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Stellingen behorende bij het proefschrift

Crack growth in polyethylene

Als de platte beeldbuis normaal was geweest dan zou nu koortsachtig worden gewerkt
aan de ontwikkeling van een gekromde beeldbuis.

In de winter is binnenshuis de kaars (of gaslamp) uit vroegere tijden nog steeds de
meest efficiénte manier van verlichting. Licht en warmte worden direct gecombineerd
zonder omzetting van de brandstof in beweging en electriciteit.

Het TV programma Klokhuis heeft mij bewezen dat een mens nooit te oud is om te
leren. Studio Sport bewijst dat veel mensen geen zin hebben om te leren.

Het sportieve karakter van de Europeaan ten opzichte van de Amerikaan blijkt uit het
verschil in gemiddeld lichaamsgewicht en het feit dat Europa in de auto nog stecds
“sportict” schakelt.

Sociale uitkeringen kunnen deels worden gezien als het afkopen van sociale onvrede
met netto een positief resultaat.

Het uitzenden van troepen in een vredesmacht confronteert nieuwe generatics aan den
lijve met de gruwelen van een oorlog en vormt hiermee een krachtige basis om oorlog

in eigen land te voorkomen.

Het boek over een reis naar de maan van Jules Vernc was in 1865 minder
geloofwaardig dan de (ilm “Jurrassic Park” nu is.

Computers zijn redelijk bestand tegen hydraulische olie maar gaan verloren bij brand.

Het idee dat bij barre weersomstandigheden de thermostaat hoger gezet moet worden
duidt op weinig begrip van meet- en regeltechniek.

Naast de gebruikelijke blaastest bij alcoholcontrole zou een blowtest ingevoerd moeten
worden om rijden onder invloed van hasj te controleren.

Binnen een religie is moderniseren van geloofsopvattingen moeilijk tc combineren met
de aanname van één absolute waarheid.

Het aloude spreckwoord “Wat Gij nict wilt dat U geschied, doe dat ook ecn ander nict”
zou kunnen dienen als universeel kapstok artikel voor wetgeving en moraal.

Ton Riemslag
april 1997
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Cover:

A SEM image of a craze, visible as the bright region with a triangular geometry situated just
ahead of the crack tip. A craze is the area in which the material is subject to intense loading,
resulting in failure. Failure of the material within the craze is the basic mechanism of crack
growth.
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Summary: Crack growth in polyethylene

The significance of this work is related to the use of polyethylenc as a structural material for
gas distribution pipes. In this specific application the constant gas pressure in the pipe can
induce a failure mechanism called “creep crack growth”, potentially leading to the dangerous
situation of gas leakage. The mechanism of creep crack growth is a very slow process taking
many years before gas leakage occurs. For obvious reasons it is essential to have a knowledge
of the long-term failure process before installing a complete gas pipe network.

The initial purpose of this thesis was to evaluate a new test method in which cyclic loading
(i.e. fatigue) is used in order to accelerate crack growth. New kinds of short-term test methods
were required, as traditional test methods could not discriminate between recently developed
types of polyethylene.

Apart from evaluating fatigue as a means of achieving improved prediction of creep crack
growth, a more general understanding of crack growth in polyethylene is obtained. Crack
growth under cyclic and constant load conditions is evaluated and compared.

The crack growth behaviour of polyethylene was tested for three particular types of
polyethylene gas pipe materials, in order to distinguish between general crack growth
behaviour and such effects which might only occur for one specific type of material. In fact,
this approach proved to be essential, since contradictory behaviour on the part of the materials
tested was indeed encountered on a regular basis.

The test programme involved direct measurements of macroscopic crack growth rates as well
as a more fundamental approach, studying micromechanisms at crack tip level.

In fatigue, crack growth rates were obtained by the introduction of a new method for
measuring crack lengths in polymers, based on the technique of digital image processing.

The study of micromechanisms resulted in the recognition of the crack tip in polyethylene as a
two-phase system, consisting of highly drawn material within the actual craze and bulk
material at the craze boundaries.

In both fatigue crack growth and creep crack growth the mechanism of blunting, induced by
creep, was found to play a key role. The total amount of blunting is determined by
deformations of the craze itself and the surrounding bulk material. The crack growth
behaviour therefore depends on the mechanical behaviour of highly stretched material in
combination with the response of bulk material. The relatively high crack growth ratc in
fatigue is found to be caused by embrittlement of the highly drawn material within the craze,
induced by an apparently cyclic damaging mechanism. The embrittlement effectively reduces
the extent of blunting, with a consequent increase in crack growth rate.

With regard to the suitability of fatigue as a tool to predict creep crack growth, it was found
that one individual fatigue test definitely cannot consistently predict creep crack growth
behaviour. However, a scries of fatigue tests was introduced in which a fatigue load is
gradually transformed into a constant load situation. In this way the fatigue behaviour can be
extrapolated to the constant load response. For two of the three materials tested this test
procedure worked well.




Samenvatting: Scheurgroei in polyetheen

Dit onderzoek is gerelateerd aan de toepassing van polyetheen als basismateriaal voor gas-
buizen. In die specifieke toepassing kan de constante gasdruk in de pijp een falen door
kruipscheurgroei veroorzaken, waardoor uiteindelijk een gevaarlijk gaslek kan ontstaan.
Kruipscheurgroei is een heel langzaam proces waarbij het jaren kan duren voordat uiteindelijk
een gaslek ontstaal. Vanzelfsprekend is het esscntieel om het langeduur faalgedrag te kennen
voordat een compleet ondergronds netwerk van gaspijpen wordt geinstalleerd.

De oorspronkelijke opzet van het onderzoek was om een nieuwe test te beoordelen, waarbij
cyclische belasting (d.w.z. vermoeiing) wordt gebruikt om scheurgroei te versnellen. Nicuwe
snelle typen beproevingen zijn nodig gebleken, omdat traditionele testmethoden, bij recent
ontwikkeclde materialen, geen kwaliteitsverschil meer kunnen onderscheiden.

Naast het onderzoek of vermoeiing voldoet als methode voor een betere voorspelling van
kruipscheurgroei is ook een meer algemeen inzicht verkregen in scheurgroci van polyetheen.
Scheurgroei bij cyclische en constante belasting is in beschouwing genomen en vergeleken.

Het scheurgroeigedrag van polyetheen is beproefd met drie verschillende typen polyetheen
gasbuismateriaal, om onderscheid te kunnen maken tussen algemeen scheurgroeigedrag en
gedrag dat karakteristiek is voor één type materiaal. Deze aanpak is cssentieel gebleken,
omdat tegenstrijdige cffecten bij verschillende materialen ook daadwerkelijk cn regelmatig
zijn waargenomen. Beproevingen zijn deels uitgevoerd met directe meting van de
macroscopische scheurlengte, terwijl ook micromechanismen op scheurtip niveau zijn
bestudeerd, voor een meer fundamenteel inzicht. Bij vermoeiingsproeven zijn
scheurgroeisnelheden gemeten door toepassing van een nieuwe methode om scheurlengtes in
kunststoffen te meten. Deze nieuwe methode is gebaseerd op digitale beeldbewerking.

Het onderzoek van micromechanismen heeft geleid tot het inzicht dat de scheurtip in
polyetheen een twee fasen systcem is, bestaande uit sterk verstrckt materiaal binnen de
zogenaamde craze en bulkmateriaal rondom de grenzen van de craze.

In zowel vermoeiings- als kruipscheurgroei, blijkt door kruip veroorzaakte blunting een
belangrijke rol te spelen. De totale hoeveelheid blunting bestaat uit vervormingen van dc craze
zelf met daarbij nog vervormingen van naburig bulkmateriaal. Het scheurgroeigedrag wordt
dus bepaald door de combinatic in mechanisch gedrag van verstrekt en bulk materiaal.

De relaticf hoge scheurgroeisnelheid bij vermociing houdt verband met verbrossing van het
sterk verstrekle maleriaal, klaarblijkelijk veroorzaakt door de wisselende belasting. De
verbrossing van de craze beperkt de hoeveelheid blunting, met cen hoge scheurgroeisnclheid
als gevolg.

Eén enkele vermoeiingsproel is niet geschikt gebleken om kruipscheurgroei eenduidig te
voorspellen. Er is echter wel een serie vermoeiingsproeven geintroduceerd waarbij de
vermoeiingsbelasting geleidelijk in een constante belasting overgaat. Op dic manier kan
vermoeiingsgedrag worden geéxtrapoleerd naar het scheurgroeigedrag onder constante
belasting. Deze methode bleek voor twee van de drie beproefde materialen goed te voldoen.

X1






1. Introduction

1.1 Background and objective

This work is concerned with the service of the underground networks of polyethylene gas
pipes currently used in the Netherlands and worldwide. The lifetime of polyethylene gas pipes
in service is determined by a failure mechanism called “creep crack growth”, which is a slow
crack growth mechanism under a constant (i.e. non-cyclic) tensile load condition. In the
literature creep crack growth is sometimes also referred to as “slow crack growth”, “creep
rupture” or “static fatigue”. The constant load condition in a gas pipe is basically provided by
the internal gas pressure, which results in a pipe wall hoop tensile stress (up to 4 MPa).
However, stresses can become much higher locally due to improper embedding of the pipe in
the trench (i.c. rock impingement) or incorrect processing conditions of the pipe. The latter
aspect mostly concerns the presence of high tensile stresses on the inside of the pipe due to
fast cooling down of the outside of the pipe during the extrusion process.

During service, at stress concentrations, a crack may initiate in the wall of the gas pipe and
subsequently grow through the wall thickness, with gas leakage as a result. The whole
process, from crack initiation to gas leakage, may take up to several years, demonstrating the
long-term behaviour of creep crack growth.l For obvious reasons it is esscntial to have a
knowledge of this long-term behaviour before installing a complete gas distribution network.
Section 2.3.1 deals in detail with short-term test methods predicting long-term creep crack
growth behaviour under service conditions.

In the literaturc, amongst other methods, fatiguc loading is reported as a possible new method
to predict long-term creep crack growth in a rclatively short testing time (see also section
2.3.1). Primarily, the point of departure for this thesis was the important question of whether
creep can consistently be predicted by means of fatigue tests. The scepticism regarding fatigue
tests in relation to creep crack growth is evident from the fact that creep and fatigue
mechanisms are generally not considered to be related. It is not an obvious step to link the
nature of cyclic damage (fatigue) with mechanisms of viscoelastic creep (creep crack growth).
However, a link between creep crack growth and fatigue crack growth becomes plausible
when similarities in fracture surfaces are considered. Both macroscopic and microscopic
features of fracture surfaces indicate corresponding micromechanisms.

In order to evaluate the potential of some form of fatigue tests for the prediction of creep crack
growth, the main focus of the thesis is on the interaction of creep mechanisms during fatigue
crack growth in polyethylene. In addition, creep crack growth is studied separately to find the
factors that control it.

The literature shows a fair number of publications on the specific topic of slow crack growth
in polyethylene. The work of the group led by Professor Brown at the University of
Pennsylvania is particularly comprehensive and was used intensively during the project [ (o
19].

"This study does not focus on crack initiation. The main interest is the growth of a crack already initiated.



Chapter 1: Introduction

1.2 “Stress intensity (K )’ versus ‘“‘stress (6)" as a fracture parameter

In general there are two ways of approaching crack growth whether fatigue or creep crack
growth. The first and more traditional way is to consider average stress and observe the
associated total period of time needed for a crack to initiate and grow until final fracture has
occurred. Typically, high stress levels result in shorter failure times and in this respect a
relation between stress level and crack growth is established. Relations measured between
stress levels and failure times are valid only for the specific product (or specimen) geometry
tested and cannot be applied to other geometries. However, testing failure times is easy to
carry out and is useful as a quality control method.

The second and more advanced approach to crack growth involves the application of stress
intensity factor K, as defined in the field of “fracture mechanics™. The stress intensity factor K
characterises the stress distribution at a crack tip and has proved to be an adequate crack
growth parameter for many materials ([41]). In the theoretical case of an infinitely wide plate,
K is a function of average tensile stress level (o) and crack length (a) according to K = Gina.
For practical geometries (i.e. finite dimensions) the formula is extended by a “correction
factor” C.

Crack growth of a material, as a function of the K value, must be measured empirically.
Normally this is done in a laboratory, using standard specimens. The behaviour of crack
growth as a function of K can be used to study the fundamental mechanisms of crack growth.
Moreover K also provides a practical advantage, in that K can be calculated for any geometry.
Consequently, laboratory results can be applied to the crack growth behaviour of products. Tn
other words: crack growth as a function of K can be considered a material property.

To calculate K, it is necessary to know the crack length (a) and this requires monitoring the
crack during crack growth. In using K, the necessary crack length measurements complicate
the cxperiments compared with the tests of the stress-lifetime approach.

The theory of K is based on pure linear elastic material behaviour and strictly spoken cannot
be applied to many practical materials. Nevertheless, in a large number of materials, K as a
crack growth parameier has been found to work adequately as long as plastic zone dimensions
are limited. The use of K in practice is therefore restricted to relatively brittle materials or
large specimens, and the application of K in ductile polyethylene would not appear to be
appropriate. In spite of this impression, the use of K in polyethylene can be justified, as
discussed in section 5.2 with respect to fatigue crack growth.

In this thesis different crack growth test methods are employed. Some tests use the concept of
stress intensity, while for practical reasons other tests are based on the stress-lifctime
approach. Fatigue tests are performed using crack length measurements (K approach, section
3.2 ). Creep crack growth is evaluated predominantly by the “stress-lifetime™ procedure,
which currently represents the customary approach to creep crack growth (PENT tests, section
3.3). However, some creep crack growth experiments using the K concept were also
performed during the extrapolation load series (section 3.2, values at R = 1).




Chapter 1: Introduction

1.3 General approach

Three types of polyethylene are tested with respect to their crack growth behaviour. Crack
growth under both cyclic and constant load conditions are studied and the results evaluated in
rclation to one other. The micromechanisms of failure at crack tip level are also considered.

Materials tested

Crack growth in polyethylene is tested for threc distinct types of polyethylene gas pipe
materials. By using several types of material, general crack growth behaviour can be
distinguished from exceptional effects rclated to one specific type of material only. The
understanding of general crack growth behaviour has more potential than knowledge of
restricted effects. Section 2.1 contains general information about polycthylene, while section
3.1 provides detailed information about the materials tested.

Macroscopic crack growth behaviour

Crack growth behaviour is characterised by macroscopic measurement of crack growth rates
as a function of several crack growth parameters. With crack growth a clear distinction
between fatigue crack growth and creep crack growth must be made.

Fatigue crack growth = Crack growth under cyclic loading conditions.

Fatigue crack growth is evaluated with notched CCT specimens loaded in a servo-hydraulic
test machine with automated crack length measurement. AK is considered to be the governing
crack growth parameter, while variation of load ratio R and frequency f of the cyclic load
applied are used to asscss the role of creep mechanisms during fatigue. Furthermore the
effects of temperaturc, waveform and specimen thickness are considered. Experimental details
are given in scction 3.2 and chapter 4. Fatigue crack growth results are discussed in section
5.2.

Creep crack growth = Crack growth under constant load conditions.
Creep crack tests are predominantly performed using a standard “PENT test” protocol. In this

test method a constant load (using dead weights) is applied to notchcd SENT specimens.
Basically the COD is measured automatically at several load levels, resulting in stress-lifetime
data with optional assessment of crack growth rates. The PENT tests in the first place result in
a ranking of the three types of materials used with regard to their creep crack growth
properties. Experimental details of the PENT test arc given in section 3.3, while test results
are discussed in section 5.1.

The relation between creep crack growth and fatigue crack growth is evaluated quantitatively
in a test series in which cyclic fatigue loads are gradually transformed into a constant load.
This method of testing is designated “extrapolation” load series and is performed with CCT
specimens loaded in a servo-hydraulic fatigue machine. Details of the extrapolation load
serics arc given in section 3.2, while results are discussed in section 5.3.




Chapter 1: Introduction

Micromechanisms at crack tip level

Ultimately, crack growth is manifested by failure of material in the confined region of the
crack tip. The microscopic failure process at the crack tip basically determines the
macroscopic crack growth behaviour as measured. Evaluation of the micromechanisms leads
to a more basic understanding of the macroscopic crack growth observed.

SEM observations:

To visualise the process at crack tip level, both fracture surfaces and side view images of the
crack tip are observed in the Scanning Electron Microscope (SEM). Fracture surfaces reflect
the situation after fracture. Degree of deformations, markings etc. provide information about

the failure mechanism.

A side view of a crack tip is obtained by cutting out a small volume of material located around
an existing crack tip, leaving the crack tip intact. Subsequently, the sample containing the
crack tip is studied in the SEM, reflecting the situation as present during the process of crack
growth. The geometry and configuration of the crack tip is essential in order to understand the
micromechanisms of crack growth.,

Details of procedures using the SEM are given in section 3.5, while results are discussed in
section 6.2.

Mechanical properties:

The crack tip in polyethylene can be considered as a two-phase system consisting of a region
of highly stretched material (the craze) surrounded by intensely loaded bulk material. Details
of the configuration of the crack tip in polyethylene are given in section 2.2.

Tensile and creep properties are measured in order to evaluate whether macroscopic
mechanical behaviour can be related to the micromechanism at crack tip level. Normal tensile
specimens are used to reflect the behaviour of bulk mdterldl dround the craze. In addmon

snecially shaned gnacimens are used to si
specianly snaped specimens are useg e s

within the craze
Experimental details are given in section 3.4 and results are discussed in section 6.1.

Overall, the combination of crack growth behaviour, tensile and creep response, together with
the SEM observations, give a broad understanding of the factors controlling crack growth.




2. Crack growth in polyethylene and other thermoplastics

Crack growth in general is determined by the load level, external factors (temperature,
chemical environment) and material properties (type of material, microstructure etc.).

2.1 Polyethylene; structure and mechanical behaviour

Polyethylene, a straightforward polymer, containing only C and H atoms, is produced by
polymerisation of ethylene (CH,=CH>), resulting in long regular chains. The regular
structure makes it possible for the chains to be closely packed next to each other, which
represents crystallisation. The regular chains are sometimes “disturbed” by side groups (or
branches) with a length ranging from 2 to 10 C atoms. The occurrence of branching locally
prevents crystallisation, resulting in volumes of randomly arranged molecules designated as
amorphous regions. A high degree of branching rcsults in polyethylene with low degree of
crystallisation.

