speed. The fracture surface of PE100, on the
other hand, shows a hollow neck appearance (Figure 5.24) at high LBA ratio and at low
test speed, indicating a shear mechanism near the surface and crazing on the interior. By
comparison, the tip materials of BMPE experience higher fibril drawing with increasing
LBA ratio at falling test speed (Figure 5.25). The more blunted tip increases the post-
peak extension and thus delayed the onset of the crack growth process. By comparison,
the HDPE showed a transition to localised materials fibrillation due to the inward crack

growth (Figure 5.26)
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5.3.6 Summary of the effect of notch depth results

According to the results of the proceeding sections, the fracture surface/failure
mechanism changes as the LBA ratio and test speed are varied. The change was most
apparent for increasing LBA ratio at low speed. The effect of notch depth (i.e LBA
ratio), on the other hand, appears less influential at high speeds. For a given notch
depth, the change in the fracture behaviour is apparent across the entire speeds range.
On the whole, the deeper the notch, the higher is the plastic flow constraint. Hence, a
specimen with a 10% LBA ratio is likely to have the highest constraint while the 50%
LBA ratio specimens would have the lowest constraint. In general, at a LBA ratio of
10%, the fracture surfaces showed constrained low-energy brittle failure where
cavitation was preferred. As the LBA ratio increases, there was insufficient constraint to
generate diffuse voiding in the ligament. As a result, the notch tip material flows more
readily to blunt the tip. In some cases, it led to the formation of a continuous film on the
outer rim of the fracture surface rather like the shear lips normally associated with plane
stress fracture. Consequently, the energy to break at high LBA ratio was significantly
higher. Normally, at low-intermediate test speeds and regardless of the LBA ratio, the
‘peak stress denoted the onset of localised deformation at the notch tip due to the strain
rate gradient from the notch tip to the craze tip. In moving towards higher rates, the
peak represented the formation of a uniformly damaged ligament. These result are in
substantial agreement with those of Pandya et. al. {2003a]. In summary, the onset and
subsequent behaviour of the damage (craze) was found to be sensitive to the notch depth
effects. As the constraint level was lowered, changes in the damage behaviour were
observed thereby affecting the overall energy dissipated. It was noticed that at high
constraint condition, the traction-separation properties were usually characterised by a
small separation distance due to the limited extension of the craze. In contrast, at low
constraint and low rate conditions the materials demonstrated a ductile response through
distinctly different deformation mechanisms. As a result, the shape of the traction
curves was broader due to the higher break extension value while increases the energy

to break significantly.
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In each figure, the first column ((a) to (f)) compares the traction curves of different
sized specimens with a 10% LBA ratio. In the second column ((g) to (1)), the LBA ratio
is increased to 30% while the third column ((m) to (r)) the LBA ratio is 50%. The
traction-separation behaviour of the 10mm thickness specimen is represented by the
black curve whereas the blue curve denotes the behaviour of the 16mm thickness
specimen. The red curve corresponds to the traction-separation properties of 20mm
specimen thickness. The experiments were performed between the speeds of 0.005 and

50 mm/min. The test speed is indicated in each graph.

The effect of thickness on the traction-separation properties of PE80 is shown in Figure
5.27. It can be seen from the Figures 5.27(a) to 5.27(f) that the constraint of the 10mm
curve is more or less the same as the 16mm curve. In terms of the peak stress and
separation distance, it is also about the same between the curves. The behaviour of the
20mm curve, on the other hand, showed a broader shape at low and intermediate speed
due to a higher separation distance. Interestingly, as the test speed increases, the
behaviour of 20mm curve resembles those of 10mm or 16 mm curves. One possible
explanation is that the rate effects begin to take precedence over the effect of size.
Examination of the fractures surfaces in Figure 5.31(a) shows that the fracture
appearance between the different sized specimens is almost identical. As the LBA ratio
is increased to 30% (Figures 5.27(g) to 5.27(1)), the trend observed is similar to the
response at 10% LBA ratio. A similar argument to that invoked earlier can be used here.
The most remarkable feature observed when the LBA ratio is 50% (Figures 5.27(m) to
5.27(r)) in that the characteristic of the traction-separation behaviour between the curves
is very similar. There is evidence to be found from the fracture appearances given by
Figure 5.31(b). It can be seen that the features of the surfaces between different sized
specimens for instance, at 0.01mm/min is exactly the same which showed a fractured
neck. Clearly, the same mechanism was responsible for the failure. On the whole, as the
test speed was increased, the break separation values were reduced. The peak stress, on
the other hand, showed an upward trend. More importantly, at a given test speed, the
peak stress remained relatively constant with thickness. The traction-separation
properties examined in PE100 (Figure 5.28), BMPE (Figure 5.29) and HDPE (Figure
5.30) produced similar analyses with those described in Figure 5.27 for the PES0. The
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macroscopic shear flows (see also Figure 5.8). By comparison, the degree of blunting
(shear flow) in BMPE is lower than that of the pipe materials (see also Figure 5.13). In
contrast, the blunting process was absent in HDPE which results in a craze-crack growth
like behaviour to emerge (see also Figure 5.20). HDPE showed narrow shaped traction
curves as opposed to the broader shaped curves associated with the pipe materials.
Between the pipe materials, the energy value of the PE100 is higher than the PE80 due
to the combination of high peak stress and large separate distance. Clearly, the manner
in which the energy was dissipated via the deformation mechanism determined the
overall separation energy. This suggest that PE100 will have a considerably higher
resistance to slow crack growth that the others. A discussion of the structure-property

relationship between the grades will be presented in the next chapter.