The density of a crystalline region is higher than the density of an amorphous region.
Consequently, the degree of crystallinity affects the density of the semi-crystalline
polycthylene. A crystalline volume percentage of 70-85% results in a density of polyethylene
of approximately 950 kg/m3. This type of polyethylene is indicated as High Density
Polyethylenc or HDPE. Likewise a crystalline volume percentage of 45-55% results in a
density of polyethylenc of approximatcly 920 kg/m3 , which is indicated as Low Density
Polyethylene or LDPE.

Y

Spherulite
(diameter: 0.01 - 0.1 mm)

_____ Lamellar chain-

Amorphous
material

Figure 2-1 : Semi-crystalline structure of polyethylene with lamellar chain-folded crystallites
and formation of spherulites.
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For practical reasons, polyethylene is generally characterised by its density, as this is easy to
measure and the density directly corresponds to the degree of crystallinity. The degree of
crystallinity greatly affects the mechanical behaviour of polyethylene. At room temperature
the crystalline regions give polyethylene its strength, while the amorphous regions are mainly
responsible for its ductile, time-dependent behaviour. In this respect semi-crystalline
polyethylene can considered to be a composite material with crystalline and amorphous
regions as components.

The configuration of alternating crystalline and amorphous regions is given schematically in
figure 2-1. According to [20], the crystalline regions consist of folded-chains, producing thin
lamellae. The lamellae are also indicated as crystallites. Individual crystallites are separated by
amorphous regions, constituting a layered structure of alternating crystalline and amorphous
regions. Sometimes a single molecule interconnects the crystallites. Such interconnecting
molecules are called tie-molecules.

An aggregate of lamellar crystallites can be further arranged in a spherical structure with a
diameter of 0.01-0.1 mm. The spherical structure is indicated as a spherulite and is composed
of many different lamellar crystallites and, in addition, some amorphous material.

Time-tcmperature 5quival5nca

Relative movement between chain segments is controlled by the way in which the segments
interact. It is customary to describe relative movement within a polymer chain as a process in
which a potential barrier (AU) has to be overcome [21]. The driving force for chain
movements is their thermal energy (kT ). The Arrhenius equation describes the frequency (v)
of chain segments in order to overcome the potential barrier:

7 avT
—AU
) N
V=Vy-e : Arrhenius equation {1}
Vv, = natural frequency
AU = potential barrier
kT = thermal energy

(where k is Boltzmann’s constant and T the absolute temperature)

The frequency v reflects the occurrence of chain movements. Clearly, with a rising
temperature the value of v increases along with the temperature. Therefore deformation is
facilitated at a higher temperature.

Equation {1} can also be interpreted in the time domain. The frequency v also determines the
time scale (T ) in which deformations mainly occur. A high value of v represents a short
deformation time scale ( i.e. T+ 1/v). A high temperature and high value of v therefore is
equivalent to a short time-scale of deformation. The relation between the time-scale of
deformation and temperature, as given by equation {1}, basically represents the time-
temperature equivalence of deformation in thermoplastic polymers. A rise in temperature is
equivalent to a decrease in deformation time and vice versa (i.e. the influcnces of time and
temperature are interchangeablc).

6
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Glass transition Tg in amorphous regions

A striking feature of the amorphous state is the transition in mechanical behaviour at a certain
temperature Ty, the glass transition temperature. Below Ty the amorphous region is relatively
stiff (glassy state), while above T, the modulus is largely reduced (rubbery state), see figure 2-
2.

3
= . .
BT Ty T crystalline region
E semi-crystalline condition
20 amorphous region
— . _rubber plateau

: t Temperature

. M
(amorphous region) (crystal region) (viscous flow)

Figure 2-2: Temperature dependence of the modulus of a semi-crystalline polymer, showing
the glass transition.

The occurrence of Ty is related to the relationships between chain flexibility, temperature and
time, as discussed above. At T, the vibration frequency of main chain segments becomes
comparable with the time scale of deformations at which the E modulus is commonly
measured, roughly in the order of | minute. In terms of energy, T, can be interpreted as the
starting point from which the thermal cnergy (kT in equation {1}) outbalances the potential
energy barrier of main chain movement (AU in equation {1}) and facilitates relative motion
between adjacent molecules in the amorphous network [22, 23]. Deformations in the rubbery
state are limited fortunately, by the existence of physical crosslinks, the entanglements. The
entanglements provide the plateau range of rubber-like behaviour and act in a similar way to
the chemical crosslinks in vulcanised rubber. However, at high stresses (or long loading
times) disentanglement will occur, representing irreversible creep or viscous flow. Other
deformation-limiting mechanisms, such as constraint by crystalline regions and the existence
of tic molecules, will be discussed later.
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Viscoelastic behaviour in amorphous regions

The transition from the glassy to the rubbery state does not happen instantaneously but takes
place gradually over a temperature range i.c. the glass transition region. Within this
intermediate temperature range the material displays viscoelastic behaviour, i.e. a combination
of elastic and viscous properties. The elastic behaviour can be linked to both the glassy and
the rubbery state, in which the moduli are relatively constant and time-independent. The
viscous behaviour is ascribed to friction between moving chains, comparable to shear
processes in a viscous liquid. The viscous behaviour is reflected by the dependence of the
modulus on temperature (and time), constituting time-dependent material behaviour. In
practice, viscous properties are experienced as creep and recovery phenomena (i.e. time-
dependent).

Viscoelastic material behaviour can be illustrated by a “Burgers” damper-spring model (see
figurc 2-3 ), comprising a combination of a Maxwell element (1) and a Voigt element (II) in
series. The model is especially useful for visualising viscoelastic behaviour but it is
inadequate for actual modelling purposes ([22]). In part I, the damper represents irreversible
deformation (i.e. viscous flow), while the spring in part I allows instantaneous elastic
deformations. The configuration of part II reflects delayed and reversible deformations.
Damper-spring elements can model only linear viscoelastic behaviour, i.e. a linear relation
between the applied load and resulting deformation. In reality, however, most viscoelastic
materials behave in a non-linear manner and other models have to be used [22].

o block loading

‘1 Maxwell £ ‘ _
" element : irreversible
? : deformation

£  reversible
: deformation

I Kelvin-Voigt
element

I+ II in series:
Burgers model

total response

Figure 2-3 : Damper-spring configurations, visualising viscoelastic behaviour.
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Mechanical interaction of amorphous and crystalline regions in semi-crystalline polyethylene

The glass transition temperature of pure amorphous polyethylene is approximately -120 °C.
The crystal regions are stronger and stiffer than the amorphous regions and act as fillers which
constrain deformation in adjacent amorphous regions and consequently raise T, Moreover,
the constraint is not evenly distributed throughout an amorphous region but will be more
pronounced at the crystalline-amorphous interface. Correspondingly, T, is not raised evenly
throughout the amorphous region, resulting in a broadening of glass transition when the
overall material behaviour is considered [24, 22].

Apart from the presence of constraint and entanglements, cxisting “fie molecules” can also
prevent large deformations in amorphous regions. A tie molccule interconnects two separate
crystalline regions by having both ends in different crystalline regions while the middle
section of the chain passes through an amorphous region (see also figure 2-1 ). Therefore tie
molecules directly interconnect crystalline regions and can be regarded as intercrystalline
chemical crosslinks.

Copolymers

The polycthylene gas pipe materials initially used were homopolymers with only cthylene as
monomer in the polymerisation process. These homopolymers are sometimes referred to as
first generation gas pipe materials.

Currently, gas pipe polyethylenes are produced by copolymerisation of ethylene and a small
amount of another type of monomer, commonly butene or hexene. Officially, a copolymer of
ethylene and butene should be referred to as an ethylene-butene copolymer. Usually, however,
the material is simply called a polyethylene copolymer without specific reference to the type
of comonomer. In relation to gas pipe applications, a polyethylene copolymer is usually
referred to as a material of the second generation.

In a polyethylene copolymer, the small amount of comonomer provides the backbone chain of
regularly distributed branches, with a typical number of 5-10 branches per 1000 C atoms.
Moreover the branches are relatively long. The branches inhibit crystallisation and
consequently reduce the density. The decrease in density is not, however, accompanied by an
overall decrease in mechanical strength, as would be the trend in homopolymers when
densities are lowered. In copolymer polyethylenes the preservation of strength is ascribed to
an increased amount of tie molecules. The exact mechanism by which the tic molecules are
formed is not fully understood yet. ([25] )

The most recent distinction in polyethylene gas pipe malerials concerns copolymer
polyethylenes in which branching is controlled so as to be more pronounced in the longer
molecules with respect to the current molecule length distribution. This type of polyethylenc,
in which the tie molecules are longer, with more capacity to bridge crystalline regions, is
called third generation polyethylcne.

Table 1-1 specifies some properties of the three types of polyethylene tested in this thesis,
indicating the comonomer. Two of the materials are of the “second generation”, while the
third material belongs to the “third generation™.

9
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’> Material code

0 T F
Material orig extruded plate gas pipe gas pipe
Density [kg/m?] 0.958 0.958 0.948
Comonomer butene butene hexcne
Generation second third second

Table : 1-1 : Propertics of materials tested.

The black box approach with respect to molecular structure

Molecular structure cannot be characterised by one parameter but is a collection of properties
which together control mechanical behaviour (including creep crack growth). In this study
much attention is given to the evaluation of creep during crack growth. Since creep crack
growth is basically localised creep, a relation between general creep properties and creep
crack growth behaviour can be expected (section 2.3). Creep can be considered the
phenomenon controlling creep crack growth, without actual knowledge of the mechanism on a
molecular scale.

Thus, with respect to crack growth the materials tested are characterised not by their
molecular structure but by their general creep behaviour. The connection between molecular
structure and creep behaviour is not considered beyond the level of general backgrounds
(section 2.1). Further information about the effect of physical and chemical properties on
mechanical behaviour is given in [26, 27, 28 and 53].

2.2 The craze : the “plastic zone” of thermoplastic polymers

The term “craze” originates from the field of ceramics, where a pattern of fine, evenly
distributed, surface cracks can sometimes be observed. For ceramics such a surface is referred
to as a “crazed surface”. In thermoplastic polymers, especially the clear transparent ones, a
similar appearance of surface cracks is possible. By analogy with ceramics the terminology
“crazed surface” has been maintained. However, it was found that cracks in polymers may
differ from ordinary cracks, as the fracture may display an intermediate state in which the
crack is partially filled with highly drawn material. The original term craze was again
maintained, now in order to distinguish the “filled crack” state in polymers from a real crack.
A craze still has a load-bearing capacity, as the surrounding bulk material is bridged by the
contents of the craze. The highly drawn material in the craze is often in the form of many
adjacently situated fibres called fibrils. A craze can be considered a mixture of fibrils and
voids. The fibrils may finally break, turning the craze into a real crack. At the new crack tip, a
craze can be formed again and the whole process repeated, constituting a discontinuous crack
growth process (section 2.6.). As a rough indication, the craze can be interpreted as the
equivalent of the plastic zone at the tip of cracks in metals.

The condition of many simultaneous crazes in a thermoplastic polymer is mentioned only in
order to illustrate the origin of the term craze. In gas pipe service conditions, crack growth is

10
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predominantly restricted to one location where an accidental stress concentration has lead to
the initiation of one particular craze, with subsequent crack growth. During test conditions this
situation can be simulated by usc of notched specimens. A craze is forced to initiate at the tip
of the notch. As a result, crack growth can be monitored by obscrvation of this one well-
defined craze.

créée ahead of
the crack tip .~

S

SINC260 . SRy HIBG 1 Pmm

Figure 2-4 : Reul craze ahead of a loaded crack tip in polyethylene (left) and its schematic
representation (right).

Figure 2-4 represents a crack in polyethylene with a craze at the crack tip'. The craze normally
has a wedge-shaped form which can be characterised by a height (at the base of the craze) and
a length. An cssential feature of a craze is its stability.

The stability of a craze is duc to three factors: a) the uniaxial stress state in the craze fibrils, b)
blunting at the crack tip and ¢) the mutually independent fibril structure.

a) Uniaxial stress statc in the craze fibrils

The initiation of a craze is stimulated by the hydrostatic stress statc at the crack tip. However,
once a craze is formed the stress state in the craze is reduced to the stress state of each
individual fibril. The fibrils are to a greater or lesser degree mechanically uncoupled in the
plate thickness direction resulting in an uniaxial stress state in the fibrils. Hence, deformation
of the fibrils is not constrained and the fibrils can become elongated to their maximum extent
with corresponding ordering of molecules (i.e. crystallisation) and increasing [ibril strength
(strain hardening). Conscquently, the crazc as a whole behaves in accordance with strain
hardening, which increases the stability of the craze.

"In reality the fibrils do not individually bridge the crack flanks. Instead, the craze material consists of a network
of highly drawn material, resembling a cellular structure [29].

11
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b) Blunting

Blunting reduces the extent of the high stresses and strains at the crack tip and is to be
regarded as a major batrier for crack growth. The amount of blunting can be expressed as the
distance between the crack flanks at the crack tip, which is also referred to as Crack Tip
Opening Displacement or CTOD (see figure 2-5). From figure 2-4 it is obvious that the CTOD
in the presence of a craze is equal to the height at the craze base, which in terms of blunting is
extremely great. Therefore the craze in itself provides a considerable amount of crack tip
blunting which stabilises the crack tip. It should be noted that various materials show some
degree of “natural” blunting due to inevitable plastic deformations at the crack tip (i.e. the
plastic zone)[30]. However, blunting caused by crazes is exceptional due to the unconstrained
deformation potential of the fibrils. Blunting is described in more detail in section 2.5.

o distribution

_ sharp crack tip
Figure 2-5: A sharp and a blunted crack tip.

c) Partially independent fibril structure

Another stabilising factor of crazes is the fact that mutual fibrils are, to some extent,
mechanically uncoupled. In homogeneous materials a running crack constantly creates its own
new crack tip. In a craze, the failure of one individual fibril does not necessarily result in
physical damage to the other fibrils. Of course, indirectly the surrounding network of fibrils is
affected, as it takes over the load that the broken fibril was previously carrying. Nevertheless,
accidental failure of one fibril will not directly result in general craze breakdown, which is
favourable for the stability of the craze.

The crack tip can be characterised by the craze and its surrounding bulk material. The
fundamentally different structure and properties of a craze compared with the surrounding
bulk material leads to the interpretation of the crack tip as a two-phase system, the two phases
being homogeneous bulk material and highly drawn craze material. In [31,38] the crack tip is
also specifically regarded as a two-phase system and the damaged material of the craze is
indicated as “the crack layer”.

12
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2.2.1 Multiple and single crazing

At low load levels or low stress intensity the volume of the highly stressed area at the crack tip
is small and comparable in size with the deformation grade of a craze itself. Therefore at low
load levels a single craze can absorb most of the high stresses at the crack tip. Once the single
craze has developed, stresses in the vicinity of the craze are relieved and development of more
crazes is suppressed.

At high loads (or high stress intensity), the extended volume of the highly stressed area can
only be reduced partially by one single craze. In that case other secondary crazes develop in
the surrounding bulk material (of the initial single or primary craze). The existence of more
crazes at the crack tip is referred to as “multiple crazing” and is illustrated for polyethylene in
figure 2-6. Multiple crazing extends the volume of plastic deformation and also the amount of
blunting is increased. Therefore multiple crazing acts as an additional stabilising mechanism if
cracks are loaded more intensively.

The presence of single or multiple crazing is reflected by the appearance of the fracture
surface. When a crack has proceeded through a single craze the fracture surface is smooth and
is referred to as “mirror region”. The crack path through a multiple craze can jump from one
crazc to another, resulting in a rough fracture surface referred to as “mist region” [32, 53].

crack tip

Figure 2-6: Real multiple crazing at a loaded crack tip in polyethylene (left) and the
schematic representation (right).
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2.2.2 Application of the Dugdale model to predict the craze dimension

In 1960 Dugdale introduced a “strip-yield” model to characterise the plastic zone in metals.
The model is based on ideal elastic-plastic stress-strain behaviour, in which above the yield
stress no strain hardening occurs. The assumed stress-strain behaviour is an approximation of
actual mechanical properties of strain hardening metals but the assumption was made to
simplify the calculations. In figure 2-7, however, the stress-strain curve of polyethylene is
given, which actually resembles ideal elastic-plastic behaviour. The plateau in the stress-strain
curve of polyethylene is caused by necking (cold drawing), gradually extending over the
length of the specimen. When necking has covered the whole length of the specimen, the
original chain-folded crystallites break up into chains that are forced to align with strain
hardening as a result.

In section 6.2.2 it will be shown that the Dugdale approach is suitable for calculations of craze
dimensions.

""""""" = ideal elastic-plastic behaviour

homogeneous = stress-strain curve for Polyethylene

' deformation

Figure 2-7: The stress-strain curve for polyethylene, resembling ideal elastic-plastic
behaviour.
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2.3 Creep crack growth

When a polyethylene tensile specimen is loaded (with a constant load) it will creep, with
dcformations distributed uniformly over the length of the specimen. This type of creep can be
indicated as “bulk creep”. If the load is high enough the specimen will ultimately break
somewhere along its length, duc to advanced disentanglement in combination with physical
fracture of chains (chain scission). This type of failure is ductile and is designated herc as
“bulk creep failure”.

The fibrils of a craze at a crack tip in polyethylene can be regarded as a collection of
microscopic tensile specimens that are highly loaded with corresponding features of necking
and stretching (figure 2-6). Therefore, the fibrils can also fracture ultimately, as in bulk-creep
failure in macroscopic tensile specimens. The failure of fibrils constitutes craze breakdown
and the onset of creep crack growth. The fibrils fracture in a ductile way and consequently the
mechanism of creep crack growth is in essence a ductile failure mechanism. However, since
the ductile deformations are confined to the microscopic scale of the craze, the macroscopic
appearance of creep crack growth is brittle and creep crack growth is usually classified as
brittle failure. To prevent confusion it should be kept in mind that the micromechanism of
creep crack growth is very ductile but in contrast creep crack growth is classified as brittle

Jailure in view of its macroscopic appearance.

Note: Also brittle, but fundamentally different from creep crack growth, is the phenomenon of
“rapid crack propagation”. Rapid crack propagation may occur in polycthylene gas pipes
during maintenance routines, for instance a sudden impact load applied accidentally by a
shovel. Here, the short fracture time span causes brittle fracture, both on a macroscopic and on
a microscopic scale.

A crack formed during a slow creep crack growth process constitutes a potential initiation
notch for rapid crack growth to occur. In this respect rapid crack propagation depends on the
slow crack growth properties of a material.
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2.3.1 Overview of accelerated fracture tests predicting creep crack growth

Under gas pipe service conditions (i.e. ambient temperature and low stress levels) creep crack
growth is a very slow mechanism. Accelerated fracture tests aim to predict creep crack growth
behaviour within a reasonable testing time. For gas pipes a minimum lifetime of 50 years is
commonly required. Creep crack growth is basically a localised creep phenomenon, which
implies a promotion of creep crack growth by raising temperature and/or stress. A variety of
tests have been developed using increased temperature or stress to accelerate creep crack
growth. An overview of test methods is given here. Not all test methods mentioned were
actually carried out for this thesis but they are discussed nevertheless in order to complete the
historical background of creep crack growth testing.

The hydrostatic pressured pipe test and notch test are accepted by standardisation authorities
(EuroNorm EN921 and EN33479 respectively ). These two test methods were not actually
used for this thesis, as the test equipment required was not available. The PENT test is a
recently developed alternative for testing creep crack growth and was used for this thesis since
the test is simple to perform. However, the PENT test is not yet widespread, as recognition as
a standard test has been achieved only recently (ASTM F1473).

Application of fatigue to predict creep crack growth is a controversial technique and
standardisation does not exist. Fatiguc tests are specifically performed for the purposes of this
thesis in order to evaluate the relation between fatigue and creep crack growth.

Apart from fatigue there are other test methods that can be classified as “alternative” with
regard to their significance in predicting creep crack growth, for example, testing in a soap-
water solution |4]. Only fatigue will be evaluated from among the various alternative test
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Original hydrostatic pressured pipe test; ductile and brittle failure (EN 921)

The hydrostatic pressurcd pipe test uses a complete piece of pipe of a certain length, which
classifies the test as a “full-scale” testing method. The pipe is immersed in a water-filled
container while the pipe is internally pressurised in combination with raised temperature. The
time to failure (7 is measured at multiple combinations of pipe wall hoop stress and
temperature. The results are commonly presented graphically with double logarithmic scaling,
as illustrated in figure 2-8. Results tcsted at the same temperature can normally be fitted by
two straight lines with different slopes. The two lines represent different failure mechanisms,
ductile and brittle failure. Ductile failures appear at high stresses with short failure times and
relate to bulk creep failure. Brittle failures constitute creep crack growth at low stress levels
with long failure times. Only the brittle failures can be used to predict creep crack growth
under service conditions. It should be noted that the total brittle failure time is composed of a
craze initiation period and a subsequent crack growth interval.

As illustrated in figure 2-8, elevated temperatures cause brittle failure to occur at lower stress
levels. However, more importantly the transition from ductile to brittle failure takes place at
shorter failure times. This means that brittle failure can be reached within shorter testing
times at elevated temperatures.

T=20°C ’

Log (o)

brittle failure

ductile failure .’
7

1 )

v oV Log(Ty)
shortest attainable brittle
failure time at 80°C and
20°C respectively

Figure 2-8 : Relation between stress level and time to failure in a hydrostatic pressured pipe
test.
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Alternative accelerated test methods: the notch test, the PENT test and fatigue testing

The hydrostatic pressured pipe test worked well for materials of the first generation
(homopolymers) in which brittle failures were rcached within weeks. The enhanced quality of
current second and third generation materials (i.e. copolymers), however, requires prolonged
testing times if brittle failure happens at all. An adjustment to the standard pressurised pipe
test was found in notching the pipes in the lengthwise direction. In this way the initiation of a
craze is accelerated with consequent reduction of total failure time. Frequently the test with a
notched pipe is simply referred to as a “notch test”, although it basically remains a
“hydrostatic pressured pipe test”. The notch in the pipe is machined by means of a cutter
wheel. The notch test is standardised in EuroNorm EN33479.

Brown reduced the full scale notch test to a test using small specimens sampled from the pipe
and subsequently notched with a razor blade (see figure 3-6) [5]. The test is known as the
PENT test and is standardised in ASTM F1473. The PENT test was used for this thesis.
Details can be found in section 3.3. Like pressured pipe tests, the PENT test comprises testing
at several combinations of temperature and stress, while the resuliing time to failure is
recorded. The test results of the PENT test are also represented in accordance with figure 2-8.
The PENT test produces shorter failure times than the notch test, due to a further reduced
initiation time caused by the improved notching procedure with a razor blade. Apart from
shorter failure times, the PENT test is easy to carry out and does not require extensive test
equipment.

A potential new method to accelerate creep crack growth is the use of cyclic loading. Cyclic
loading (i.c. fatigue) is found to produce brittle failures, whereas the fracture surface looks
similar to that formed during creep crack growth. Hence a corresponding fracture
micromechanism is likely. Comparison of fatigue properties with creep crack growth
properties gave the same ranking of materials within a group of polyethylene materials of the
same copolymer type [2]. This indicates at least the existence of a qualitative correlation
between fatigue and creep crack growth.

Nevertheless, prediction of crecp crack growth using fatigue is still a controversial technique,
which is also reflected in the variety of fatigue testing procedures reported. The test methods
range from full-scale pulsation-pressured pipe tests ([33]) to tests using tensile fatigue
specimens ({2, 3, 6, 35, 36, 37, 38, 39, 40, 42]). In most reports failure times are measured as
a function of fatigue load level and are compared with results of constant load tests. Obviously
fatigue testing to predict creep crack growth is not yet standard.

The acceleration of fatigue is not confined to the initiation period but also applies to the crack
growth stage. In this thesis the fatigue behaviour is mainly studied by measurement of the
fatigue crack growth rate da/dN, giving more detailed information than the measuring time to
failure only. Details of the fatigue tests performed are given in section 3.2.
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2.4 Fatigue crack growth

Basics of fatigue, historically based on behaviour of metal alloys

Fatiguc is the phenomenon of delayed failure of a matcrial under prolonged alternating load
conditions. Typically, the level of loading is moderate and would normally, during a single
loading-unloading procedure, not cause failure.

Fatigue in metals has bcen experienced for over a hundred ycars and has been studied
intensivcly. Fatigue is associated with the initiation and subsequent growth of a crack. Hence,
fatiguc is a localised damage mechanism. In metals the fundamental damaging mechanism of
cyclic loading is identified as cyclic plastic deformation in a part of the plastic zone (at the
crack tip). In general plastic deformation damages material. Repeated plastic deformation
constitutes accumulation of damage and will finally result in [racture. Thus, during each
fatigue load cycle some part of the cyclic plastic zonc will fracture, establishing a crack
extension Aa during each load cycle N. Considering the governing role of load cycles, fatigue
crack growth rate is expressed as da/dN. For metals, the mechanism of crack growth per load
cycle is confirmed by SEM observation, in which dimensions of markings (striations) can be
matched with macroscopic calculated values of da/dN.

The amount of cyclic plastic deformation is determined by the range in loading or AK in terms
of stress intensity, while the absolute level of loading is of less importance. Correspondingly,
fatigue crack growth in metals is determined mainly by AK.

Fatigue in thermoplastic polymers

When polymers were introduced the applications were initially confined to non load-bearing
products in which fatigue has no relevance. However, during the last two decades polymers
have been used increasingly as load-bearing construction matcrials. These polymers are
referred to as “engincering plastics”. Naturally, along with load-bearing applications, fatigue
failure was increasingly encountered in polymer products. The current knowledge of fatigue in
metals was applied with reasonable success to fatigue in polymers. For polymers, the
mechanism of fatigue as an initiation and subsequent crack growth mcchanism, as well as the
application of stress intensity as a [atigue parameter, was adopted successfully from the field
of metal fatigue. However, differences in polymer fatigue behaviour are bound to occur,
owing to the different nature of polymers with regard to viscoelastic behaviour and the
occurrence of crazing. The configuration of a craze as a mixture of voids and fibrils is unlikely
to produce a mechanism of cyclic plasticity identical to that in fatiguc of metals. Instead,
viscoelastic disentanglement, induccd by cyclic stretching of the fibrils, is regarded as the
basic damaging mechanism in polymer fatigue [ 53, 3 1. The different nature of fatigue in
polymers compared with metals is also reflected in differently acting crack growth
mechanisms. Typically, discontinuous crack growth is observed in polymers, as discussed in
section 2.6.

In spite of different damaging mechanisms, fatigue in metals and polymers are both governed
by AK. Dependence of fatiguc behaviour on temperature, frequency, waveform and average
load level is ascribed to the viscoelastic nature of polymers.
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The parameters of fatigue and the Faris fatigue crack growth model

A fatigue load is defined by the range of stress intensity (AK), load ratio R (= Kpin /Kmax),
frequency of loading (f ) and shape of the cyclic load. A typical fatigue load is illustrated in
figure 2-9. AK is the governing parameter controlling fatigue crack growth, while other
parameters are considered as secondary.

K
Kinax Fatigue load parameters are:
- AK
R= Krnin
Kmax
— waveform and frequency
Kiin - of cyclic load

time
Figure 2-9 : The parameters characterising a fatigue load.

The dominant influence of AK is demonstrated by the frequent use of the Paris fatigue crack
growth model. In this model only AK is used as an active parameter:

da/dN = C (AK )m : Paris crack growth law. {2}

Crack growth rates as a function of AK are conveniently represented graphically using double

logarithmic scaling, as Paris behaviour in this way appears as a straight line (with slope m, see

figure 2-10) The values of C and m are found by fitting procedures and comprise all secondary

parameters. Although fatigue is very sensitive to AK,

this is not the onily reason why the Paris law has

//slope m widespread application. T‘he consistent tr.end in AK-

dependence, among different materials under

different conditions, also contributes to the popularity

m of the Paris law. The small range in values of the

da/dN = C (AK) exponent “m” observed in the Paris law is illustrative.

Most materials, including metals and polymers, have
a value of “m” between 3 and 5.

Log (AK') Secondary parameters can also have a considerable

Figure 2-10: Representation of Paris  effect on crack growth which would justify

fatigue crack growth behaviour. modification of the Paris law. In many cases, the

influence of secondary parameters is, however,

confined to one type of material and general validity is therefore not obtained. For example, in

some polymers the effect of frequency is substantial while for other polymers no such effect is

found. Consequently, a general effect of frequency cannot be modelled.

Log (da/dN)

20




Chapter 2: Crack growth in Polyethylene and other thermoplastics

Creep contributions during fatigue crack growth in viscoelastic materials

Creep crack growth is controlled by creep mechanisms only. Fatigue crack growth, however,
cannot be ascribed exclusively to cycle-induced damage mechanisms. Cyclic tensile fatigue
loads always include the presence of an average tensile component. The tensile component
can act in a similar way as the constant load during creep crack growth. Therefore, what is
normally called fatigue crack growth, is in actual fact a combination of “pure fatiguc” and
creep crack growth. The designation “pure fatigue” is used here to indicate the exclusively
cycle-related damage. The term “fatigue” alone is used here in the traditional way (i.e. the
phenomenon of crack growth under cyclic loading conditions), although this may be
accompanicd by creep contributions.

K

effect of load
ratio on creep

increased
load level
T time
creep deformation = f (load level, loading time)
¢ |
effect of
frequency on
creep
time
extended loading
time per cycle
Figure 2-11 : The significance of load ratio and frequency on creep behaviour.

Understanding the contribution of creecp mechanisms during fatigue may contribute to the
question of whether or not fatigue can be used for the prediction of creep crack growth.
Effects of the secondary parameters of fatigue load, frequency (f) and load ratio (R}, may be
related to creep induced behaviour (see figure 2-11). In general, a crecp deformation is
determined by both level and duration of loading. Thus, creep is determined by aspects of time
and load level.

At lower frequencics the time for each individual load cycle is cxtended and creep
deformations per cycle are promoted by time-induced creep. In [53] the Frequency Sensitivity
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Factor (FSF) is introduced as the factor by which da/dN increases per decade increase of
periodic time. FSF is a convenient parameter to characterise frequency effects. A value of
FSF =1 1s associated with “pure [atigue” i.e. a damage mechanism acting per load cycle and
not affected by load frequency. A value of FSF = 10 corresponds to a constant crack growth
rate per unit of time i.e. da/dt is constant, related exclusively to time-dependent creep
mechanisms. Intermediate values of FSF (between 1 and 10) imply the coexistence of creep
and fatigue mechanisms during crack growth under cyclic load conditions.

Apart from creep contributions, frequency effects are often claimed to originate from
hysteretic crack tip heating. This issue is discussed in a later section.

The constant load amplitude test (CA fatigue test') is the customary way to characterise da/dN
over a broad range of AK. In a CA fatigue test, AK increases during crack growth while the
load ratio R remains at a fixed value. The load ratio does not reflect absolute values of
average load level. Instead, the load ratio R specifies the average load level in proportion to
AK (see figure 2-11). A rise in load ratio R establishes an relative increase in the creep
component of the cyclic fatigue load (load level induced creep). In [53] the effect of load ratio
on da/dN is given for a number of polymers. As with frequency, the effect of load ratio is also
not consistent when different polymers are considered. Depending on the polymer, an increase
or decrease in da/dN is found at increasing values of load ratio. In section 5.2 the effect of
load ratio R is discussed for the polyethylene materials tested.

In general, the load ratio may influence da/dN by the mechanism of crack closure. At lower
load ratios, closure of the crack is obstructed by residual plastic deformations at the fracture
surface, reducing the effective range in AK at the crack tip. In polyethylene crack closure is
not likely to occur in the positive regime of R-values (see also section 5.2).

Frequency and load ratio do not consistently affect da/dN when fatigue behaviour of different
polymers is compared. However, creep may still account for these apparently contradictory
effects. As will be discussed in section 2.5, creep basically promotes creep crack growth but
inherently constitutes blunting with corresponding attenuation of crack growth. The net result
of the competitive effects of creep determines the final actual crack growth. In section 2.5
creep is discusscd in the context of creep crack growth but the discussion can also be applied
to the creep component of fatigue. In section 5.5 the consideration of creep contributions
during fatigue is continued on the basis of results found in polycthylenc materials tested.

"In the field of fatigue it is common 1o refer to Constant-load Amplitude tests simply as CA tests. This practice is
adopted in the thesis.
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2.5 Interaction of blunting and crack growth

In section 2.1 the significance of blunting as a barrier for crack growth has already been
mentioned; the craze itself constitutes a self-contained blunting mechanism. The amount of
this craze-inherent blunting is linked directly to the elongation of the fibrils (see figure 2-12).
In its turn the elongation of the fibrils represents the extent of damage in the fibrils which is
the fundamental cause of fibril breakdown in the first place. Therefore, the development of a
craze (i.e. clongation of fibrils) is basically a damaging mechanism but in the process more
blunting is produced, effectively reducing the stress level. The related phenomena of craze
development and blunting determine the net resulting crack growth rate.

Blunting does not have to be restricted to the craze itself but may also extend to bulk material
at the craze boundarics. This contribution to blunting is referred to as bulk blunting (figure 2-
12). Bulk blunting forms a straightforward relief of the craze with resulting restraint in crack
growth. Although bulk blunting also constitutes damage of bulk material, crack growth is not
affected by failure of bulk material, since the fibrils in the craze are the weakest link

determining crack growth behaviour. Hence, bulk blunting will always result in attenuation of
crack growth.

The combined contributions of craze-inherent blunting and bulk blunting constitute the total
amount of blunting. Usually the contribution of bulk blunting is small compared with the

amount of craze blunting. Bulk blunting is constrained by the presence of a hydrostatic stress
component in the bulk material at the crack tip.

bulk-blunting

total . N
amount of craze-inherent
blunting blunting

bulk-blunting

Figure 2-12 : Composition of blunting at the crack tip.

23



Chapter 2: Crack growth in Polyethylene and other thermoplastics

Effect of blunting on stresses at the crack tip area

Stresses are finite at a blunted crack tip. In [41] an elastic solution of stresses at a blunted
crack tip is given by moving the origin ol the polar coordinate system (of a sharp crack) an
amount equal (o one half the crack tip radius (figure 2-13, ).

K, 0 .6 . 30 P
G (r,0)=—==cos—| 1-sin—sin— |- — |cos—
o N2ne 2 272 ) A2mr\2r 2

crack tip

Figure 2-13 : Stress distribution around a blunted crack tip.

In all equations of figure 2-13 the stress intensity Kj is given by Kj =ovna. In the y-
direction, for 6 = 0, equation {3} can be simplified to:

6y (Momy = {1+ 2 {3a)
y17e=0 m 2r

At the crack tip, r = p/2, this further yields:

2K,
0y 6=0,p=p/2 = \/n_p

The recognition of blunting, with consequent reduction in stresses at the crack tip, does not

{3b}

reduce the significance of the stress intensity approach. In the blunted situation, according to
equation {3a}, the stress distribution is still characterised mainly by the stress intensity K.
With equation {3b}, the relative effect of blunting can be evaluated by comparing two cracks
with crack tip radii p; and p, respectively. At the same value of K (i.e. the elastic solution)
the ratio of stresses at both crack tips yields :

Sy.p _ P2
Sy.p, P1

{4}

For example: according to equation {4}, increasing the amount of blunting four times results
in a factor two decrease in stress level at the crack tip. The ratio of stress levels according to
equation {4} is not confined to the exact crack tip location but also extends to stress levels
near the crack tip, reflecting a general change in stress intensity. In this respect the ratio of
equation {4} can also be interpreted as a stress intensity corrcction factor in comparing two
blunted crack tips.
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Although blunting reduces stresses at the crack tip to a finite value, this value still exceeds the
yield stress, as blunting was causced by plastic deformation in the first place. Therefore, both
sharp cracks and blunted cracks may be associated with local high stress levels and plastic
deformations at the crack tip. In this respect there is no fundamental difference between sharp
and blunted cracks.

Interaction of blunting, creep and crack growth rate

In viscoelastic materials, the amount of blunting is initially governed by the load level.
However, due to creep effects the amount of blunting will increase with time. The time-
dependent part of blunting can be referred to as creep-induced blunting. At the crack tip, both
creep in the actual craze as well as creep of surroundings of bulk material contribute to the
total amount of blunting (see figure 2-12).

As discussed before, the development of blunting in time is obvious since creep deformation
within the craze is the fundamental cause for creep crack growth in the first place.

During crack growth, the crack tip moves through the material. Material near the crack tip is
loaded intensely as the crack tip passes by. Figure 2-14 shows the stress build-up in time as
manifested in material through which the crack grows. Situations at a low and high crack
growth ratc are given. Clearly at a low crack growth rate, material near the crack tip is
subjected to high stresses for a longer duration, promoting creep-induced blunting.

stress distribution ahead small area of material through
of the crack tip which the crack grows

o at location
marked " e

o at location
""marked‘ lt‘ll ................ R e o e e e SR E A e

~oum

low crack growth rate high crack growth rate

Figure 2-14 : The stress build-up in material near the crack tip as the crack is passing by.