The traction-separation properties of each grade measured at 50 mm/min are shown in
Figure 5.44. The LBA ratio is 10% and the specimen thickness is 10mm. As shown in
Figure 5.44(a), the similarity in the shape of the curve between the grades is truly
striking, suggesting a dominance of effects of rate over the structural properties
differences at this rate. The closeness in the fracture behaviour can also be seen in the
damaged ligament shown in Figure 5.44(b). The features have been highlighted in
Figure 5.36. Apart from the difference in the peak strength, there is no great distinction
between the curves. According to Figure 5.44(a), the stress required to produce a craze
is highest in HDPE while it is the lowest in PE80. On the other hand, the peak stress
between PE100 and BMPE are comparable. The materials ranking based on the yield
stress in Figure 4.6 corresponded exactly with the ranking seen here for the peak stress.
According to the stress-strain data, the yield strength decreases with the density of the
material. Therefore, the plastic deformation would be easier in a low density material,
with the low density PE80 exhibiting the lowest crazing (peak) stress than the others.
One possible explanation is that the nucleation of microvoids is easier in the low density

materials due to a high proportion of free volume.
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5.7 Variation of the cohesive parameters with rate and

constraint

It is clear from the results presented earlier that the measured traction-separation curves
are sensitive to the rate and constraint effects. Three parameters that emerged in the
foregoing discussion were the cohesive stress, opear the cohesive energy, I' and the
separation at decohesion, Spreak as illustrated in Figure 5.45. For a given test condition,
these parameters provided a unique description of the traction-separation behaviour.
Having identified the cohesive parameters, it is now possible to evaluate the variation in
the cohesive parameters with rate and constraint. For clarity reason, the results were
organised in the following ways. For example, the ok data were divided into two
groups: notch depth and size effects. Within each group, the data were plotted in the
form of Gpeax as a function of test speed. In each figure there were six graphs, the first
column consisted of three graphs which represented the notch depth effects data while
the second column showed the effect of specimen thickness. Under the first column, the
first graph compared the data between the 10mm specimens with different LBA ratio
while the 16mm and 20mm specimens were shown in the second and third graphs
respectively. The graphs were similarly arranged in the second column except that the

specimen thickness was varied while the LBA ratio remained constant.

Figure 5.45 A schematic traction-separation curve showing the relationship between the
cohesive stress, G peax the cohesive energy, I' and the separation at decohesion, Sprea-

5.7.1 Variation of cohesive stress with constraint and rate.

Figures 5.46 to 5.49 show the variation of Gpax With test speed of each material at

various constraint conditions, along with the o, data presented previously in chapter 4.
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As can be seen in Figure 5.46, the Opea and oy of PE80 increase with the logarithm of
test speed and both showed an almost linear rise in the stress value. Generally, the steep
gradients of stress which exist at a notch would produce a deformation constraint so that
the Gpeax exceeds oy. Therefore, the greater the degree of triaxial stress developed in the
notch vicinity, the higher is the constraint and hence the higher would be the tensile
stress required to induce deformation. As revealed in Figures 5.46(a) to 5.46(c), the
Opeak data of 10% LBA ratio (deep notch specimen) is much higher than that of the oy
(notch-free dumbbell sample). It can also be seen that the 6. data of 10% LBA ratio
specimen occupies an upper stress band while the 50% LBA ratio specimen occupies a
low stress band. The triaxial tensile stress state of the deep notch specimen (i.e. 10%
LBA ratio) is obviously greater than that of the shallow notch specimens (30% and 50%
LBA ratio) thereby giving rise to the higher Gpea values. In contrast, the variation in the
Opeak Values between specimens of different thickness is negligible as shown in Figures
5.46(d) to 5.46(f). This suggests that the Gy is a material property though a function of
the constraint in that it is independent of the specimen size. The Gpear trends in PE100

(Figure 5.47), BMPE (Figure 5.48) and HDPE (Figure 5.49) are similar to PE80.

5.7.2 Variation of separation at break with rate and constraint

Figures 5.50 to 5.53 show the variation of Suax With test speed at various constraint
conditions for PE80, PE100, BMPE and HDPE respectively. According to Figure
5.50(a) the Spreax values of 10% LBA ratio remain at an almost constant value across the
speed range while the 30% and 50% LBA ratio Sy data showed an upward trend with
falling test speed. However, the rise in the Sy values is more significant in the 50%
LBA ratio. It appears that the effect of an increase in ligament length (i.e. LBA ratio) is
to reduce the plastic flow constraint. As the constraint is decreased, the notch tip
materials flow more readily to blunt the tip as was described earlier in §5.3.1. However,
the 50% LBA ratio samples seem to show signs of a low speed (<0.05mm/min) plateau
region. One might speculate that as the test speed is decreased further, a transition from
ductile to brittle behaviour may emerge as the value of Sy, begins to fall. On the other

hand, the high plastic flow constraints in the 10% LBA ratio specimen tend to promote
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fracture (crazing) rather than flow, with the formation of homogeneous craze across the
ligament throughout the speed range as was seen also by the fracture surfaces in Figure
5.23. At high loading rate (>10mm/min), the Speax values from different LBA ratio
converge. It is likely that the craze growth is severely restricted due to fibrillar melting
as suggested by Leevers [1995]. Pandya et. al. [2003b] reported that crazing was
suppressed as test rates were increased beyond 50 mm/min and showed a transition
from ductile towards brittle behaviour. The Sprea trends in Figures 5.50(b) and 5.50(c)
for specimen thickness of 16mm and 20mm respectively are similar to Figure 5.50(a).
Figures 5.50(d) to 5.50(f) show the variation of Speax values with test speed
between different sized specimens with identical LBA ratio. As can be seen from the
figures, the difference in the Spreax values between the 10mm and 16mm specimens is
not fully apparent whereas the 20mm specimens showed an upper bound Sy Values
across the entire speed range. However, at a given test speed, the facture surfaces
between the 20mm and the smaller specimens did not revealed a difference in the failure
mechanisms as seen in Figure 5.31. In moving towards higher rates, the Spreax values of
each thickness converge. This is consistent with the results reported in the proceeding

section suggesting a thermal controlled material response.

The Spreak trends of PE100 in Figure 5.51 resemble with that seen in PE80. The notable
difference being the raising trend in break separation values with falling test speed. The
Sweax values of BMPE were also affected by the variation in notch depth but the
response was slightly different. It can be seen from the Figures 5.52(a) to 5.52(c) that at
low test rates the rise in the Syeac Values with increasing LBA ratio is not as large as
compared with PE80 or PE100, indicating a greater plastic flow constraint in BMPE. By
comparison, HDPE showed a transition from ductile towards briitle behaviour at the
low speed regimes. The transition point becomes more pronounced with 50% LBA ratio
in which a marked drop in the Spres. values is seen in Figures 5.53(a) to 5.53(c). On the
other hand, the effect of size appears to be less noticeable on the Sy values, which is

in good agreement with the results of §5.4.
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As can be seen from the Figure 5.54(a), the energy values of the 10mm specimen with a
50% LBA ratio occupies an upper energy band while the 10% LBA ratio occupies a
lower energy band. By comparison, the energy value of the 30% LBA ratio lies between
the bands. The energy values of the 10% LBA ratio remained at a relatively constant
value between the speeds of 0.005 and 50 mm/min. In contrast, the energy for 50%
LBA ratio increases due to the changing deformation behaviour as was seen by the
fracture surfaces in Figure 5.23. The energy values are higher because of an increase in
the Sprear values with falling test speed as seen in Figure 5.50(a) even though that the
Gpeak Values in Figure 5.46(a) showed a decline. In moving towards lower test rates
(<0.05mm/min), the fall in energy values was due mainly to the drop in the Sprear values.
On the contrary, the difference in energy value is small at high test rates. Similar energy
trends were observed with 30% LBA ratio. It would appear that there is a transition in
behaviour from being constraint dependent at the low speed regime to a rate dependent
trend in the energy values at high rates. Increasing the specimen thickness to 16mm
(Figure 5.54(b)) or 20mm (Figure 5.54(c)) produced similar energy trends.

Figures 5.54(d) to 5.54(f) compare the energy values between specimens of
different thickness. On the whole, the 20mm specimen occupied an upper energy band
while the smaller sized specimens filled up the lower bands. In each figure, the same
energy trends were observed between the 20mm specimen and the smaller size
specimen albeit a slight difference in the energy values. This is due to the fact that more
material becomes available for the plastic deformation energy absorption as the
thickness is increased. However, the mechanics of deformation between the specimens
are the same. By comparing the energy trends of size effects against the notch depth
effects (Figures 5.54(a) to 5.54(c)) it becomes apparent that the variations in energy
values are driven mainly by the changes in the notch depth.

One important observation to emerge from the foregoing discussion is the
dependency of the energy values on the Speeak values at low speed regime. Comparison
of the energy trends (Figure 5.54) with the Opreax (Figure 5.50) and the Gpeax (Figure
5.46) behaviour shows that changes in energy are dominated by changes in the length of
separation. As the energy transitions are driven primarily by changes in deformation
mechanisms they do not necessary coincide with the stress. This is because any changes

in the failure mechanism are not readily apparent from the slope of the stress — speed
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data which appears not to change with speed. It may be noticed that the trends in the
energy values best reflect the changing features of the fracture surfaces in Figure 5.23.
Similarly, the energy trends of PE100 (Figure 5.55), BMPE (Figure 5.56) and HDPE
(Figure 5.57) were mainly governed by the effect of notch depth which in turn depends

on the 8y trends rather than due to the effect of size.

5.8 Crack tip constraint

In the proceeding sections, the results showed that the degree of geometrical constraint
(plastic flow) acting at the crack /notch tip increases with an increase in notch depth (a
decrease in LBA ratio). It is clear from the result presented in Figures 5.46 to 5.49 that

the high geometric constraint found in the 10% LBA ratio specimen (for a given

thickness)elevated the degree of triaxial stress developed in the notch vicinity, causing yielding to occur at
stress levels (i.e. Opesx) eXceeding the uniaxial yield stress of the material. This is because it is more difficult to
spread the yielded zone in the presence of triaxial stresses. - On the other hand, the Opeak values

fall with decreasing notch depth signifying the reduction in the geometric constraint.
One of the most noticeable features with the notch depth effects is to raise the Spreax
values of the materials (Figures 5.50 to 5.53). The increase in the Syeqx Values is due to a
greater degree of crack tip ductility which depends upon the size (volume) of the notch
tip plastic zone, which in turn depends upon the geometric constraint. It is known that
the notch tip plastic zone size increases with a decrease in constraint, thereby leading to
a greater degree of crack tip ductility. This was confirmed by the 50% LBA ratio
sectioned specimen which shows a larger whitened area surrounding the tips than those
of the deep notched specimen. For this reason, the fracture ductility increases (Figures
5.54 to0 5.57) as the crack tip is readily blunted resulting in the increase of the Spreax
values on the macroscopic scale. As the state of stress acting at the crack tip determines
the geometric constraint, it is possible to quantify the notch tip constraint level.
Accordingly, a parameter called the crack tip constraint factor, M can be defined to

describe the elevation of the applied stress at yield by an equation of the form:

(o3
M = 222 (5.1)
Oy
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When M =1 it would represent the plane stress case. A limiting M value, on the other
hand, would denote a maximum constraint condition and represents a lower bound to

the material toughness.

Figures 5.58 to 5.61 show the computed M against test speed for PE80, PE100, BMPE
and HDPE respectively. One trend common to all the materials is the decrease in the M
values as the test speed increases. Comparison of the M values between specimens of
different LBA ratio (Figures 5.58(a) to 5.58(c), 5.59(a) to 5.59(c), 5.60(a) to 5.60(c),
5.61(a) to 5.61(c)) shows that the constraint factor is the highest for specimens with the
10% LBA ratio while constraint is the lowest for specimens with a 50% LBA ratio.
Therefore, as M increases (at the expense of the plastic zone size) with decreasing rate,
one might expect a highly constrained failure normally associated with cavitation and
voiding. The analyses performed in Figure 5.36 confirmed this point showing that the
fracture surfaces consisted of voids and fibrils in each grade. On the other hand, a low
M at low rates would be likely linked to a ductile fracture mode owing to a much larger
notch tip plastic zone size which subsequently blunted the tip. These effects were
accompanied by an increase in fracture toughness. The phenomenon has been described
respectively in the Figures 5.2, 5.8, 5.13 and 5.20 for each grade. At high loading rates,
the M values from different conditions converge. It would appear that the differences in
deformation mechanisms observed due to different M values at low speeds become
increasingly indistinguishable at high rates as was seen also by the fracture surfaces in
Figures 5.23 to 5.26 for PE80, PE100, BMPE and HDPE respectively. By comparison
the variation of M between specimens of different thickness is not significant (Figures
5.58(d) to 5.58(f), 5.59(d) to 5.59(f), 5.60(d) to 5.60(f), 5.61(d) to 5.61(f)), suggesting
that M could be independent of the thickness effects.
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5.9 Conclusions