The interrelation of crack growth rate and blunting can theoretically result in a downward
spiral of decreasing crack growth and increasing creep blunting. A decrease in crack growth
rate results in promotion of creep-induced blunting, which in its turn may decrease the crack
growth rate even more ctc. Finally this downwardly spiralling mechanism could lead to a
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loading of the craze below the threshold value, with subsequent crack arrest. The
interdependence of blunting and crack growth rate is shown in figure 2-15.

A high degree of blunting lowers da/dN

Fatiguc crack growth rate = F ( fatigue load parameters, blunting )

| ]

A low da/dN promotes creep-induced blunting

Figure 2-15 : The interdependence of blunting and the crack growth rate.

2.6 Discontinuous crack growth

A remarkable feature of both fatigue and creep crack growth in polyethylene is the occurrence
of discontinuous crack growth, which is a process of chronological development, wcakening
and final breakdown of the craze. The mechanism of discontinuous crack growth is apparent
from crack growth bands on the fracture surface (see figures 4-11). In the case of fatigue crack
growth, each band is formed during many load cycles. The mechanism of discontinuous crack
growth is a common feature of many polymers [53, 32] and is sometimes also referred to as
“retarded” crack growth.

2.7 Hysteretic crack tip heating

A delicate topic in fatigue of polymers is the possibility of local hysteretic heating at the crack
tip induced by cyclic loading. The effect of crack tip temperature on the crack growth rate is
not all that obvious, since contradictory aspects are involved. At rising temperature
polycthylene basically weakens, which favours crack growth. At the same time, however, both
blunting and ductility are promoted, inhibiting crack growth ([53]).

Contradictory crack tip temperaturc measurcments, in different polymers, have been reported
and therefore local crack tip heating cannot be regarded as a universal phenomenon
([421,[43]). In [42] the temperature at the specimen surface, near the crack tip, was measured
during a fatigue test in polyethylene, loaded with the relatively high frequency of 10 Hz. An
infrared temperature device was used with a circular measurement spot of about | mm in
diameter, of the same order of magnitude as crazes in polyethylene. With this test set-up no
temperature rise could be measured compared with the ambient test temperature.

In section 5.2 the issue of hysteretic crack tip heating is further considered for the
polycthylene materials tested.
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3. Experimental procedures

Experimental procedurcs performed can be grouped into six categorics. The categories are

listed below and further information is given in table 3-1

1) Fatigue crack growth testing with crack length measurcments.
2) Creep crack growth tests by the PENT test procedure.
3) Common tensile and creep tests.
4) Tensile, creep and fatigue testing using “fibril” tensile specimens.

5) Fractography of fracture surfaces.

6) Obtaining side views of crazes.

Field of

interest Apparatus Specimens Reniarks
(test methods)
Fatigue crack Schenck servo- CCT Crack length measurement
growth hydraulic test machine | 270x100x10(19) | with digital image processing
(cyclic loading) mm Testing temp. 20°C, 80°C

(fig. 3-2) g temp. <7 %

Creep crack Dead weight load SENT COD measurement with clip
growlh facility. (70x25x10 mm) | gauges. .
(constant load) (fig.3-6) Testing temp. 80 C.

General mech.
Behaviour,

Instron electro-
mechanical test

Standard round
bar tensile spec.

Strain from grip displacement
(tensile tests) or clip gauges

(Tensile and machine. 80 x J8 mm (crecp tests). .

creep tests) (fig. 3-7) Testing temp, 20°C, 80°C
Fibril Instron electro- Specially shaped | Strain {rom grip displacement.
simulation mechanical test specimen Testing temp.80 C

(tensile, creep | machine. (fig. 3-8)

and fatigue
testing)

Fractography
(SEM
observation)

JEOL JSM-6400F

Fracture surfaces

Surfaces sputtered with gold.

Side view of
crazes
(SEM
observation)

JEOL JSM-6400F

Sliced samples
cut from the
crack tip area
(figure 3-12)

During the SEM observation
the crack tip was opened using
a miniature tensile rig.

Table 3-1 : Quick reference of test proccdures.
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3.1 Origin of materials and specimens

The polyethylene materials are coded as O, T and F. An outline of the material properties is
given in table 1-1 .

Materials T and F were only available in the shape of existing gas pipes. All specimens of
materials T and F consequently had to be machined out of the walls of these gas pipes. In real
failures of gas pipes the load direction (hoop stress) is orientated perpendicular to the
direction of extrusion. However, this situation cannot be obtained for the relatively long
specimen types (CCT and tensile types) which had to be cut out in the lengthwise direction of
the pipe (= extrusion direction). To maintain consistency, all specimens were sampled in this
direction. Thus in all cases the load direction is aligned with the direction of extrusion.
Although this may conflict with the orientation of real pipe failures, the laboratory results
obtained with specimens can still be used to rank material behaviour.

Material O was specifically processed for the purpose of the tests used for this thesis. The
granulate was taken from one batch of resin material and extruded into plates 1000 mm wide
with thicknesses of 10 and 19 mm. To minimise internal stresses, the extrusion speed was low
and the plate was cooled slowly in stationary air. The extrusion procedure ensured a sufficient
quantity of test material with uniform properties to favour the reproducibility of tests.
Moreover the test specimens could easily be cut from the extruded plates. Corresponding with
materials T and F the specimens of material O were also sampled in alignment with the
direction of extrusion. For material O a fatigue test was performed using a specimen cut out
perpendicular to the direction of extrusion. This was found to have no effect on the crack
growth rate.

Materialcade . -
(0] T F
Material origin extruded plate gas pipe gas pipe
Density [kg/m3) 0.958 0.958 0.948
| Comonomer butene butene hexene
Generation second third second

Table 1-1 (repeated): Properties of materials tested.
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3.2 Fatigue crack growth testing

The main objective of a fatigue crack growth test is to characterise the crack growth rate
da/dN as a function of fatigue parameters applicd. In a normal fatigue crack growth test a pre-
nolched specimen is loaded with a cyclic load, causing fatigue crack growth. During the test,
crack length and the number of cycles elapsed are measurcd and recorded. After the test is
completed the data stored is used to calculate the fatigue crack growth rate da/dN. In table 3-2
at the end of this scction (page 34) all fatigue crack growth tests performed are listed with a
short description. Interpretation of fatigue test results is discussed in section 5.2.

Load
control
signal to
hydraulic
valve

Schenck servo-
hydraulic fatigue
machine

i =

Image processin DC Cr?Ck length Load control as function
gep sing signal of crack length measured

Figure 3-1: Set-up of the fatigue crack growth test facility.

Equipment and specimens used; experimental procedures

The fatigue tests were performed on a Schenck servo-hydraulic fatigue machine with a
maximum load capacity of 25 kN. The fatigue machine was equipped with a temperature
chamber enabling testing at clevated temperatures up to 80°C

Originally the controls of the servo-hydraulic fatigue machine could only be operated
manually. At the start of the polymer testing programme the fatigue machine was extended by
two major accessorics in order to enable auromatic controlled fatigue testing. First, load level
controls were linked to a personal computer, enabling automatic monitoring and adjustment of
load levels. Secondly, a new automatic crack length measuring system was introduced, based
on digital image processing techniques.

Figure 3-1 shows the set-up of the fatigue facility. The crack length measured is transmitted to
the control computer by means of a DC output voltage. In turn the control computer is
provided with a flexible protocol to adjust the output load signal, depcnding on the crack
length signal. Controlling the load level as a function of crack length can be used to achieve
the desired level of stress intensity K (or AK) throughout the range of crack length tested. The
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option of control by stress intensity can be applied to obtain a constant AK level independent
of crack length. In this way small effects of secondary parameters can be measured over a
wide range of crack lengths, without being obscured by the dominant influence in the case of a
shifting AK level. The principle of fatigue testing under constant AK conditions is
incorporated in the “extrapolation load series” and “interrupted fatigue tests”, which arc
discussed separately in this section.

However, the majority of fatigue tests are CA fatigue tests in which the fatigue load levels are
maintained at the same value throughout the test. Therefore, the level of stress intensity
increases during crack growth ( K = Coma ). A CA fatigue test is convenient for scanning the
crack growth behaviour over a wide range of AK. The response of da/dN as a function of AK
represents general fatigue behaviour and can usually be modelled by the Paris crack growth
law: da/dN = C (AK)™.

Individual CA fatigue tests were performed at several values of load ratio R and frequency f to
evaluate creep contributions during fatigue crack growth. The effect of test temperature and
waveform was also established. Results are discussed in section 5.2.

The constant AK and CA fatigue tests, as discussed above, are fairly common test procedures,
practised widely in the field of fatigue. In addition to these customary tests, two unusual
methods of testing were used. The unusual test schedules are designated as “extrapolation
load series” and “interrupted fatigue test”. They will be discussed later in this section.

During all fatigue tests the crack length measured, together with the number of load cycles
elapsed, was stored on a computer hard disk, producing an “N-a” data file. After the test was
completed the “N-a” data file was used to calculate da/dN. Details of data processing are
discussed in section 4.6.

Tha Aroe
LU Liav

k length measuring system used contains a number of components but as a whole is a
stand-alone unit. The only physical interface with the fatigue testing machine is the DC output
voltage, representing the crack length measured.

Image processing itself is a proved technique and use is widespread in the photographic
publishing trade, where it is used to improve the appearance of pictures. Moreover, measuring
size by image processing is not new. It is used, for example, to measure grain sizes in the field
of metallography. However, the specific application of image processing to measure crack
lengths in a growing crack is not yet an established procedure. Therefore special attention is
given to this aspect of the experiments in a separate section ( chapter 4).
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The CCT-type specimen used is a standardised fatigue specimen according to ASTM E647-93
[44], with dimensions according to figure 3-2. The specimens were provided with side
grooves to promote a situation of plane strain and to prevent crack tunnelling. Limiting the
amount of crack tunnelling improves the accuracy of the crack length value measured, taking
into consideration the image processing technique used (i.e. light shining through the opened
crack). The CCT-type specimen is chosen for its well-defined Stress Intensity (K) over a large
range of crack length. Compared with specimen geometries like Compact Tension and Bend
specimens, the CCT specimen is relatively stiff, which is an advantage when low-stiffness
polymers are being tested with equipment that is normally used for metals.

Ww=100 B=10or 19

€

A4

drilled hole as
reference mark for
the image
processing

// procedure

L=270
b
2

detail of sidegroove

R OO IR

o
EP_

Figure 3-2 : Geometry of the CCT-type fatigue specimen.

The specimens were notched by slowly pressing a new razor blade into the machined centre
holc of the specimen. The pre-cracking is performed in accordance with the recommendations
of ASTM E647-93. A disadvantage of the CCT-type specimen is thc possibility of
asymmetrical crack growth. In this case the left and right crack originating from the centre of
the CCT-type specimen have different crack lengths. It was found that polyethylene does not
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show too much asymmetrical crack growth provided the notching procedure is performed
accurately.

The “extrapolation load series”

The relation between fatigue crack growth and slow crack growth of polyethylene was
evaluated with a loading schedule of different load ratios while K,y was kept constant. The
load schedule is illustrated in figure 3-3. At increasing load ratios, the average load
component of the fatigue load increases while the fatigue portion (AK) decreases i.e. a typical
Jatigue load (R = 0.1) is gradually transformed into a constant load condition (R = 1). The
load schedule is designated as “extrapolation load series”. The approach based on the
extrapolation load series is intended to give a practical and quantitative view of relations
between fatigue crack growth and creep crack growth. It is recognised that separate influences
of AK and R cannot be assessed, since both parameters change simultaneously.

Kmax = constant

K| vrereer v e P—

1 R=1

R=0.5
R=03 Individual constant AK fatigue tests
over crack length ranges of Aa=4 mm
R=0.1
crack length
fatigue load constant load
(AK ~ Kmax) (AK=0)

Figure 3-3 : Schematic load schedule of the “extrapolation load series”.

The implementation of the extrapolation load schedule in an actual fatigue test requires some
consideration. First of all, in the region of high R and low AK values, the crack growth ratcs
will be small. Nevertheless, a certain amount of crack growth, Aa, is required to enable an
accurate calculation of da/dN As a result, prolonged testing times are inevitable. Moreover,
experience has shown that the complex equipment used in fatigue testing is sensitive to
technical troubles. Unfortunately, during a long-duration test in fatigue, technical troubles are
likely to happen occasionally.

Another practical problem was encountered with the automated crack length measurement. In
the regime of creep-dominated crack growth (low AK, high R) the crack tip could not be
distinguished as well as in the fatigue domain (high AK, low R). To compensate for increased
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scatter in crack lengths measured, the valuc of da/dN must be averaged over an extended
crack length range of at least 3 mm.

Taking into consideration the practical drawbacks of fatigue testing in the creep-dominant
regime (at low AK and high R) the extrapolation load series was set up as a number of separate
tests. Each individual test was performed under a specific constant AK condition (during at
least 3 mm crack growth). Of course, in each test the same level of K, was applied, as
shown in figure 3-3. Therefore the idea of a gradually changing load is represented by a
discrete number of separate constant AK tests.

Extrapolation load series were carried out at a temperature of 80°C. Lower temperature levels
do not produce creep crack growth in a reasonable testing time. Materials O en T were tested
only, since material F was found not to produce fatigue crack growth at 80°C.

Interrupted fatigue testing

An “interrupted fatigue test” is basically a constant AK test in which at subsequent crack
growth intervals ( = 4mm) the cyclic loading is stopped at a Ievel corresponding to Ky, of the
cyclic loading (see figure 3-4). Thus, during the interruption time a high load level is
maintained, promoting creep deformations at the crack tip. The crack tip geometry will
become more blunted with retardation of crack growth as a result. After the interruption time
the cyclic fatigue loading is resumed. The response of da/dN before and dircctly after the
interruption time is observed in order to evaluate the significance of creep with respect to
time-dependent blunting. The aim is to obtain an idea of the way in which creep mechanisms
and blunting interact during a fatigue crack growth mechanism. Interrupted fatigue tests were
performed with a range of interruption periods. Results are discussed in section 5.4.

constant AK Thota constant AK

time

Figure 3-4: Detail of the load schedule in the interrupted fatiguc tests.
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Quick reference of fatigue crack growth tests

Table 3-2 contains a quick reference of all fatigue crack growth tests performed. For each type
of test a short description is given.

——

Shert description

Type of
fatigue test
rformed

Constant cyclic fatigue load, rising AK level during crack growth.

Easy determination of general fatigue behaviour: da/dN as function of AK.
Modelling according to the Paris crack growth law: da/dN = C (AK "
Individual tests at different load ratios R, frequency f, temperature T and

CA fatigue
tests
(in general)

waveforms. Results are discussed in section 5.2.

Constant level of AK during crack growth. Evaluation of effects of
secondary parameters without effects being obscured by the dominant
Constant AK influence in the case of a shifting AK level.

tests Incorporated in “extrapolation load series” and “interrupted fatigue tests”.
Evaluating the validity of AK as governing crack growth parameter. Results
are discussed in section 5.2.

Extrapolation | Individual constant AK tests reflecting the change from fatigue to creep
load series crack growth. Results are discussed in section 5.3 “Extrapolation load
series”.

Constant level of AK during crack growth interrupted by periods with a
constant load level. Comparison of da/dN before and after the interruption
period reflects the effect of creep-induced blunting on fatigue. Results are
discussed in section 5.4 “Results of interrupted fatigue ”.

Interrupted
fatigue tests

Table 3-2 : Quick reference of fatigue crack growth tests performed.
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3.3 PENT test

The objective of a PENT test is (o characterise the creep crack growth behaviour in terms of
time to failure as a function of stress and temperature levels applicd. During a PENT test a
pre-notched specimen is loaded with a constant load, causing creep crack growth. The time to
failure is recorded and related to the stress and temperature levels applied. Therefore the
PENT test directly reflects the lifetime at a given stress level. PENT test results arc discussed
in section 5.1.

Equipment and specimens used; experimental procedures

PENT tests are catried out using a dead weight creep facility equipped with a large
temperature room which allows esting of 10 specimens at the same time ( i.e. 10 parallel load
channels). The decad weights are located outside the temperature room and connected to the
spccimens by means of a tensile rod which is guided through the bottom wall of the
temperature room (figure 3-5). Before loading a specimen is placed in the temperature room
for at least one hour to acclimatisc. Then the grips on the top of the specimen are moved
slowly upwards by an clectrically driven gearbox. As a result the weight is lifted in a
controlled manner and the load is applied gently (without dynamic overshoot effects).

electrically driven | , s o | e | Esumn|
gears, lifting the — =11 | | | ] [ | =2

weights et sk s uthalt s i St etk St e

COD signals ___[##] |¢§ﬂ:mf§iﬁ|:ﬁfr|;|¢*1:|§f1

‘L access hatches
Multipoint
amplifier C___] \© Q

SR s

N

COD time-elapsed N : e | T ]
data stored on hard
disk of a PC

Figure 3-5 : The dead weight load facility used in the PENT test procedure.
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In the PENT test a Single-Edge Notched Tension (SENT) specimen is used with dimensions
according to figure 3-6. These dimensions are in accordance with recommendations of the
PENT test standard ASTM F1473. The small size permits the sampling of these specimens
out of the wall of a gas pipe. A delicate part of the PENT test is the procedure of pre-notching.
In [5] it is reported that inaccurate performance of pre-notching leads to unacceptable scatter
in test results (due to scatter in initiation time). The pre-notching procedure consists of
pressing a new genuine razor blade 3.5 mm into the specimen, with a controlled slow speed of
0.2 mm/min at room temperature. Actual notching was performed using an Instron
mechanical materials test machine. To verify if pre-notching was performed correctly the
reproducibility of the PENT test was evaluated with 29 replicate measurements. Results are
discussed in section 5.1.

Using the razor blade notching technique, the specimen was also provided with side grooves
I mm deep. It was recognised that the side grooves do not need to be very sharp and the
notching technique was only used because of its convenience.