The deformation mechanisms of four different grades of polyethylene were compared
between the test speeds of 0.005 and 50 mm/min at various constraint conditions using a
circumferentially notched tensile specimen. A wide range of experimental data of the
rate and constraint effects on the fracture behaviour was analysed. The onset and
subsequent evolution of the damage (craze) was found to be sensitive to constraint
effects, in addition to rates. In particular, the effect of notch depth was found to exert a
greater influence on the material response than through the thickness effects. Kirk ez. al.
[1993] also reported the greater effect of crack depth than that of the specimen size for a
metal alloy. It was shown that the deeper the notch, the greater was the notch tip
(plastic) constraint to promote constrained brittle failure where cavitation was preferred.
As the notch tip constraint was relieved through a larger ligament diameter, the crack tip
ductility was increased to invoke the blunting process, which in turn increased the Gpreak
and T values. It is this mechanism (crack tip blunting) which initiated the ductile failure
mode. On the contrary, the constraint between specimens of different thickness was
found to be similar. Furthermore, the stress (Gpeax) required to initiate the damage
process remained constant with size, suggesting that oy is @ property of the material
though a function of M. However, the effect of constraint became less noticeable at high
test speeds where the fracture characteristics appeared identical (by process of voids
nucleation, growth and coalescence), suggesting a dominance of effects of rate. Under
conditions of decreasing extension rate, it was possible to differentiate the material
response at different constraint conditions as the deformation behaviour was unique. On
this basis, the study was able to identify the different damage and failure process
associated with each grade at the low speed regime. The deformation characteristics of

each grade is summarised as follows.

PE80 — Under conditions of high constraint, a multiple craze structure was
developed. The fracture proceeded mainly via the deformation of the primary craze
through void coalescence while the secondary crazes appeared redundant. At
intermediate constraint, the secondary crazes were found to play a contributory part in
the overall blunting process. As constraint was reduced further, there was a transition

from one ductile mechanism (multiple crazing) to another ductile mechanism (shear
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yielding). Hence, the fracture energy was raised significantly, demonstrating a high
resistance to SCG.

PE100 — The damaged ligament at high constraint conditions showed the
formation of a highly fibrillated craze structure where void. nucleation was absent,
suggesting that the failure mechanism is likely through fibril creep. By lowering the
constraint, the degree of crack tip blunting increased via multiple crazing. However,
there were comparably fewer secondary crazes in the structure than those seen in PE80
but the crazes were thicker. PE100 also exhibited large macroscopic plastic flow at the
lowest constraint examined but through different mechanisms. The deformation
behaviour was found to consist of both shearing and crazing in which the shear
mechanisms prevailed on the surface while crazing was active on the interior.

BMPE -The main feature of the damage associated with this grade was the
formation of multiple crazes. The deformation process occurring under conditions of
high constraint is similar to those reported for PE80. However, the rate of void growth
appears to be higher in this material. As the constraint was reduced, multiple crazing
continued to blunt the tip but it was also accompanied by the formation of large void. At
the lowest constraint, the tip material was breached after it underwent a significant
amount of tip blunting. However, the crack tip ductility is very much lower than those
of the PESO or PE100.

HDPE - The main feature of the damage associated with this grade was the
formation of a single craze structure. At high constraint conditions, the material showed
little post-peak ductility due to diffuse voiding. As the constraint was lowered, HDPE
did not display any sign of tip blunting. It is possible that the extent of plasticity
surrounding the crack tip is very much lower than those of the copolymers. The damage
once initiated often led to the growth of radial cracks. Hence, the fracture behaviour
may be regarded as unstable during slow crack growth as it could lead to a brittle mode of

fracture.
Having analysed the various deformation and failure mechanisms, it is now possible to

review the relationship between the mechanical properties and the microstructure,

which is the topic of discussion for the next chapter.
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analysis of polyethylene

6.1 Introduction

In addressing the long term performance

identify the key variables

and reliability of the pipes, it is important to

central to the SCG performance. As can be seen in

the Figure 6.1, a large number of parameters can influence the fracture behaviour of the

material.

(A) CHAIN STRUCTURE
-Molecular weight and distribution
-Short chain branches - concentration
- distribution
- length
-Lang chain branches

- concentration

(B) PROCESSING CONDITIONS
- Cooling rate

- Annealing

- Orientation

- Temperature

-~ Shear rate

- Spherulities
- Lamellae
- Crystallinity

- Amorphous
region

(C) MORPHOLOGY
- size

- type b
- thickness i
- imperfections

- unit cell dimensions

- thickness

- transition zone

TEST CONDITIONS
- Temperature

- Rate

- Constraint

- Environment

(D)FRACTURE BEHAVIOUR
- Resistance to crack initiation

- Resistance to crack propagation
- Incubation time

-Propagation time

- Ductile mode

- Brittle mode

Figure 6.1 Overview of parameters affecting the fracture behaviour of polymers. (from
Egan and Delatycki [1995]).
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It can be seen that a multiple craze structure has formed in PE80 in which the thickness
of the secondary crazes are smaller than the primary craze. There is also evidence of
multiple crazing in PE100 and BMPE but there are fewer secondary crazes. In PE100
the structure showed a highly fibrillated craze. By comparison, the extent to which the
fibrils can be drawn in BMPE is lower than that of PE100. The breakdown of the fibril
eventually leads to void formation. In contrast, the craze structure of HDPE showed
widespread voiding. The onset of fibrillar creep may have taken place much earlier than
that of the copolymers. This can be seen in the thinning of fibrils and the failure at the
midribs. However, little information is available to offer an explanation on the
formation of multiple crazing. Nevertheless, it would appear that the low density in
PE80 encourages the nucleation of multiple crazes due to a high proportion of free
volume, which has conventionally been attributed to low crystallinity, as opposed to the

high density HDPE where a multiple craze structure is absent.