During a PENT test the Crack Opening Displacement (COD) is measured with a clipgauge.
The two knives of the clipgauge were mounted close to the pre-notch to favour a crack growth
discriminating COD signal. Figure 3-6 shows the mounting of the clipgauge on the specimen.
The signal from the clipgauge was processed in a “multi-channel” conditioner made by
Hottinger. The output signal of the conditioner represents the COD value and was stored on a
computer hard disk together with time elapsed. A typical response of COD as a function of
loading time is given in figure 3-6. The initiation time of the first craze from the pre-notch is
indicated. The subsequent steps in the COD signal correspond to the sudden breakdown of the
craze and reflect the discontinuous creep crack growth mechanism. The COD approach does
not directly measure the crack length. Absolute values of COD are not linked to absolute
crack length values. However, the time interval of plateaus in the COD signal can be related to
dimensions of crack growth bands on the fracture surface. In this way an average crack growth
rate da/dt can be determined, present during one step of the discontinuous crack growth
mechanism. The total time to failure can also easily be read from the COD curve.
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FENT tests performed

The PENT test procedure was applied to materials O, T and F. The standard value for
temperature was maintained (80°C) while stress levels ranged from 1.6-4.2 MPa. Results are
discussed in section 5.1 “PENT test results”.
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Figure 3-6 : Details of the SENT specimen and mounting of the clipgauge during a PENT
test.
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3.4 Tensile, creep and fatigue testing with tensile specimens

Two types of tensile specimens must be distinguished here, designated as “normal” and
“tibril” tensile specimens. (figures 3-7 and 3-8 respectively). In both cases the specimens are
used for both tensile testing and creep testing. Tensile tests determine general mechanical
properties like yield stress, elongation at fracture, etc. Creep tests measure time-dependent
deformations under a constant load condition (i.e. viscoelastic properties). In table 3-3 at the
end of this section (page 42) all fatigue crack growth tests performed are listed with a short
description.

The interpretation of test results with tensile specimens is discussed in section 6.1.

The “normal” specimens are tested in a traditional way and reflect the behaviour of bulk
material.

The range of elongation is restricted when tensile tests are performed within the limited space
of a temperature room. In this case high strain levels can still be obtained when the *“fibril”
specimen is used. Highly stretched fibril specimens are intended to simulate macroscopically
the behaviour of actual craze fibrils. This kind of testing is also reported in the literature, for
example [45].

The “fibril” tensile specimens are also subjected to a cyclic load procedure to evaluate the
fatigue response of highly drawn material. The number of cycles to failure indicates the
fatigue resistance of drawn material.
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Figure 3-7 : Geometry of the standard tensile specimen.
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8 Detail of necked area of fibril specimen

Figure 3-8 : Geometry of the “fibril” tensile specimen.

Equipment and specimens used; experimental procedures

The tensile and crecp tests were predominantlyl performed on an Instron electro-mechanical
material testing machine, model 4505, with a maximum load capacity of 100 kN. Load cells
with capacities of 1, 10 and 100 kN are available, of which only those of 1 en 10 kN were
used. A lemperature room can be fitted in the frame of the Instron to perform tests at a
temperature of 80°C. All data mcasured were stored on a computer hard disk.

The tensile tests with “normal” tensile specimens were performed in the traditional way. A
specimen is elongated by a fixed rate of grip displacement while the resulting load response is
measured. Polyethylene is a very ductile material with strains that can reach levels up to
1000%. However, the displacement range of the testing machine is limited, especially when
the temperature room is used. Thercfore, at 80°C, tensile tests with “normal” tensile
specimens were confined to a maximum strain level of about 100% and did not include [inal
fracture. Moreover, owing to the high level of elongation, the strains were adequately
determined by relating the displacement of the grips to the gauge length of the specimen.

For creep testing the “load control™ featurc of the Instron 4505 was used. A constant load was
applied to the “normal” tensile specimen while the elongation was mecasured by mounted
clipgauges. The clipgauges were used because in creep testing the level of strains are limited
compared with levels in tensile testing.

Tensile testing with “fibril” specimens were performed in a similar manner to that of the
“normal” tensile specimens. The pronounced necking in the “fibril” specimen concentrates
deformation at the minimum diameter. The initial length between the fixation grips (i.e. gauge
length) is small, and large strains can be achieved within a confined range of displacement.
The actual process of drawing begins after yielding and strain softening have been completed.
For the geometry used the process of drawing extends over a strain range of 700%, while

"'Some of the long-term creep data were obtained with the dead weight load facility, as described in section 33
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strain hardening is manifested by an increase in load level from 150N to 250N (the values
given are approximate and an average for the materials tested). With “fibril” specimens the
tensile test can be completed up to fracturc. It is recognised that the diameter of the ““fibril”
specimen varies along its gauge length and therefore exact stress-strain bchaviour is not
obtained. The results of the “fibril” specimen can be considered indicative of high strain
material response when comparing different materials (i.e. ranking material behaviour).

Creep testing of a “fibril” specimen was performed in a two-step procedure (see figure 3-9).
Step one brings the material into a pre-drawn condition with an intermediate degree of
drawing. In this way some drawing potential remains for subsequent creep testing. Step two
constitutes the actual creep testing of pre-drawn material.

Step one is basically performed by a tensile test under displacement control, covering the
processes of yielding, stress weakening and a small amount of stress hardening. When, during
strain hardening, a load level of 200 N is reached the displacement control is switched to load
level control, during which the load level of 200 N is maintained. The responsc of the
clongation is measured subscquently by registration of the grip displacement, which
constitutes actual creep lesting (i.e. the second step).

yield point yield point
¥ strain \ strain
£ softening « softening
200N foofoo o ' 200N oeforrNom s '
2 T B g
f} start of strain 3 start of strain:
hardening hardemng
: | time f time
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5 N spccimen 5 N
3 ;" spccimen in 8 . specimen in
=) pre-drawn (% pre-drawn
] state é’ state
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time time
«— step |—><—step 2—— <—step | —><—step 2——

displacement-  load- controlled displacement—% load- controlled

controlled  : creep test of controlled | fatigue test of

tensile test  © drawn material. tensile test | drawn matcrial.

Figure 3-9 : two-step procedure in creep Figure 3-10: two-step procedure in fatigue
testing of “fibril” tensile testing of “fibril” tensile tests.

specimens.
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“Fibril” tensile specimens were also used to evaluate the fatigue resistance of material in a
drawn condition. As in the creep test, a two-step test procedure was used (see figure 3-10).
Actual fatigue loading (i.e. the second step) was performed by subjecting the specimens to a
sinus cyclic loading with a frequency' of 0.3 Hz. In all individual tests the maximum load
level was 200 N, while minimum load levels were set to a different value in each test. This
loading pattern between individual tests is similar to the stress intensity load schedule of the
extrapolation load series. It is an attempt to simulate the situation of real fibrils as present in
crazes during crack growth in the cxtrapolation load series.

With a discrete sample rate, time elapsed and grip displacement (= elongation) can be stored
on a computer hard disk during a fatigue test. The elongation, however, consists of a slowly
changing creep component and a cyclic elastic component. The latter varies in accordance
with cyclic loading. When the displacement is measured at a randomly chosen sample rate, the
elastic component might appear as random scatter on the creep component. To avoid this,
special attention is given to the time interval of the displacement measurements. The
measurement interval is chosen as a fixed multiple of the load cycle periodic time to which a
small time interval is added. In this way the displacement signal will show as a sinus of very
low frequency. The maximum and minimum of the delayed sinus output signal gives an
indication of elastic deformation levels caused by the cyclic load. The principle is shown in
figure 3-11.

tsurplus — = continuous displacement signal

o = sampled and stored displacement values

0 tg 2 3t 4t 5t 6t

T = periodic time of cyclic load or cyclic displacement
tg = sample rate, time interval between sampling

tsurplus = ts - 1T ; n=integer =2 in the given example

Figure 3-11 : Choosing the sample rate during fatigue tests with “fibril” tensile specimens.

' The Schenck hydraulic fatigue machine is not designed to test the fragile “fibril” tensile specimens. The Instron
4505 is equipped with a cyclic loading feature. However, due to the mechanical nature of the machine the
attainable frequencies are limited.

4]




Chapter 3: Experimental procedures

Tests performed with “normal” and “fibril” tensile specimens

In table 3-3 a quick reference is given of all fatigue crack growth tests performed. A short
description is given for each type of test.

Type

Tensile

| type | of
testing

Short description

Stress-strain behaviour obtained by a displacement-controlled tensile test.
Yield stresses reflect mechanical strength of bulk material.

The mechanisms of yield, strain softening and drawing are covered. Strain
hardening and final fracture cannot be experienced, due to the large
elongations required.

"'NE"!GS

Creep

Strain response in time during a constant load condition. This creep
behaviour is intended to characterise the amount of time-dependent
blunting of bulk material in the vicinity of the crack tip. (i.e. growth-
inhibiting)

Tensile

——

Load-strain behaviour obtained by a displacement-controlled tensile test.
The mechanical response is intended to relate to real fibril behaviour
within an actual craze. The mechanisms of yield, strain softening and
strain hardening are covered.

- =

Creep

—

This creep behaviour is intended to characterise the amount of time-
dependent deformation (and failure) of fibrils in an actual craze.

Fatigue

Cycles to failurc of a pre-draw cyclically loaded specimen. The fatigue
response is used to identify the basic damaging mechanism of fatigue on
the level of craze fibrils.

Table 3-3 : Quick reference of tests performed with tensile specimens.

Test results of all tests using tensile specimens are discussed in section 6.1

“Tensile and creep tests of bulk material”.
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3.5 Observations using the Scanning Electron Microscope (SEM)

The strength of scanning electron microscopy is the high magnification, possible while a high
depth of ficld is retained.(i.e. a rough surface can bc focused entirely over a considerable
area). This makes the SEM ideal to study fracture surfaces of polyethylene, in which remains
of fibrils cause a microscopically rough structure. The SEM used is a JEOL ISM-6400F. The
polyethylene specimens must be sputtcred with gold. Usually SEM images were obtained with
an acccleration voltage of 5 kV. Two distinct SEM observations were used to support the
understanding of failure at crack tip level:

1) Fractography, i.c. observation of fracture surfaces. The fracture surface gives information
based on the situation after craze breakdown. Only fracture surfaces of CCT-type
specimens (fatigue testing) and SENT-type specimens (PENT testing) were observed.

2) Side view of loaded crazes at the crack tip. A side view of a loaded but still unbroken craze
provides further details about the origin and progress of crazc brecakdown.

Experimental procedures used in studying the fracture surfaces are straightforward. Small
sections from fracture surfaces were sampled, degreased and sputtered with gold. During these
preparations care was taken not to touch the fracture surfacc. It was found that cven a light
touching smears out the delicate fibril structure of the fracturc surface. Results of the
fractographic observations are discussed in section 6.2.1 “Fracturc surfaces”.

Experimental procedures necessary to obtain a side view of a craze are morc complex and will
be now be considered.

Side view of crazes

In [18, 19] an elegant method is presented for obtaining a side view of the craze structure,
while an impression of the strain distribution over the craze length can also be estimated.

First a pre-notched PENT test specimen is loaded with a constant load until a craze is initiated
(80°C). During the crazc initiation the Crack Opening Displacement (COD) is recorded in the
usual manner of the PENT test procecdure, with clipgauges. Subsequently, after unloading, a
thin slice of material is sampled from the centre of the specimen around the crack tip area (see
figure 3-12). The crack tip slice is sampled by cutting it out slowly with a razor blade using
the same tcchnique as used in pre-notching. Irregularitics on the edge of the razor blade
produce a parallel array of fine scratches on the side of the slice. The array of {ine scratches is
used later as a reference grid to measure displacements (i.e. strains).

The slice is placed in « miniaturc lension rig where the notch is opened to its original COD
value, as was present just before unloading. The slice, in the opened condition, is sputtered
with gold for observation by the SEM. The tension rig with mounted slice is placed in the
vacuum chamber of the SEM for observation. A clear view of the notch tip and the craze is
obtained. The individual steps leading to the side view image are illustrated in figure 3-13.
Initially the scratches induced by cutting are equidistant. When the notch of the sample is
opened the craze will be loaded and distances between scratches at the craze boundaries will
incrcase. At the boundaries of the notch (i.c. free surface), the scratch pattern remains
unchanged (i.e. unloaded) and can serve as a reference from which to calculate strains at the
loaded craze boundaries. In this way the distribution of strain over the length of the craze can

43



Chapter 3: Experimental procedures

be evaluated. Moreover, stresses can be inferred from a uniaxial stress-strain curve obtained in
a normal tensile test at ambient temperature (20°C).

girectio®

Figure 3-12 : sampling a slice of material around the crack tip of a PENT test specimen.
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Figure 3-13 : Individual steps leading to a SEM side view image of the crack tip area.
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\
The procedure used in order to determine the strain and stress distribution over a craze must
be treatcd with some reservations.

- The craze and corresponding COD value were generated at a temperature of 80°C. However,
the notch of the sliced sample is opened at a temperaturc of 20°C. It is assumed that identical
COD values at 80°C and 20°C will also reflect corresponding strain values at craze level.
However, the inferred stress levels at 20°C do not represent actual stress levels in the craze at
80°C. The significance of the stress levels determined is the relative distribution over the
craze length.

- The strains measured do not show irreversible creep strains developed during actual loading
of the PENT test specimen.

- The actual craze during a PENT test is loaded under plane strain conditions while the thin
| sliced sample does not satisfy planc strain conditions.

Measurements of strain and stress distributions at the craze boundaries were carried out for all
| materials O, T and F. An attempt was also made to evaluate the development of the craze by
obtaining side views at increasing loading times (materials O, T and F).

The cffect of fatigue at craze level was assessed by observation of craze formed under fatigue
loading (material O only).
All results concerning crack tip geomelry are discussed in section 6.2.2.
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4. Crack length measurement using digital image processing
techniques

In this section the suitability of digiial image processing for application in measuring crack
lengths during a fatigue test is evaluated. Attention is focused on the crack length
measurement technique without detailed discussion of the fracture mechanical backgrounds of
crack growth observed.

Most modern fatigue experiments are performed with servo-hydraulic test machines which are
computer-controlled and have the potential of automated long-term testing. To make full use
of these features it is necessary to have an accurate crack length measuring system which
automatically performs the measurements.

It is also necessary that during the test itself the crack length measured is transmitted to the
control computer of the servo-hydraulic fatigue machine. In this way the proceeding of the
fatigue test can be programmed as a function of the crack length, for example the test can be
terminatcd when the final crack length is reached or the fatigue loads can be adjusted during
the test depending on the actual crack length (AK control possibility). The results of the crack
length measurement, together with the number of load cycles elapsed (i.c. N-a data), should be
stored on disk for later data analysis i.e. calculation of da/dN.

The image processing method is based on a vidco signal of the crack which is analysed by
image processing techniques. With this technique the crack length is measured every 20
seconds during a fatigue test. The accuracy of one single measurement is about 0.05 mm, but
this can be increased by averaging a large number of measurements. The automated data
collection and subsequent data processing is discussed in relation to the recommendations
given in ASTM E647-93, a standard test method for measurement of fatigue crack growth
rates {44]

Starting up a new crack length measuring technique required much effort in order to obtain
experience and evaluate the accuracy of the new technique. The new technique is not only
uscful in the context of this thesis but can also be of benefit in the general field of fracture
mechanics, whenever measuring of crack lengths in polymers or other materials is required. In
view of this, the flexibility of the image processing technique was verified by also testing
polycarbonate in addition to polyethylene. Polycarbonate was chosen because this material has
distinct optical and fatigue fracture properties as compared with polyethylene.

47



Chapter 4: Crack length measurement using image processing techniques

4.1 Automated crack length measurement in fatigue tests: an overview

Research into fatigue cracks in metals has been carried out over a longer period and more
extensively than is the case for polymers. One of the commonly used methods of fatigue crack
length measurement in metals is what is known as the potential drop method. This method is
based on the increasing clectrical resistance of a specimen in the presence of a growing crack.
The electrical resistance of the specimen is derived from the potential drop when a current is
sent through the specimen. Unfortunately, since polymers are not conductive, this method
cannot be used.

A related option for polymers is the "indirect potential drop method", in which thin
conductive foils are bonded to the surface of the specimen. The crack in the specimen is
assumed to grow simultaneously in the foil. The crack in the foil is again measured with the
potential drop method by sending a current through the foil. Foils with auxiliaries (bond, DC
amplifier) are also commercially available [46]. The suitability of the bondable foils has been
tested for polyethylene and polycarbonate and is reported in [47]. The results for
polycarbonate are acceptable, but use of the foils for polyethylene is not possible owing to the
poor bonding properties of polyethylene.

Another crack length method for polymers might be the "compliance" technique, which uses
the increasing compliance of the specimen as the fatigue crack grows. However, this
technique is complicated, due to the viscoelastic behaviour of most polymers.

A new technique for crack length measurement is discussed here, based on image processing.
Image processing is the manipulation of a picture digitally stored in the memory of a personal
computer.
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4.2 Crack length measurement using digital image processing

The main components of the image processing system used are a video VCR camera and a
personal computer. The personal computer must be equipped with a “frame grabber”
extension board and software for image processing. The whole system is, however,
commercially available [48].

The camera is directed to the crack in the specimen. The camera signal is connected to the
"frame grabber” extension board, where it is transformed into a digital image of 768
horizontal pixels by 512 vertical pixcls (pixel = picture element). Each pixel is assigned a
grey value in the range of 0 (black) to 255 (white).

The total collection of pixel grey values is stored in the "frame grabber" and is a digital
representation of thc original analogue video signal. The digital representation of the video
signal is referred to as the "image". The frame grabber is basically a memory extension board
for a PC customised for storage and fast exchange of the image data (mainly pixel grey
values). Several types of "frame grabber" extension boards are available from various
manufacturers.

The software performs the actual image processing. Image processing can be considered as the
manipulation of an image by means of mathematical operations on the pixel information
stored in the "frame grabber". Image processing is widely used in the field of fractographic
research, but more general software programs are also available. For the use of the software it
is not necessary to be familiar with the theoretical background of image processing. It is
sufficient to understand the functional descriptions of the image operations available (i.e.
software commands). The essence, however, is to select the appropriate set and sequence of
image operations from the total collection offered by the software.

The software program used was originally developed in the Physics Department of the Delft
University of Technology. It consists of a variety of commands that each change the image in
a specific way. For example, the command "invert” will produce the negative image by first
inverting the grey value of each pixel followed by adding the value 256. Similarly there are
commands to recognise distinct parts of the image that have a clearly different grey value
compared with their surroundings. The dimensions of these parts can then also be determined
using the commands available.

The camera position and the illumination of the crack in the specimen are chosen in such a
way that the crack can be clearly distinguished from the uncracked material. It is obvious that
different types of material will each have their own specific method for making the best video
recording of the crack.

The image processing procedures are applied to the video picture obtained. The crack length
measurcment involves a characteristic sequence of image operations that has been proved to
produce a reliable measurement of the crack length. The image operations and their sequence
are selected by trial and error. Although details may differ for specific materials, it is possible
to give a general set-up for the image processing operations:
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- Digitising.
A video signal from the crack in the specimen is digitised to an image of 768 x 512 pixels.
The digitising command is triggered at the moment of maximum load to improve the
reproducibility of the measurements.

- Filtering
First small irregularities (dust particles, small scraiches on the specimen surface) in the
image arc removed by a filter command. In this way only the significant information
remains in the image.

- Recognition of the crack
The crack is selected as an object. This is done by a command that selects all pixels within
a specified range of grey values. The chosen range of grey valucs is characteristic for the
crack in the image. The selected collection of pixels is labelled as one object (i.e. the
crack!).

- Measuring the crack length
Once an object (i.e. the crack) is labelled, there are scveral commands (o measure
characteristic dimensions of the object, such as vertical or horizontal dimension and area.
The dimensions are rcturned as a number of pixels and can be converted to actual sizes
with the scale of the image. The scale of the image is defined as the actual size in mm that
is represented by one pixel. The scale can be varied by zooming in on or away from the
specimen.

Naitn
[

tput of crack length value

of craci

The crack length measured is transmitted to the control computer of the servo-hydraulic
test machine by means of an analogue DC voltage proportional to the crack length
measured. The DC voltage output is chosen specifically to achieve compatibility with the
"potential drop” crack length mecasurement used in fatigue testing of metals. In this way the

servo-hydraulic fatigue machine can easily be used for both metals and polymers.

~ Digital-Analogue Conversion
The Digital-Analogue Conversion (DAC) is carried out by a DAC extension board in the
personal computer. The DAC extension board can be addressed using a software command
in the image processing program. The control computer of the test machine stores the crack
length measured, together with the corresponding number of load cycles elapsed, on a hard
disk.

One crack length measurement has now been completed and the whole procedure is
automatically repeated in a loop. One cycle of the measurement loop takes about 15 seconds.
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4.3 Experimental

In scction 3.2, experimental procedures are discussed as used in the actual fatigue test
programme for this thesis. However, the initial fatigue tests were focused on the image
processing technique and differ in some ways from the experiments described in section 3.2:

- the polyethylene specimens are not yet sidc-grooved.
- only onc crack tip is monitored in the polycthylene specimens’,
- the frequency of the cyclic loading is 10 Hz.

The polycarbonate matcrial tested was a commercially available sheet material with a
thickness of 6 mm. Conscquently the polycarbonate CCT specimens have a thickness of 6
mm.

The image processing computer is a personal computer with a 386SX processor, a clock
frequency of 20 MHz and an internal memory of 2 MB. The "frame grabber” extension board
and image processing software used are commercially available.

The practical use of image processing is illustrated on the basis of the performance of two
types of fatiguc tests commonly used in the practice of fatigue lesting. For both polyethylenc
and polycarbonate a CA fatigue test and a constant AK fatigue test were performed. Table 4-1
summarises the test paramelers.

Test Material type of control frequency | load ratio R
PE-K polyethylenc constant AK 10 Hz 0.1
PE-F polyethylene CA 10 Hz 0.1
PC-K polycarbonate constant AK 10 Hz 0.1
PC-F polycarbonate CA 10 Hz 0.1

Table : 4-1: Initial fatigue tests used for evaluation of the crack length measurements.

4.4 Recording techniques for cracks in polycarbonate and polyethylene

The flexibility of the image processing method is verified by the selection of two polymers
with distinct optical and fatigue fracture characteristics. Polycarbonate is transparent by nature
and the fatigue crack is sharp without much crack opening. Polyethylence is not transparent and
white by nature. Creep effects in polyethylene result in a considerable amount of crack
opening, even at minimum load.

The tests were performed with unpigmented polycarbonate (i.e. transparent) and unpigmented
polyethylene (i.e. white). However, the recording technique is also considered for cracks in
black pigmented polyethylene.

" The actual fatigue test programme for Polyethylene, as described in chapter 3, monitored the whole crack (i.c.
both crack tips). During the actual test programme it was found that asymmetrical crack growth occasionally
occurs. This is no problem if the whole crack is monitored.
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Folycarbonate set-up

The transparency of polycarbonate is used by placing the camera below the plane of the crack

transparant
fluorescent polycarbonate

strip
£

light is
absorbed
by the
crack

Figure 4-1: Video set-up for
measurement of a fatigue crack in
polycarbonate.

and directing the camera towards the crack. The tilt
angle of the camera is about 45 degrees. A small
fluorescent strip serves as a homogeneous light
source and is placed behind the specimen with a
crack. Owing to the refraction of light at the crack
surface, the crack can be clearly distinguished from
the transparent uncracked material. The crack is
visible as a dark object in white surroundings of
transparent polycarbonate. The set-up is illustrated
in figure 4-1 and the image obtained can be seen in
figure 4-2. polycarbonate is sensitive to
asymmetrical crack growth. This means that the two
crack tips in the CCT specimen may have different
crack lengths. To avoid unacceptable development
of asymmetry during a test, both crack tips were
observed in polycarbonate. The asymmetry is
detected as a difference between the centre position
of a reference sticker and the centre position of the

crack object obtained (see figure 4-2). Exceeding a pre-set limit of asymmetry results in the
test being stopped. In this way uncontrolled crack growth during a test is avoided.

reference sticker at surface
of specimen to mark the
center of the specimen

dnlled hole in specimen
from which the two
cracks emanated

28 = 50 mm

left crack tip

right crack tip

uncracked (transparant)
material
Figure 4-2 : The image obtained of a crack in a polycarbonate CCT specimen.
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Folyethylene set-up

For the non-transparent polyethylene various set-ups can be used. One set-up uses the fact that
the crack in polyethylene shows a clear opening due to creep effects. When the camera is
placed in the plane of the crack and a light source is placed behind the opened crack, the crack
will be visible as an illuminated object surrounded by the dark, uncracked material. This
polyethylcne set-up is illustrated in figure 4-3a and the image obtained is given in figure 4-4a .
The round white object in figure 4-4a is a hole drilled in the specimen, which serves as a
reference mark for the crack tip position. The pixel coordinates of both the reference mark and
the crack tip are mcasured. The horizontal difference in position of the crack tip compared
with the fixed position of the reference mark is used to calculate the crack length. The fatigue
results discussed for polyethylene tests PE-K and PE-F are obtained with this set-up.

Another sct-up for polyethylene is similar to the polycarbonate set-up. The camera is again
placed below the plane of the crack and is directed towards the crack. However, the light
source is now placed on the same side of the specimen as the camera. The light source is
positioned in such a way that it reflects directly at the uncracked surface into the camera,
while the crack cannot reflect the light. The crack will appear as a dark, unreflected object in
light surroundings of uncracked, reflected matcrial. The set-up and image obtained are given
in figures 4-3b and figure 4-4b respectively. The set-up using surface reflection is evaluated
using a dark, polished specimen surface of black pigmented polyethylene (material T).

loaded CCT specimens
with a fatigue crack

fluorescent
e ~sErip PRe
N £ fluorescent
. strip L
light shining ‘mcra?kled
through the s m;llterta
opened crack i i reliects
p ng video signal light
Figure 4-3a : Figure 4-3b :
Video set-up for measurcment of a fatigue Alternative video set-up for measurement
crack in polyethylene. of a fatigue crack in polyethylene.
polyethy 8 poly
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drilled hole as
reference mark for
position crack tip

uncracked matenal

5 mm

SO

Figure 4-4a : Image of a crack in a polyethylene CCT specimen obtained with light
shining through the opened crack.

Figure 4-4b : Image of a crack in a polyethylene CCT specimen obtained with
light reflecting at the polished specimen surface.
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Figures 4-2, 4-4a and 4-4b are the raw images to which the image processing still has to be
applicd. Figure 4-5 is an enlargement of the crack tip in figure 4-4a and reveals the square
pixel structure of an image. Each pixel can have a grey value between the limits O (black) and
255 (white). Figure 4-6 gives the situation of figure 4-5 after the image processing procedure
is completed. All pixels with grey values in the range of 200'-255 are assigned a grey value of
255 (= white) while remaining grey values (0-199) are all set to O (=black). The image now
contains only two grey values, 0 and 255. The crack is labelled as the complete white object in
surroundings of black uncracked material. The length of the labelled crack is measured from
figure 4-6.

The crack tip opening (CTOD) in figure 4-6 is larger than the CTOD in figure 4-5. This is not
the case in reality but the result of a vertical filtering procedure of the image. The high grey
values (i.c. the crack) are stretched somewhat in a vertical direction, resembling a more
opened crack. The vertical filtering procedure was found to give less scatter in thc measured
crack length vatues. The vertical filtering procedure does not effect the crack length defined in
a horizontal direction.

irregular crack boundary due
to pixel structure of the image

Figure 4-5 : Detailed view of the polyethylene crack tip of figure 4-4a .

" The onset of the grey value that can be considered to be a crack. A value of approximately 200 was used for
tests using light shining through the opened crack in Polyethylene.
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wregular crack boundary due
to pixel structure of the image

crack tip

I mm

Figure 4-6 : The image obtained after application of the image processing procedures to the
image of figure 4-5.
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4.5 Aspects concerning precision of the image processing measuring technique

Resolution

The crack length can only be measured in discrete steps, owing to the digital pixel structure of
the image. In the polyethylene tests a horizontal field of about 35 mm on the specimen surface
was observed. Initially, during the evaluation of the crack length measuring technique, only
one crack tip in the polyethylene CCT specimen was observed, since asymmetrical crack
growth initially did not seem to appear in polyethylene. Observing one crack tip can reveal the
discontinuous character of crack growth in polyethylene and measurements are not obscured
by the averaging of the crack growth of two crack tips.

The field of 35 mm observed is distributed over 768 horizontal pixels, which results in a
resolution of 35/768 = 0.05 mm/pixel. Thus in this case the crack length is measured in
discrete steps of 0.05 mm. The resolution can be increased by zooming in on the specimen.
This is not always convenient, however, for example when a crack growth range of 30 mm is
expected and the test can be performed automatically during a weekend to save time in the test
programime.

For polycarbonate both crack tips in the CCT specimen were observed in order to monitor the
asymmetry in crack lengths, as illustrated in figure 4-2. The total horizontal dimension of the
crack object obtained in this way is the sum of the left and right crack length. The average is
taken as the representative crack length. To measure crack lengths of about 35 mm in
polycarbonate it is necessary to observe a horizontal field of about 70 mm. The resolution in
this case is 70 mm over 768 pixels, which is approximately 0.1 mm. Since the crack length
results from averaging the position of both crack tips, the resolution becomes (0.1)/(2) = 0.05
mm. The resolution of the measurement in polycarbonate therefore matches the resolution in
the case of polyethylene.

In figures 4-7 and 4-8 the sets of N-a data are given for a crack length range of 15 to 16 mm,
as measured in a polyethylene test (PE-K) and a polycarbonate test (PC-K) respectively.

In both figures 4-7 and 4-8 the resolution of 0.05 mm in the crack length measurement is
apparent from the layered structure of the crack length data.

In both polyethylene and polycarbonate a crack length measurement is completed every 18
seconds. Since the tests were performed at a 10 Hz fatigue frequency, this is equivalent to one
measurement in 180 load cycles or 55 measurements in 10% cycles. The number of 55
measurements per 10% load cycles can be verified in figures 4-7 and 4-8.
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Figure 4-7 : Detailed view of measured N-a data set during a fatigue test in polyethylene.
16 w sesve
159 *  measured N-a data set ‘ p /’
g ¢ —o— fitted curve through N-a data-set | i P
é 15.8 for da/dN calculation Vs
Q,Q/. »
= e
8D 157 A
5 e
% 156 <t
8 /“’
=t .
9 155 r{‘/‘ *.
.. 5
15.4 g
oo
15.3 A
%
: 7
152 P S —
...... b | 0.05 layered structure of N-a data due to
) 0.05 limited resolution in measurement of
151 . 0.05 0.05mm
______ e .
15 | teeee
87000 89000 91000 93000 95000 97000 99000
Fatigue load cycles N

Figure 4-8 : Detailed view of measured N-a data set during a fatigue test in polycarbonate.
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Reproducibility of measurements

The total error of a measurement is the difference between the measured value x and the true
unknown value X, The total error is the sum of a constant systematic error and a random
error. The random error can be seen as scatter in replicate measurements and represents the
reproducibility of the measurement technique. The reproducibility of the crack length
measurement in the polyethylene test is relatively low. In figure 4-7 it can be observed that in
a range of successive measurements the crack length varies over 0.15 mm

In theory, by performing unlimited mcasurements (i.e. N — o) the random error is
outbalanced in the average value. This theorctical average value can be named X,__ and is
free of random error. The diffcrence between xy,, and X . is the remaining systematic
error.

In ASTM E647-93 [44] the measurement precision is defined as the standard deviation ¢ on
the mean value x of crack length determined for a set of N replicate measurements. For the
polycthylene and polycarbonate tests the standard deviation (i.e. precision) of the crack length
mcasurements is determincd with data from the beginning of a CA fatigue test, where the
crack growth rate is very low. In this way the standard deviation is determined over a large
range of data with the same actual crack length. For both polyethylene and polycarbonatc the
precision was found to be approximately 0.04 mm.

Using surplus measurements to increase the measurement precision

The surplus of data points in the tests can be used to increase the accuracy of the crack length
measurement. Once the precision of the measurement lechnique is determined with N
replicate measurcments, it can be used to evaluate the accuracy of one individual
measurement performed during the test. From the definition of the standard deviation ¢, for a
normal distribution, it follows that one individual measurement x has a probability of 68% of
being within the interval of :

(Xnosoo =03 Ty s +0) i€ (Fy s —0.04 Xyyeo +0.04)  [49].

If in a data set of 100 replicate measurcments, 5 successive measurements are averaged to one
value (i.e. reduction factor Ry=5), the original data set is reduced to 20 averaged data points.
The reduced data will expose less scatter compared with the original data. The standard
deviation of the 20 average data points will be a factor of +/5 better than the standard
deviation of the original 100 data points. In general, averaging over R s data points leads to a
\/Rf better standard deviation of the averaged data set compared with the standard deviation
of the original data [49].

In automated tests, when the measured crack length values are stored on computer hard disk,
it requires no extra cffort to measure and store a large number of data points during the test.
The surplus of data points obtained is used to average successive measurements, resulting in
greater precision of the rcduced data set. More than 50 measurements over | mm crack
extension is considered as surplus and will be reduced. In this way 100 measurements per mm
crack extension will be reduced to 50 reduced data points (Ry=2), while likewise 300
measurements per mm are reduced to 50 data points with Rf= 6. By scanning the original data
file the reduction is exccuted in steps of 1 mm crack length. In each step the reduction is
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adjusted to obtain about 50 reduced points per mm crack length, i.e. 0.02 mm crack growth
per reduced data point. A value of 0.02 mm represents a small amount of crack growth in
relation to the precision of the measurement technique (6 = 0.04 mm). Therefore the reduction
procedure only effects the scatter of the measuring technique without smoothing fluctuations
in actual physical crack growth. The reduced N-a file will have evenly distributed data points
over the whole range of crack length measured, independent of variations in crack growth
speed during the test. No reduction is applied below 50 measurements per mm crack
extension.

In test PE-K 20 raw data points are reduced to 1 average value i.e. Rf=20. The standard
deviation of the reduced points in test PE-K is therefore 0.04 /~20 = 0.01mm. Therefore, by
using the surplus of measurements for test PE-K, the precision is improved fourfold.

Owing to the increased crack growth rate in test PC-K compared with the polyethylene test
PE-K, there was less time available for the crack length measurements, resulting in fewer data
points. Here the reduction is performed over only 2 points (Rf= 2). The standard deviation of
the reduced points in test PC-K is therefore 0.04/4/2 = 0.03 mm.

4.6 Calculation of crack growth rates; conformity with ASTM E647-93

After the reduction procedure the reduced N-a data may still exhibit scatter which cannot be
related to actual crack growth phenomena (i.e. presence of negative crack growth!). In other
words, the scatter in measurements can be improved but not completely eliminated. If more
reduction is applied the scatter is reduced accordingly. However, in such a case the reduction
is applied to a set of data points which contains actual physical crack growth. The reduction
would therefore also include a portion of crack growth smoothing. To distinguish clearly
between reduction in scatter of the measurement technique and smoothing of crack growth 50

supplementary smoothing procedure is carried out by averaging data points {0 to Ng}; {1 to
(Ng +1)}; {2 to (Ns +2)}, {3 to (N; +3)} etc. Thus the smoothing procedure is averaging over
N; =25 data points (i.e. 0.5 mm) without reducing the number of data points. This procedure
is known as the method of moving average. Finally the reduced and smoothed data set is used
to calculate da/dN as the secant of the curve, i.e. Aa/AN with Aa=0.5mm. The results can
be seen in figures 4-9 and 4-10.

Figures 4-7 and 4-8 show a part of the original raw data sets of test PE-K (polyethylene) and
test PC-K (polycarbonate). The reduced and smoothed data sets are also given while the
secant method for calculation of da/dN is illustrated in figure 4-7.

The image processing data collection, with data reduction, smoothing and da/dN calculation
resulted in the curves given in Figures 4-9 and 4-10. The markers in figure 4-9 correspond to
da/dN calculated in accordance with ASTM E647-93, which will be discussed in the
following.
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Figure 4-9 : Response of da/dN for polycthylene and polycarbonate under constant AK
conditions of 1.0 and 0.8 MPaJm respectively.
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Figure 4-10 : Crack growth rate of polyethylenc and polycarbonate as a function of AK.
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Section 8.8.1 of ASTM E647-93 [44] gives recommendations concerning the crack length
measurement interval (Aan,.,), while two techniques for calculation of da/dN are provided in
appendix X1 of ASTM E647-93. Only the recommended "secant method” for calculation of
da/dN will be discussed, since this method is used for calculating the crack growth rates of
figures 4-9 and 4-10.

The "secant method" defines da/dN as the slope of the straight line connecting two adjacent
data points on the a-N curve i.e. da/dN = (a;, -8}/ (Nis-Ni) = Adpea/AN.

Aa,s 1 designated as the crack length interval between two adjacent data points of the raw
data.

In discussing the recommendations of ASTM E647-93 two aspects should be clearly
distinguished:

1) Raw data : the original N-a data set as measured during the test itself.
2) Reduced data:  the raw data set reduced by averaging techniques.