In PE80 the fibrils showed a greater resistance to fracture than that of BMPE or HDPE.
This may be explained by considering the rate of disentanglement of the materials. In
the absence of short chain branch (SCB) content, the high molecular weight HDPE is
likely to depend on the long molecular chains to produce the network of entanglement.
Moreover, the longer molecule is likely to increase the concentration of inter-crystalline
links and hence increases the overall entanglement density in the amorphous domain.
Although unknotting of entanglements may becomes difficult but under SCG conditions
any positive effect may be overridden by the ease of chain sliding through the
crystalline regions of the fibrils because of the relatively smooth chain. One
manifestation of this is the higher rate of void growth. Although the breadth of the
molecular weight distribution (MWD) is similar in HDPE and BMPE (see Figure 3.2) in
BMPE it has a higher SCB content of 1.5 branches per 1000 C atoms. For this reason, it
appears that SCB has a beneficial effect of stabilising the craze structure where the
fibrils showed a greater capacity to draw prior to failure. From this viewpoint, it is
obvious that the high SCB content in PE80, which has 4.5 branches per 1000 C atoms,
would provide a good impediment to the disentanglement process that occurs after the
fibrils reached their natural draw ratio. Even though PE80 has a lower molecular

weight, M, and contains a smaller fraction of high molecular weight material (see Table
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3.1), any negative effect may be overcome by the advantage of having a high SCB
content. This comparison thus identifies the importance of the existence of a high SCB

content in improving the long term resistance to SCG.

The highly fibrillated craze and the absence of voids in PE100 seem to suggest that the
material deforms via a combination of fibrillar creep and surface drawing mechanisms.
There is also evidence of cross-tie fibrils thereby giving the craze some lateral load
bearing capacity as seen in Figure 6.3. The surface draw mechanism is probably missing
in HDPE. The micrograph also conveys some information about the strength of the
fibrils in PE100 in relation to PE80. First, the fibrils showed constant thickness
throughout the length, indicating that fresh material is constantly being drawn into the
fibrils thereby maintaining the draw ratio, A as widening continues. Second, the absence
of fibrils thinning might imply that the rate of fibrillar creep is low. In PE100 the SCB
content is 2.5 branches per 1000 C atoms which is nearly half of those in PE80. Despite
the lower SCB content, PE100 appears to have a much larger A which is consistent with
the results of O’Connell er. al. [2003]. Normally, as branch concentration increases the
natural draw ratio decreases but also interferes with the disentanglement. On the other
hand, an increase in M, would increase chain entanglement and thus reduce the creep
(O’Connell et. al. [2003]). Because of this, PE100 is likely to show a greater resistance
against creep than PE80 in which the M, is almost half of PE100. Further evidence of
this is provided by the MWD of PE100 (Figure 3.2) in which the high molecular weight
fraction is greater than that of PE80. As a result, the capacity of the molecular
entanglement network to deform is likely to increase. On a macroscopic scale, the high
deformation capacity is captured by an increase in the separation distance at low test
rates as seen in Figure 5.51. On the whole, PE100 is likely to have a combined effect of
extending the period of growth during craze widening as well as hindering the
disentanglement processes that occur after the fibrils reach  their natural draw ratio.
The first effect could be attributed to the high value of A while the optimisation of
molecular weight chains and short chain branches accounted for the improved
disentanglement resistance. These results are in substantial agreement with those of

Pandya [2000] and Pandya and Williams [2000a,b].
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As the crack tip constraint is reduced, there is a competition between shear deformation
zones and craze formation in the pipe materials. It is therefore possible that the shear
bands may have nucleated from the tips of the (initial) craze due to the local stress
concentration. As can be seen from the micrograph in Figure 6.4, the notch tip of PE80
is severely blunted which is caused by the localised shear flow. Far from the tip, some
voids have nucleated together with the formation of few strands of fibril as seen in
Figure 6.5. Similarly, PE100 is characterised by the large macroscopic shear flow of the
ligament. The difference being the coexistence of craze-like features and shear
deformation bands. The interaction between these two mechanisms caused excessive
blunting of the tip. Given that the structural properties of the materials were not varied
the transition from crazing to shear therefore appears to depend on the state of the
constraint. Kramer and Berger [1990] provided a possible explanation for the craze-
shear transition. According to the study, the transition from crazing to shear
transformation occurs when the shear yield point is less than the stress for crazing. If the
Gmax 18 taken as the measure of the stress to initiate damage then o, oObtained at a high
constraint condition is likely to represent the crazing stress since the damage is
characterised by the formation of crazes (Figure 6.2). It was shown that Gnax decreases
as the constraint was lowered (Figures 5.46 to 5.49). Therefore, it seems that the lower
triaxial stress state may have favoured shear yielding by lowering the damage stress
(Gmax) point below the crazing stress. As a result, shear yielding becomes increasingly

competitive with crazing as the constraint is reduced.