ASTM E647-93 considers the recommended da/dN calculation to be based on the raw data.
Consequently the measurement interval of the crack length (Aay,,,) directly characterises the
crack length interval over which da/dN is averaged in the recommended "secant method".
Accordingly the scatter in da/dN is directly affected by the value of Aay,. A low value of
Aap,e,, in relation to the measurement precision results in much scatter of da/dN. A large value
of Aap.., , however, reduces the number of data points and smoothes out variations in da/dN.

Based on the interdependence between measurement interval (Aap,,s) and the resulting da/dN
curve, an optimal value of Aa,, is indicated in ASTM E647-93 to be in the range of 0.25to 2
mm (for a CCT specimen with W=100 mm). However, ASTM E647-93 indicates that the
minimuin mcasurement interval must be at least ten times the measyrement precision, i e at

least 0.4 mm for the polyethylene and polycarbonate tests.

The chosen data collection interval and the subsequent calculation of da/dN in the fatigue tests
performed are not completely in accordance with the recommendations of ASTM E647-93.
To verify if the da/dN curves obtained are similar to results according to the ASTM E647-93
standard the calculation of da/dN was duplicated with a simulated data file processed from the
original raw data file. From the original raw data file, data points with crack length intervals
of 0.5 mm are selected, as if only these points were measured during the fatigue test. The
simulated crack length interval of 0.5 mm was chosen in accordance with the ASTM E647-93
recommendation for the measurement interval to be at least 10 times the measurement
precision i.e. at least 10¥0.04 mm = 0.4 mm. As a result the simulated data file is in
accordance with ASTM E647-93.

Using the simulated data files of tests PC-K and PE-K, calculation of da/dN is performed by

means of the "secant method" in accordance with ASTM E647-93 and the results are indicated
in figure 4-9 by marked data points.
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Compared with the strictly applied ASTM E647-93 recommendations, the image processing
data collection and processing give da/dN results of the same order of magnitude. However,
the surplus of data points with the automated data collection results in more detailed crack
growth rate information.

With regard to data collection and processing, tests PE-F and PC-F correspond to the PE-K
and PC-K tests discussed.

In measuring crack length, apart from a random error a systematic error may be present.

In the image processing technique the systematic error is verified by measuring the initial and
final crack length values with a ruler. The measurements with the ruler also serve as a
reference by which to verify the image processing measurements. The systematic error is
found to be restricted to approximately 0.2 mm. It is assumed that the systematic error at
intermediate crack lengths does not cxceed the systematic errors measured at the initial and
final crack lengths. The effect of a systematic error with respect to da/dN is limited, since a
constant systematic error has no cffect on the gradient of the a-N curve. A systematic error in
crack length, however, causes a wrong assessment of applied stress intensity at the crack tip.
According to ASTM E647-93 a maximum difference between crack lengths on the front and
back of the specimens of 25% of the specimen thickness B is permitted. In all tests this was
verified at the beginning and end of the total crack growth range. For the polycarbonate tests
the difference between the two crack lengths referenced from the centre-line was monitored
during the test and found to be within 2.5% of the specimen width W, while for polyethylene
this was only performed at the beginning and end of the test.

In the polyethylene tests the minimum crack length (mostly on the front or back surface of the
specimen, duc to crack tunnelling) determines the amount of light shining through the crack,
i.e. the crack length measured. However, in the polycarbonate tests the maximum crack length
value inside the specimen is measured, since the crack tip tunnelling is visible through the
transparent material, Overall, in both polyethylene and polycarbonate, crack tunnelling causes
a different crack length measurement, comparcd with the average through thickness value.
This systematic error was found to be approximately 0.5 mm.
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4.7 Comparison of the image processing technique with the direct potential drop
method in metals

The direct potential drop method is widely used for measuring crack lengths in metals during
fatigue fracture or static load fracture tests. In [50] fatigue tests in aluminium 2024 were
performed by means of crack length measurements using a commercially available potential
drop device [51]. The precision of these measurements is within 0.03 mm for replicate
measurements. Thus, in fatigue testing, the precision of the direct potential drop method in
aluminium is somewhat better than that of the image processing technique used for
polyethylene and polycarbonate.

Within the context of the thesis the image processing technique is not applied to measure
cracks in metals. Therefore a direct comparison between the image processing technique and
the well established method of potential drop cannot be made here. In [52] however the
suitability of image processing for measuring cracks in metals is evaluated for statically
loaded CT specimens at elevated temperatures. In [52] the measurements were found to be
obstructed by crack branching and a high degree of plasticity at the crack tip, which is inherent
with crack growth under static loading conditions. In fatigue crack growth of metals, crack
branching and crack tip plasticity are limited and image processing techniques may well be
possible.
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4.8 Initial fatigue test results for polyethylene and polycarbonate

The practical use of image processing is illustrated by using the measurement data in order to
characterise the crack growth behaviour of both materials. The results concerning crack
growth behaviour are discussed briefly here.

Polyethylene

The crack growth rates of the constant AK and CA fatigues test in polyethylene (tests PE-K
and PE-F respectively) are given in figures 4-9 and 4-10.

In figure 4-9 (test PE-K) it can be seen that da/dN has a fluctuating character. The fluctuations
observed in da/dN can be related to crack growth bands on the fracture surface. In figure 4-11
57 bands arc counted on the fracture surface, which agrees well with the 54 fluctuations in
da/dN as detected in figure 4-9.

Apart from the fluctuations, the average value of da/dN in test PE-K is almost constant over
the total crack length range of 7 to 29 mm. This implies that although polyethylene is a very
ductile material, the stress intensity concept can be considered a good crack growth parameter.
The first 8 bands in test PE-K, occurring from 7 to 11 mm crack length, are distinctly larger
than the following bands, which are of more uniform dimensions. The reason for this
phenomenon could be related to a creep effect, which is generally more pronovnced during the
beginning of a loading period. The different band sizes can also be seen as large fluctuations
at the start of the da/dN curve in figure 4-9.

The 57 crack growth bands are formed over a period of 2.2-109 cycles, which means that each
band is formed during 38000 cycles. Owing to the large number of cycles per band, these
bands are known as "retarded" crack growth bands. Each band is thought to be formed during
a process of chronological development, weakening and partial break-down of a craze at the
crack tip. This process is also known as "retarded" crack growth and occurs with many
polymers. [32,53]

The assumed "retarded" crack growth mechanism implies a relation between dimensions of
the band and the actual craze length. The average band dimension in figure 4-11 is 0.4 mm.
(57 bands over 22 mm crack length). The theoretical craze length L., according to the
Dugdale model, is given by:

2
| K

L( :‘[i]
8 Oy

With the maximum stress intensity in test PE-K, of K, = AK/(1-R) = 1/0.9 = |.11 MPavm
and the yield stress o, = 25 MPa, this results in a thcoretical craze length L. of 0.77 mm.
Therefore the band dimension is of the same order as the theoretical craze length calculated.
The fatigue crack growth rate, da/dN, of test PE-F is given in figure 4-10 as a function of the
range of stress intensity AK. As usual the scales are double logarithmic. With AK ranging
from 0.7 to 1.4 MPaVm, the resulting crack growth rate ranges from 2:10°% mm/cycle to
60-107% mm/cycle. The visibility of fluctuations in da/dN is limited because of the logarithmic
scales. The crack growth behaviour can be described by the Paris law:
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da/dN = C (AK)™

With da/dN expressed in 10°% mm/cycle and AK expressed in MPaym the Paris law material
parameters are determined to be C =11 and n=3.7.

The band dimensions in test PE-F gradually increase in the crack growth direction, due to the
increasing AK value for longer cracks in a constant load test.

At a crack length of 15 mm the value of AK in the constant load test PE-F corresponds with
the AK =1.0 MPaVym condition of test PE-K. These equivalent AK conditions are also
reflected by the corresponding band size and crack growth rate of test PE-K, when compared
with test PE-F at the specific crack length of 15 mm.

e teat FEK 10 2K =1 0 MF AV

center - P =y blade Preldotch, TL = Trutatic

Figure 4-11: Fracture surfaces of fatigue-loaded polyethylene
(constant AK and CA testing respectively).
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Folycarbonate

The crack growth rates of the constant AK and CA fatigue tests in polycarbonate (PC-K and
PC-F respectively) are also given in figures 4-9 and 4-10. The crack growth rates are of the
same order of magnitude as reported in [53] for polycarbonate.

The average value of the crack growth rate da/dN in test PC-K is almost constant over the
total range of the crack length of 7 to 34 mm(figurc 4-9). Thus, as in polyethylene, AK can be
considered a good fatigue fracture parameter for polycarbonate.

The crack growth ratc as a function of AK for the constant load test PC-F is given in figure 4-
10. With AK ranging from 0.35 to 1.1 MPaym, the resulting crack growth rate ranges from
10-10°% mm/cycle to 300-10°% mm/cycle. As with polyethylene, the crack growth behaviour
can be described by the Paris law. The paramcters for polycarbonate are C=160 and n=2.5.

At a crack length of 24 mm, where AK =0.8 MPaym, the crack growth rate da/dN is
90- 10°% mm/eycle. This is in accordance with the crack growth rate of test PC-K, in which
AK = 0.8 MPaVm during the whole test.

4K=0.35 MPaVm AK=11 MPaVm
a=4 mm ! i

actual fatigue test PCF1 final fracture

_itror tegion

initiation N
load actual fatigue test PCK 1 (AK=0.8 MPaVm) final fracture

specimen crack growth direction
center _—>

Figure 4-12: Fracture surfaces of fatiguc-loaded polycarbonate
(constant AK and CA testing respectively).

The fatigue fracture surface of polycarbonate, as for many other amorphous thermoplastics,
can have two distinctive types of appearance. [32,53].

Al high fatigue loads the fracture surface has a rough structure macroscopically, which is
related to the presence of multiple crazes at the crack tip. The crack grows through the various
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non-planar crazes, which causes a rough fracture surface. The rough appearance is referred to
as "mist region". At low fatigue loads the fracture surface has a smooth structure
macroscopically, which is related to the presence of only one single craze at the crack tip. In
such a case, the crack always grows through the same craze, which causes a very smooth
fracture surface. The smooth appearance is referred to as "mirror region".

The fracture surfaces of tests PC-F and PC-K are given in figure 4-12. The entire fracture
surface of test PC-K is rough (mist region). According to [32,53] this means that at the fatigue
load of AK = 0.8 MPaym (R=0.1) the crack tip is preceded by a multiple craze zone.

The fracture surface of test PC-F shows a mirror region at a low crack length, while at a
higher crack length the mirror region is replaced by a mist region. The transition from mirror
to mist region is related to the increasing AK value during the crack growth in a constant load
test.

4.9 Conclusions concerning crack length measurement with image processing

« Image processing is found to be useful for measuring crack lengths automatically during
fatigue tests in polyethylene and polycarbonate. The standard deviation in the mean value
of replicate crack length measurements is about 0.04 mm for both polyethylene and
polycarbonate.

By averaging the surplus of measurement data the accuracy is increased to 0.012 mm and
0.025 mm for polyethylene and polycarbonate respectively.

o In polyethylene fatigue crack growth is observed at fatigue loads in the range of
AK =0.7-1.4 MPaVym (R = 0.1, frequency 10 Hz.) with corresponding crack growth rates
of (2-60)- 106 mm/cycle.

The fracture surface shows crack growth bands of macroscopic dimensions. Each band is

thought to be formed during a process of chronological development, weakening and
partial breakdown of a craze at the crack tip. Since each band is formed over many
thousands of load cycles, the fatigue mechanism is referred to as "retarded fatigue crack
growth" [32,53].

« In polycarbonate fatigue crack growth is observed at fatigue loads in the range of

AK =0.35-1.1 MPaVym (R =0.1, frequency 10 Hz.) with corresponding crack growth
rates of (10-300)- 10-% mm/cycle.
The fracture surface can have two distinctive types of appearance, a smooth "mirror
region” at low fatigue loads and a rough "mist region" at high fatigue loads. The mirror
and mist regions are related to the presence at the crack tip of one single craze (at low
loads) or multiple crazes (at high loads) [32,53].
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5.1 PENT test results

Creep crack growth results of FENT test series

PENT test results for materials O and T are shown in figure 5-1. (test temperature 80 °C).
Clearly material O has the shortest failure times. At corresponding stress levels, the failure
time of material O is approximately one hundred times shorter compared with material T. The
COD signals recorded indicate that the relative contribution of craze initiation to the total
failure time is similar for both materials. Therefore, the differences in total failure times of
materials O and T also represent a difference in creep crack growrh behaviour.

The transition from ductile to brittle failure in figure 5-1 shows as a typical zigzag behaviour,
as also rcported in [11] as a blunting-related phenomenon. The PENT t(est protocol [5]
recommends testing at a stress level of 2.4 MPa (at 80°C) to obtain brittle failure in a short
testing time. Figurc 5-1 confirms the optimum value of 2.4 MPa in this respect for the
materials tested.

Unlike matcrials O and T, material F does not display brittle failure at the optimum stress
level of 2.4 MPa, cven at prolonged testing times exceeding 10# hours. In chapter 6 the high
resistance of material F with regard to creep crack growth is shown to be related to
pronounced blunting at the crack tip.

The appearance of fractures showed that all failures above a stress level of 4 MPa are entirely
ductile, while stress levels below 3 MPa satisfy brittle behaviour related to creep crack
growth. At intermediate stress levels, between 3 and 4 MPa, the transition between brittle and
ductile failure causes some variation in test results. The ductile and brittle regions in figure 5-
1 are fitted by straight lines. The different slopes of the lines in ductile and brittle failure
typically identify the different failure modes (see also section 2.3.1: hydrostatic pressured
pipe tests).

Reproducibility of the FENT test

The PENT test is a relatively new test procedure and cxperimental know-how was initially not
available within the laboratory. In order to obtain experience, a sct of 29 replicate tests were
performed, using material O at standard conditions (G = 2.4 MPa, 80°C). Results of the
replicate tests are shown in figure 5-2 , giving the initiation period and total failure time for
each specimen loaded. The initiation period is obtained from the recorded COD signals and is
taken as the period of time from the beginning of the test until the first step in the COD signal
(see also figure 3-6 ). The time span between initiation until final fracture is referred to as
“crack growth”. In a PENT test the total failure time is conveniently used to characterisc creep
crack growth behaviour. An average failure time of 13.5 hours was measured with a standard
deviation of 3.3 hours (= 24% of the average).

Recognition of the total failure time as a total of the initiation and the subsequent crack
growth period reveals unusual aspects of the reproducibility. An average initiation time of 3.8
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hours was measured with a standard deviation of 0.75 hours (i.e. 20% of its average value).
Likewise, the average crack growth period was found to last 9.7 hours, with a standard
deviation of 3.1 hours (i.e. 32% of its average value). Therefore, initiation seems to behave
more predictably than crack growth, which contradicts established experience in the field of
fracture mechanics.

What is designated here as “crack growth period” also includes the final stage of fracture. This
final stage of fracture is likely to be responsible for the considerable scatter in total failure
times.

The reproducibility of the PENT test has to be considered within the perspective of test results
obtained in different materials. In testing different types of materials it is not uncommon to

find test results differing by one or two decades. Taking this into consideration, the
reproducibility of the PENT test is acceptable.
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Figure 5-1 : PENT test resuits of materials O and T (80°C, various stress levels)
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total failure time
250 & _ (average 13.5,
st.dev. 3.3 hrs.)

= growth time, av. 9.7 hrs., st.dev. 3.1 hrs.

<.| = initiation time, av. 3.8 hrs,, st.dev. 0.75 hrs.
(av = average, st.dev. = standard deviation.)
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Figure 5-2 : Failure times of 29 replicate PENT tests performed
(material O, 6 = 2.4 MPa, 80°C ).

Modelling creep crack growth with PENT test results

In the PENT test, creep crack growth is evaluated using the stress-lifetime approach with the
results given in figure 5-1. In [1] a crack growth model is introduced which can be considered
as an adjusted Paris law for creep crack growth:

da/dt = Ceeq (K)° (5)

Where: Cccg and b are constants and:

K = C o0 (ma) {6}

a a 2 a 3 a N
Cpen = 1120231 1 |+105§ o | —2172 -7 | +3039|

With the creep crack growth law given by equation {5} the PENT test results can be used to
obtain the parameters Ceeg and b. In this way, the PENT test results (stress-lifetime data) lead
to more detailed crack growth information, i.e.: da/di(K). The results of the crack growth
model can be compared with the results of the extrapolation load series, in which direct
measurement of da/dr under constant load conditions was incorporated (section 5.3 ).

With the model according to equation {5} the total failure time 7, can be calculated by
integration over the total crack length range, from the start crack length, ag, , to the critical
crack length, a,, :
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cr
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The model according to equation {5} is used here to determine the values of parameters Cecg
and b in order to obtain knowledge of da/dt at a specific level of K. The solution of equation
{7} with appropriate (but unknown) values of Cccg and b produces the same calculated value
of Ty as is obtained from a real PENT test. In this way the correct combination of Cecg and b
can be determined.

An analytical solution of equation {7} is not available and instead a numerical procedure is
used. For the numerical procedure it is, however, necessary to obtain starting points for the
values of Cccg and b. The starting point for b is found taking into consideration that the K
level during crack growth in a PENT test is proportional to the applied stress level, 6, while
time to failure, Ty, is inversely proportional to the average value of da/dr. Therefore the
solution of equation {7} is approximated as:

(UT7) = Ceeg (0)” (8)

Using equation {8} and two PENT test failure times obtained, Trp and Tf3 , at stress levels oy
and o, respectively, a starting point for & is determined. It should be noted that the failure
times, Tj: ; and Tf; 2, were reduced by the initiation period, as observed from the COD-signals
recorded during the PENT test. The initiation period is omitted, as it has no significance in
relation to the crack growth model of equation {5}. In this way a value b =4 is estimated for
material O which agrees well with values known from the literature. With b =4, values of
Cecg are scanned to find the specific value of Cecg which produces an appropriate calculated
value of Ty (1.e. the same value of Tf as observed in a real PENT test).