By comparison, the tip structure of BMPE in Figure 6.4 revealed a highly stretched
texture, which is followed by a structure seemingly filled with voids. In HDPE the crack
has breached the tip wall, leading to a craze-crack growth behaviour to emerge. It
appears that the difference in the fracture behaviour compared with that observed in the
high constraint situation is due to the effect of constraint but the difference in the
material response primarily depends on the molecular characteristics as seen by the

fracture surface in Figure 6.6.
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performance. At high test rates, on the other hand, the material response is thought to be

controlled by  adiabatic effects rather than due to the molecular composition.
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7.1 Introduction

The nﬁotivation for the numerical study can be traced to Pandya et. a/ [2000, 2001] and
Ivankovic et. al. [2003]. In these studies, a family of measured rate-dependent cohesive
curves was incorporated as the local fracture criterion in the prediction of the crack
growth in polyethylene using three-point bend specimens. These studies revealed the
limitation of such an approach as a mean: of generating a unique criterion for every
instance of crack advance due to the constraint effects along the crack path which was
not adequately modelled in the simulations. Furthermore, these studies did not examine
in the first instance the appropriateness of the measured cohesive laws for the numerical
simulations. This can be addressed through the simulation of the CNT tests, which is the
objective of the chapter. Ultimately, the present study will serve as the platform for the

development of a fully predictive fracture model.

The Finite Volume (FV) method will be employed to simulate the CNT tests. FV is one
of . several numerical procedures that can be used to discretise and solve the
governing equations of  continuum mechanics into a system of algebraic equations
that are solvable using computers. Several commercial numerical packages are available
for solving continuum problems. One such package is FOAM (Field Operation And
Manipulation) which is written in C++ language based on an open architecture design
that allows the customisation and modification of existing codes for a specific
application. Weller et. al. (1998) provided a discussion on the technical aspects of the
codes and its implementation in FOAM. FOAM version 2.0 is used here and the

reference manual is available from Nabla Ltd. [2001].
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7.2 Application of FV method

The accessibility of high-speed computers in the present times has encouraged the use
of computer-based simulation for solving engineering/physical problems. Various
numerical schemes have been developed to solve problems involving solid body
deformation, fluid flow and heat transfer. In solid mechanics problems, .. finite
element (FE) procedures are preferred whilst  finite volume (FV) methods have been
used primarily for solving fluid flow and heat transfer problems. In recent times, the
potential of FV method for solving solid mechanics problems was demonstrated by
Demirdzic and Martinovic [1993] and Demirdzic and Muzaferija [1994]. The scheme
was later expanded to include dynamic fracture problems (Ivankovic et al. [1994]). FV
formulation has also been suggested for solving problems involving cohesive crack
models. The appropriateness of such an approach has been highlighted by Ivankovic et.
al. [2003] and demonstrated in the simulation of the slow crack growth in polyethylene
using measured cohesive laws (Pandya et. al. [2000, 2001]). In another approach which
has been adopted by Karac [2003], the cohesive zone was described by a Dugdale
model to simulate the drop impact tests of plastic containers. Stylianou and Ivankovic
[2002] addressed the implementation of the cohesive zone based procedures in FV
formulation involving dynamic fracture problems. The FV method has proved to be
simple, straightforward, conservative and efficient. For these reasons, the FV method is
gradually gaining acceptance as an alternative to the widely used FE method for solving
solid mechanics problems. Complete reference to the FV formulation used here is
available in associated literature (Demirdzic and Ivankovic [1999] and Ivankovic

[2000]).

7.3 CNT model

The elastic-plastic large strain structural analysis code including cohesive zone
boundary condition was employed in the simulation of the CNT tests. A thorough
review of the codes will not be given here as a detailed description of the particulars of
the scheme can be found in Tropsa ef. al. [2003]. Its main feature is that the updated

Lagrangian large strain solution scheme (Maneeratana [2000]) was used while solving
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incrementally the displacement field. The constitutive relation of the elastic-plastic
behaviour was described by Hooke’s law to account for the elastic stress increment
combined with the Prandtl-Reuss elasto-plastic law to describe the plastic deformations.
The definition of the stress was given by the second Piola-Kirchoff stress tensor
whereas the deformation was defined by the Green strain tensor. The basic constitutive
laws of the CNT model are defined by the stress-strain properties while the fracture is
described by means of a measured cohesive law. To account for an arbitrary shaped
stress-strain or cohesive curves the codes were modified to incorporate the solution

algorithms proposed by Karac [2003], which will be discussed in §7.3.4.

7.3.1 Solution domains and boundary conditions

Figure 7.1 shows the solution domain and the prescribed boundary conditions of the
CNT model. The solution domain represents an eighthof the whole specimen domain
due to symmetry in three directions. The dimensions correspond to the CNT specimen
based on a rectangular bar of dimensions 16 x 16 x 110 mm. The ligament radius is
2.8mm while the length of 30mm represents a half of the distance between the
mechanical grips. The top surface (loading patch) and the cohesive zone (CZ) boundary
(i.e. ligament area) were simulated using direction mixed boundary conditions (Figure
7.1(b)). The notch patch and the front surfaces were described as traction-free. Other
boundaries were symmetry planes. A more orthogonal geometry (rectangular shaped as
shown ™ in Figure 7.1(b)) compared with the geometry domain in Figure 7.1 (a) was

employed to reduce processing time. The effect on the results was found to be minimal.

Velocitf =0 tant A Velocity = constant
- PO 1T X
ERRE T Solution T
e ‘ B domain <
S symmetry z symmetry plane oy
30mm plane e
) A . “traction-frée. -
. : P " traction-free r RO,
Cohesive | | ISR
. Gohesive) Vg e
5. 2mm-»
L symmetry plane
- Traction
(a) (b)

Figure 7.1 (a) Solution domain. (b) Prescribed boundary conditions.

144



Chapter 7
Numerical study

7.3.2 Numerical Mesh

The solution domain was discretised into 24000 cells using a total of eight basic
building blocks as shown in Figure 7.2. The mesh was sufficiently refined to insure
mesh independent results without incurring high CPU time (Ting [2001]). On the
loading patch, all blocks were treated as a single entily. On the other hand, at the
cohesive and notch surfaces the blocks are defined as follows: Blocks 0 to 2 identified
the CZ boundaries whereas the traction free surface (notch area) defined blocks 3 to 7.
The mesh was graded towards the ligament centre by specifying a cell ratio of 1.5
between the largest and the smallest cell along x-direction of blocks 1 and 2.
Additionally, a more gradual change of the cells shape from the CZ to traction free
region was achieved by introducing additional arc-shaped blocks (blocks 3 and 4).

There were 30 cells of equal size in the z-directions.

loading
patch

OO ) (b)

Figure 7.2 (a) Block structure. (b) Numerical mesh.

7.3.3 Material models

Since the true stress-strain curve was not available, an elastic-perfectly plastic model
approximated from the nominal stress-strain curve is assumed as shown in Figure
7.3(a). The material parameters (yield stress, oy, yield strain, &, and modulus of
elasticity, E) were obtained from the measured nominal stress-strain curves of chapter 4
except for the plastics modulus, EP, which is set to 0 MPa. The cohesive law (i.e. the
local fracture criterion) prescribed along the CZ boundary was based on the damage
(decreasing) portion of the measured cohesive curves (red dashed line in Figure 7.3(b))

and the initial elasticity of the gauge portion of the specimen is ignored. In this
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e Elastic zone - The cell will remain in the symmetry plane such that:

Bnormal < Otolerance AN Gnormal < Grmax

If true, duomal = 0

Otherwise, Guomal = Gmax
Where Spomat 1S the normal displacement, Syerance 1S @ tolerance value, Gnormal 15
the normal stress component and omax iS the peak stress of the prescribed
cohesive curve. The Sierance Was specified to prevent floating exception errors
with a value set equal to 0.1% of the 8cop value, where 8cop is the critical

separation value of the prescribed cohesive curve.

e Damage zone - The cell switches to the full traction boundary condition when
the following condition is satisfied:
8tolerance < 8nonnal < 8COD

Iftrue, Ghnormal = O'soft

e Release zone - The cell switches to traction-free when:

8normal > 8COD

Iftrue, Gnon—nal = 0

7.4 Validation of the CNT Model

The validation of the CNT model was performed by using a linear damage model since
it resembled the decohesion behaviour of the materials studied. The cohesive
parameters were given by Gmax =29 MPa, 8cop = 1.36 mm and I =19.8 kJ/m?. The bulk
material, on the other hand, was given the following values: o, = 12.5MPa, €, = 0.033,
E =0.38Gpa and E? =0MPa. The values were obtained from experiments on dumbbell
and circumferentially notched tensile specimens tested at 0.1 mm/min. The simulation

was performed at a fixed displacement rate of 0.1 mm/min.

Figure 7.6 shows the validation result of the CNT model. As can be seen in Figure

7.6(a), the calculated traction-separation (TS) curve fits the prescribed curve. However,
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Material properties CZM parameters
Density: 940 kg m~ | Poisson ratio: 0.3
Velocity Oy €y E Omax r Scop
(m/s) (MPa) (GPa) | (MPa) | (kI/m?®) | (mm)
8.3x10™ 20.6 0.032 0.64 35.6 252 1.27
8.3x107 15.7 0.031 0.51 32.8 31.0 1.69
8.3x10° 13.2 0.030 0.44 30.0 27.6 1.64
8.3x107 122 |0.038| 0.32 27.8 27.5 1.66
Table 7.1 Material properties used in the CNT simulations
Time step 1 Time step 2
Velocity Start time Aty End time Aty End time
(m/s)
8.3x10™ 0 0.08 0.16 0.04 0.8
8.3x107 0 0.5 3.5 0.25 10
8.3x10° 0 5 45 2.5 102.5
8.3x10” 0 20 940 5 1030

Table 7.2 Time step defined in the CNT simulation. Where At is time step 1 and At;
time step 2. All times are given in seconds.

7.5.1 Results and discussion

Figure 7.8 shows the comparison between the prescribed and average calculated TS
curves at various loading speeds. The experimental curves represent the prescribed
fracture criterion which denotes only the post-peak branch of the measured cohesive
law as described in Figure 7.3(b). It can be seen that the calculated TS curves fit the
prescribed curves of any arbitrary shape, regardless of test speeds. The deviation prior

to the peak stress is due to the cell averaging effects as explained in Figure 7.6.

Figure 7.9 shows the TS curves obtained from the CNT simulations. The experimental
curve denotes the measured cohesive curve while the Smm GL (gauge length) curve
represents the simulation where the strain is calculated over a gauge length of Smm
(after correcting for symmetry). The 5mm GL curve, therefore, represents the

experimental set-up using a video extensometer with a gauge length of 5mm, whereas
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8.1 Introduction

This chapter summarises the main findings of the thesis and provides some proposals
for - future work. Within each section the conclusions and the recommendations

pertaining to the topic will be outlined.

8.2 Stress-strain behaviour

Under uniaxial stretching, the stress-strain behaviour of polyethylene was found to be
rate-dependent which in turn: influenced the yield point and the necking behaviour.
These findings are consistent with the results reported in the literature. An intricate
relationship was showed to exist between the density (crystallinity) and the degree of
molecular entanglement, which could explain * the difference in the behaviour

between the polyethylene grades.

The present investigation did not take into account the decrease in the neck cross
section at yield and hence the characterisation beyond the necking point is ill-defined.
However, the traction-separation behaviour of tough polyethylene grades examined at
low constraint conditions would suggest the comparative importance of obtaining an
accurate assessment of the strain hardening characteristics. One manifestation of this is
the absence of the cold-drawing plateau in polyethylene in a true stress vs true strain
measurement as reported by G’Sell er. al. [1992]. In fact, the true stress-strain curve did
not exhibit any stress drop at yield or any discontinuity, in contrast the curve showed a
continuous rise of the stress as the material strain hardened. As a result, the
conventional stress-strain measurements were inadequate in providing a precise

description of the microstructural transformations of the material under stress. The
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numerical study furthermore emphasised the need for a more precise definition based on
the effective stress and the effective strain in the simulation of CNT tests. For these
reasons, future work on tough polyethylene grades should be concentrated on

characterising true stress-strain properties.

8.3 Traction-separation behaviour

The overall objective of the thesis is to determine the effect of constraint, in addition to
rate on the traction-separation behaviour of polyethylene. A detailed conclusion of the
results has been provided in the respective sections of chapter 5 and only a brief
summary will be given here. To this end the investigation has demonstrated
conclusively that the depth of the notch affects the notch tip constraint much more than
does the thickness. The deeper the notch, the greater is the notch tip constraint. Conversely,
the constraint is reduced as the notch depth decreases. Also, the peak stress is reduced
but the break separation increases significantly, especially at low rates of testing. The
high notch tip constraint (deep notch) thus best reflects the material inherent resistance
to SCG in the brittle fracture mode while the lower constraint level would represent the
material performance under the ductile failure mode. The dependency on the notch tip
constrain has led to contrasting damage-failure behaviour between different grades of
polyethylene and hence the overall energy dissipation process. By taking into account
the effect of constraint in addition to rate, the material fracture response is likely to
correlate better with the performance of the pipe material under real service conditions
where a wide range of arbitrary constraint condition could be found. Such an analysis
should provide the crucial information about the material performance for the
manufacturers in the development and the characterisation of new generation pipe

materials.

The experience gained from the present investigations including data contributed from
previous studies (Duan and Williams [1998] and Pandya and Williams[2000]) has led to
the following proposed CNT test configurations listed in Table 8.1 for the
characterisation of the materials performance in both the brittle and ductile modes of

failure. The recommended test configurations should provide manufacturers a “quick
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and cost-effective test” in the assessment of the material SCG performance by taking

into account the influence of the constraint and rate effects, both of which have been

proved to play a vital role in the damage-failure mechanisms.

Domain | LBA ratio | Specimen geometry Test speed (mm/min)
Brittle 10% 10x10x 110 mm 0.005 0.5 50
Ductile 50% 10 x 10 x 110 mm 0.005 0.5 50

Table 8.1 Proposed CNT test configurations.
Furthermore, the study has identified the various conditions (constraint and rate) in which craze

yielding prevailed. Therefore, in future work it would be desirable to obtain a stress criterion
perhaps based on the constraint factor, M for craze yielding (initiation) analogous to that for
shear yielding criterion (eg. Tresca yield criterion, von Mises criterion etc.).

8.4 Structure-property analysis

The stop-section technique proposed by Clutton [2002] has demonstrated to be effective
in examining the damage evolution at different stages of loading. This is confirmed by
the numerous micrographs of the cross-sectioned specimen produced in the present
work. By linking the microscopy work to the macroscopically measured traction-
separation properties, a unified approach was developed whereby a relationship was
established between the mechanical properties and microstructural behaviour. It was
found that the combination of a high M, and the presence of SCB content improved the
SCG resistance under conditions of high constraints and low test rates. In contrast, at
low constraints and low test rates the short chain branches appear to be more effective
than M, for increasing resistance to SCG. On the other hand, the material response is

thought to be thermally controlled at high rates, regardless of the constraint level.

The technique could be improved by eliminating the procedures associated with the
preparation of the drilled holes to position the jig after the test is stopped (see Figure
3.13). A simple solution is to make the locating pins of the jig movable as illustrated in
Figure 8.1. In this way, the holes can be pre-drilled since the jig can be adjusted to
compensate for any changes in the distance between the drilled holes. The procedure
could also be enhanced by “freezing” the stopped sample in a nitrogen environment

prior to sectioning and SEM, thereby minimising any elastic effects during unloading.
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A recent publication by Plummer ef. al. [2001] produced very clear and detail images of
the fibrils in a craze structure. The images were taken from sectioned thin film produced
with a microtome, which was embedded in an epoxy resin to improve the contrast
between specimen-epoxy interfaces as illustrated in Figure 8.2. The high resolution of
these images was achieved without resorting to high beam voltage which is a common
source of damage to the fine structure in the form of microcracks. Given that a vast
amount of information on the structural characteristics can be extracted from a
sectioned specimen, future microscopy work should be geared towards such thin-film
type analysis where a more reliable description of the deformation mechanism can be

obtained.

/ Fixed / :

Locating : distance Mavahle - Adjustable
pins T . pins distance

~Jd
(a) (b)
Figure 8.1 Jig design (a) Original and (b) Proposed.

Epoxy Thin section of
fracture surface

Figure 8.2 Proposed microscopy work using thin-sectioned specimen embedded in
epoxy.

8.5 Numerical study

The numerical study presents a preliminary investigation into the simulation of CNT

tests based on the finite volume approach. The CNT model was implemented using the

157



Chapter 8
Conclusions and recommendations

commercial finite volume library FOAM. As the true stress-strain curve was not
available at this stage of the study, the material properties of the cells were specified by
an elastic-per fectly plastic model approximated from a measured nominal stress-strain
curve. On the other hand, fracture is described using the measured high constraint
cohesive law. The simulations were performed at various speeds between 8.3x10™ m/s
(50 mm/min) and 8.3x10” m/s (0.05 mm/min). The CNT model was able to simulate
accurately the initial part of the experimental curve but it overestimated the softening
stage while the overall extension was underestimated. This discrepancy highlights the

need of specifying the true stress-strain properties.

There are also several areas that require further modelling efforts. First, it concerns the
simulation of CNT tests with low constraint traction-separation curves which has been
neglected in the present study. This is because the current mesh cannot simulate large
extensions-and plastic deformation of a narrow region around the ligament, as observed
in the experiments. One possible solution is to introduce the adaptive mesh refinement
method as suggested by Karac [2003]. Furthermore, the simulation at a different rate or
constraint condition would require a separate set of stress-strain and cohesive curves to
be specified. Therefore, a long term approach is to have a procedure that reads in all
available rate-constraint dependent cohesive curves, including the stress-strain curves
for the numerical simulation. The codes should also be armed with a search procedure,
perhaps based on the crack tip opening rate and constraint factor M, capable of seeking
out from the family of curves the cohesive law pertinent to the current state of the test
condition. If these problems (adaptive mesh refinement and search procedure) could be
addressed within the CNT model then it should become easier to transfer these “codes”
to other geometries such as the three-point bend specimen to predict the crack growth in

tough polyethylene.
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