For the numerical calculation, the crack growth range is evenly distributed over 1000 crack
length values, from a,_; = 3.5 mm to a,_;pgp = 7 mm, constituting crack length increments Aa
of 0.0035mm. For each individual crack length the value of X is calculated using equation {6}
with a corresponding creep crack growth rate (da/dt); according to equation {5}. The value of
da/dt for each individual crack length also gives the failure time (At); for each crack length
increment, i.e.: (At); = Aa/(da/d); . The total time to failure, Tﬁ is found by summation of the
individual contributions (At);:

For material O, with b =4, a value of Cecg = 3.8e-8 is found to give a similar calculated value
of T¢ as observed from PENT test results. With the values of Ceccg and b obtained, the value of
da/dt can now be calculated for a specific K level. In this way for K = 0.5 MPal m a value of
da/dt = 24 nm/s is found. This value agrees well with actual measured crack growth rates in
the extrapolation load series (da/dt = 20 nm/s).

Since the value of b =4 was only an estimate, the numerical procedures were additionally
executed for values of b = 3 und b = 5. The results are given in table 5-3.
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Different values of b are found also to be related to different values of Cccg. However, at low
levels of K each set of (h-Cceg) produces da/dt values of the same order of magnitude. Hence
the prediction of da/dr at K levels between 0.5 and 0.7 MPa/ m can be considered reliable.

In the upper regime of K, distinct predictions of da/dt are found using the different sets of
(b-Cecg) values, reflecting unreliable prediction in this case. The different values of da/dt at
higher levels of K do not influence the outcome of the prediction at lower K levels (the high
crack growth rates do not contribute greatly to the total failure time). For the same reason the
choice of critical crack length, with corresponding high values of da/dt, is of minor
importance with respect to the outcome of the calculations of & and Cecg.

For material T the same method is used to find values of b and Cecg. For b a starting value of
b = 5 was found; calculations with b =3 and b = 4 were also performed. The results are given
in table 5-4. For material T a prediction of da/dt =2 nm/s is found at a K level of 0.7 MPa/m.
A dircet comparison with results of the extrapolation scries is not possible for material T, as
actual creep crack growth is not found in the CCT specimens.

b Ceeg " da/dt [nm/s] = Ceeg (K)b at various K-levels [MPa'm]
(assumed) | (calculated) K=05 K=0.7 K=1.0

3 2.3-107 29 79 230

4 3.8-107 24 91 380

5 6.6-107 21 111 660

*) The value of Cecg is calculated, which produces a numerically calculated crack growth time

of 9.7 hours in accordance with PENT test results at a stress level of 6 = 2.4 MPa.

Table 5-3 : Prediction of da/d = Coeg (K)? for material O.

b Ceeg ) da/dt [nm/s] = Ceey (K')b at scveral K-levels [MPa\/m]
(assumed) | (calculated) K=05 K=0.7 K=1.0

3 5.6-107 0.70 1.92 5.6

4 8.3-1079 0.52 1.98 8.2

5 12.7-107° 0.40 2.13 12.7

*) The value of Cecy is calculated, which produces a numerically calculated crack growth time

of 280 hours in accordance with PENT test results at a stress level of o = 2.7 MPa.

Table 5-4 : Prediction of da/dt = Cecg (K)[7 for material T.
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5.2 General fatigue crack growth behaviour

“General fatigue behaviour” mainly deals with the response of da/dN as a function of AK for
materials O, T and F as measured in CA fatigue tests. For all materials (O, T and F) CA
fatigue tests were performed at three load ratios (0.1, 0.3 and 0.5), two frequencies (0.4 and 4
Hz) and two test temperatures (20°C and 80°C). Unless specifically stated otherwise, all tests
use a sinus waveform. The tests at different load ratios and frequencies were carricd out in
order to obtain a general idea of how creep mechanisms interact with fatigue crack growth. In
sections 4.5 and 4.6 it is shown how crack growth rates are calculated from the N-a file

measured.

Justification of the use of AK as a fatigue crack growth parameter

Figure 5-5 gives results of a test in which AK is kept constant at a value of 0.35 MPaVm over a
crack length range of 8 to 32 mm. The crack growth rate da/dN is at a constant level for all
crack length values, demonstrating the validity of AK as a fatigue crack growth parameter.
The result of a constant AK test was discussed before in section 4.6 in the context of the
evaluation of the crack length measurement with digital image processing.
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Figure 5-5: Response of da/dN for material O at a constant AK condition of 0.35 MPavm
(sinus waveform of 4 Hz, temperature 80°C, load ratio R=0.1)
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Reference fatigue behaviour of materials O, T and F (figure 5-6)

A fatigue load of 4 Hz, with sinus waveform and a load ratio of 0.1 is defined here as the
reference fatigue load. The Paris fatigue behaviour of materials subjected to the reference
fatigue load at a temperature of 20°C is designated as the “refcrence fatigue behaviour”. The
effects of secondary parameters such as temperature, load ratio and frequency are evaluated in
comparison with the reference fatigue behaviour.

Figure 5-6 shows that, roughly speaking, matcrials O, T and F display similar reference
fatigue behaviour. The reference response of da/dN as a function of AK can be represented by
the Paris law with approximate parameter values of m = 3.5 and C = 20. (The dimension of C
uses da/dN in nm/cycle and AK in MPa'm).

The AK range for reference fatigue crack growth ranges from 0.7 to 1.5-2 MPa'm, with
corresponding crack growth rates of 2 to 200 nm/cycle.

The upper limits of AK in the curves of figure 5-6 approximately mark the transition from
fatigue to final ductile fracture. However, the lower end of the curves do not represent fatigue
threshold values. Very low AK values were simply not tested, in order to restrict the duration

of tests to reasonable times.

1000 ¢

E— et l 1
— L=
—7 180 °C -
AW — i
| ,20°C
E 100 e + ‘ o k/,]v . I"III - =
<_>)‘  TITA — /4 — y A 77,,,// T
%) _ / i /4 [+ @
e i
= ] o “|reference fatigue ]
Z | o - behaviour " N
2 10 1 / e e s e
'O /’ i A H : ‘ - —
o i / S i ! -
— 1 o/l :
. |F .
T | ‘
1 * x 1
0.1 1 AK [MPaVm] 10

Figure 5-6 :  Fatigue behaviour of materials O, T and F as a function of AK
(sinus waveform of 4 Hz, load ratio R=0.1).

75



Chapter 5: Crack growth results

Effect of test temperature on da/dN for materials O, T and F

At an increased temperature of 80°C the fatigue crack growth rates of materials O and T are
promoted. In contrast, fatigue crack growth of material F has stopped completely, even though
a precrack initiated at 20°C was present.

The effect of temperature on da/dN (materials O and T) can be quantified as the multiple by
which da/dN increases at the same level of AK (i.e. vertical shift in figure 5-6),

For materials O and T the vertical shift in da/dN is approximately a factor of 50 when the test
temperature increases from 20°C to 80°C. The slopes m of the curves are not affected by the
change in test temperature. Therefore, the AK sensitivity is the same at both temperatures,
indicating similar crack growth mechanisms.

The fatigue crack growth stop of material F is consistent with the creep crack growth
behaviour, for which crack arrest also occurs at a test temperature of 80°C. Apparently the
additional damage of fatigue is not enough to initiate crack growth.

The vertical shift in da/dN of materials O and T at increased temperature does not extend to
the upper fatigue regime, as at increased temperature the transition from fatigue to final
ductile failure occurs at lower levels of AK (i.e. the upper fatigue regime displays a horizontal
shift). As a consequence the maximal attainable values of da/dN are not greatly raised by an
increased test temperature. Hence, in fatigue testing an increase in test temperature is not very
effective as a means of reducing testing times. This is in contrast to the situation for creep
crack growth testing, when increasing temperature can reduce testing times dramatically.

The observed promotion of da/dN with increased temperature is not all that obvious. As in all
thermoplastics a temperature rise in polyethylene causes a shift to more ductile fracture
behaviour. In general, ductile materials tend to show greater fatigue resistance. In [53] this

brnen A S £ A .
trend is confirmed when different typcs (9]

However, ductility achieved by increased temperature is accompanied by a considerable drop
in mechanical strength (yield strength, increased creep). In spite of the improved ductility, this
apparently causes an overall increase in fatigue crack growth rates.
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Effect of frequency on da/dN for materials O, T and F at test temperatures of 20°C and
&0°c

Figures 5-7, 5-8 and 5-9 show fatigue behaviour of materials O, T and F respectively, tested
at frequencies of 0.4 Hz and 4 Hz and temperatures of 20°C and 80°C.

At 20°C all materials O, T and F display a similar frequency effect, with an approximately
doubled crack growth rate at a decade lower frequency of 0.4 Hz. Therefore, at room
temperature the Frequency Sensitivity Factor is 2 for all materials.

Within the same type of material, the slopes m of the curves are not affected by the change in
frequency, reflecting the same sensitivity with respect to AK. The consistent AK' sensitivity is
an indication of similar crack growth mechanisms at the frequencies applied.

The frequency effect is more pronounced at a test temperature of 80°C with FSF = 6 and 3 for
materials O and T respectively (material F cannot be evaluated at 80°C).

The observed FSF values between 2 and 6 demonstrate a mixture of cyclic and creep
mechanisms during crack growth under cyclic loading conditions. The increased values of
FSF at higher temperatures represent increased creep contributions, induced by temperature.
At 80°C, fatigue crack growth in material O (FSF = 6) has more creep aspects than material T
(FSF = 3).

Note:

As will be discussed later, frequencies of 4 Hz and | Hz were used in the context of the
extrapolation load series (section 5.3, material O, square waveform, 80°C ). Within this
limited frequency range it was found that the crack growth rate per division of time (i.e. da/dt)
is not changed, indicating a creep-dominated crack growth mechanism.
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Figure 5-7: Effect of test frequency on fatigue behaviour of material O
(sinus wavelorm, load ratio R =0.1).
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Figure 5-8: Effect of test frequency on fatigue behaviour of material T
(sinus waveform, load ratio R = 0.1 ).
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Figure 5-9: Effect of test frequency on fatigue behaviour of material F
(sinus waveform, load ratio R = 0.1 ).
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Effect of load ratio on da/dN for materials O, T and F at test temperatures of 20°C and
80°c

As a definition, an increase in da/dN at higher load ratios (R) but thc samc AK level is
designated here as a positive Joad ratio cffect. Analogously, a decrease of da/dN at higher load
ratios and the same AK level is referred to as a negative load ratio cffect. A positive load ratio
effect is ascribed (o promoted creep mechanisms while a negative load ratio effect indicates a
dominating blunting mechanism (section 2.5)

Figures 5-10, 5-11, and 5-12 show fatigue behaviour of materials O, T and F, tested at load
ratios of 0.1, 0.3 and 0.5 and temperatures of 20°C and 80°C respectively. The slopes m of the
curves are clearly affccted by the change in load ratio. Thercfore the AK sensitivity of fatigue
crack growth depends on load ratio, indicating a shift in crack growth mechanisms.

In testing at higher load ratios, the range of AK will be reduced. Obviously an increased load
ratio yiclds higher K,y values at a given level of AK, whereas Ky« controls the transition
from fatigue to final failurc. Therelore, testing at higher load ratios limits the range ol AK.

From figures 5-10 to 5-12 it is apparent that the effect of load ratio on da/dN is not uniform
for the materials tested. At 20°C materials O and T show a negative and positive load ratio
effect respectively. However, at 80°C the situation is reversed and materials O and T now
show a positive and negative load ratio effect respectively. Thus, in both materials O and T
increasing test temperature inverts the effect of load ratio (from negative to positive for
material O and vice versa for material T).

Material F, only tested at 20°C, displays a negative load ratio effect. At a load ratio of 0.5
crack arrest occurs, which is ascribed to dominant blunting.

So far the cffects of load ratio have been considered in broad terms of “positive” or
“negative”, without considering different slopes of the curves at different load ratios. Different
slopes constitute a varying effect of load ratio over the range of AK. For example, in the case
of material O at 80°C, the cffect of load ratio is clearly positive at low values of AK, while at
high AK values the crack growth rates of R=0.1 and R =0.5 coincide. Apparently in this
case the effect of blunting overrules creep contributions in the upper fatiguc regime. Again,
however, contradictory effects are also observed. In material T at 20°C in the low fatigue
regime the curves of R = 0.1 and R = 0.5 coincide, while at high values of AK a clear positive
clfect of load ratio is observed. Hence, in this case creep contributions to da/dN apparently
overrule blunting effects in the upper fatigue regime.

All things considered, the effect of load ratio on fatigue crack growth is to be considered a
complicated issue. As discussed in section 2.5 the contradictory effects of creep (of fibrils)
and blunting result in the overall net crack growth rate. Obviously the competitive mechanism
of creep and blunting behave differently in materials ) and T resulting in different cffects of
load ratio.
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Figure 5-10 : Effect of load ratio on fatigue behaviour of material O
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Figure 5-12 : Effect of load ratio on fatigue behaviour of material F
(sinus waveform of 4 Hz).

Note:

Typically, in fatigue of metals, a positive load ratio effect is usually found which is ascribed to
the phenomenon of crack closure. Figure 5-13 shows the crack opening during a fatigue test in
polyethylene, triggered at maximum and minimum load level respectively. Although the
visible crack length is reduced slightly at minimum load level, physical crack closure is
thought to be unlikely, as the amount of crack opening is always substantial. Moreover, craze
fibrils in compression will buckle and lack the ability to withstand compression forces. All
things considered, crack closure is not thought to play a role in the effect of load ratio.

triggered at maximum load

load ratio R=0.1

triggered at minimum load

.
Fmin el MM W

Figure 5-13 : Crack openings triggered at maximum and minimum load level

respectively.
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Local crack tip heating

Direct temperature measurements at the crack tip were not performed within the context of
this thesis. The issue of local crack tip heating is considered theoretically.

Considering the composition of the crack tip as craze fibrils and adjacent bulk material, it can
be argued that craze fibrils are loaded more intensely than adjacent bulk material. Moreover,
hcat transfer from individual fibrils to surrounding bulk material is limited and causes fibrils
to be especially sensitive to hysteretic heating. Although hysteretic heating may occur in craze
fibrils, this is difficult to confirm empirically by direct measurement of temperature at isolated
fibril level.

When considering the net effect of local crack tip heating on crack growth, an indication can
be obtained by the effect of an ambient temperature rise on crack growth. A clear increase in
crack growth rate is found at rising ambient temperatures for materials O and T. A decrease in
frequency and a corresponding decrease in hysteric energy input should therefore lead to a
potentially lower temperature at crack tip level. Projecting the cffect of ambient temperatures
to local crack tip level, this implies a lower crack growth rate at lower frequencies. Indeed, on
lowering the frequency a decade from 4 Hz to 0.4 Hz, many experiments showed a decrease in
da/dt. However, some experiments in the frequency range of 4 Hz to 1 Hz resulted in the
same value of da/dr, which rules out a temperaturc effect in this frequency range. As a
conclusion local crack tip heating is thought to be at the most of minor importance at the
frequencies tested.
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5.3 Extrapolation load series

This section evaluates the behaviour of da/dN when fatigue loading is gradually changed to a
constant load.

Figure 5-14 contains the results of the extrapolation load series for materials O and T. The
level of Kpqy is chosen at 0.5 MPaVm for material O and at 0.7 MPaVm for material T. In this
way the value of da/dN in the fatigue regime is similar for both materials and results are
obtained within reasonable testing times. For material O the extrapolation load series is
performed with specimen thicknesses of 10 mm and 19 mm (for the sake of clarity only the 10
mm thickness results are presented in figure 5-14).

In material Q at incrcasing load ratios (i.e. decreasing AK) the crack growth rate decreases
systematically from 70 nm/cycle in the fatigue region (R =0.1) to a value of only 5-10
nm/cycle in the constant load condition (R =1). Morcover the crack growth rate of the
constant load condition is an extrapolation of the values in the fatigue region at rising load
ratios. The creep crack growth rate shown, da/dt, is expressed with dr = 0.25s (i.e. the time of
one 4 Hz fatigue load cycle). In this way da/dN and da/dt can be compared quantitatively in
figure 5-14.

The crack growth rate da/dN is given on a logarithmic scale as a {unction of the load ratio on a
linear scale. This representation was found to produce the clearest view on the relation
between fatigue and slow crack growth, as in this way test results can be approximated by a
straight line constituting an empirical relation da/dN = C ¢ in which C and n are fitting
parameters. In the case of material O the values are C=117 and n =3, while da/dN is
expressed in nm/cycle.

The crack growth response during the extrapolation load series of the 10 and 19 mm thick
specimens is basically the same'. However, the results of the 10 mm specimens correlate
somewhat better with the empirical model and the crack growth rates of the 19 mm thick
specimens are about 30% higher compared with the 10 mm specimens. The effect of thickness
can be ascribed to the influence of increased hydrostatic stress state in the thicker specimens,
with corresponding attenuation of crack tip blunting. Once formed, the crazes themselves are
not expected to be influenced much by thickness, as fibrils in the craze are in the uniaxial
stress state.

Like material O, material T also displays a systematic decreasing trend in da/dN at increasing
load ratios but the behaviour is confined to the fatigue regime (low values of load ratio). At
load ratios exceeding R = 0.5 fatigue crack growth in CCT specimens no longer satisfies the
systematic decreasing trend but is found to stop completely (crack arrest). Apparently a
balance between fibril creep damage and blunting is established in which blunting becomes
dominant and relicves the craze load under its threshold crack growth value. In section 2.5 the
interrelation of crack growth rate and creep blunting was discussed with reference to a

" For the sake of clarity the results of the 19 mm specimens are not presented.
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possible downward spiral of increasing blunting at decreasing crack growth rates. This

mechanism is held responsible for the crack arrest observed in material T
(R>0.5, Kyg, =07 MPa& m, extrapolation load series).
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Figure 5-14 :
situation (sine waveform of 4 Hz, 80°C).
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However, in spite of the crack stop observed the trend of the curve at low load ratios is
extrapolated to R = | to give an imaginary value of creep crack growth rate (da/dt);,, . The
extrapolation ignores the actual existence of a threshold load (in CCT spccimens) and shows a
theoretical prolongation of the balance in crack growth and blunting. The extrapolated and
imaginary value of the creep crack growth rate, (da/dt);,, , can be interpreted as a theoretical
upper limit of the creep crack growth rate in CCT specimens.

In contrast to the situation with CCT specimens, creep crack growth is actually established
during PENT tests of material T !, Moreover, in section 5.1 the stress-lifctime results were
used to quantify the parameters of a creep crack growth model, producing knowledge of da/dt
as function of K. The crack growth model predicts a value of da/dr=2nm/s at
Ker = 0.7 MPa/'m which  agrees  well  with  the  extrapolated  value  of
(da/dt);n = 0.3 nm/0.25s (= 1.2 nm/s). Therefore, the results of the PENT test for material T
give confidence in the extrapolation concept.

To limit the test duration, the extrapolation load series with material T were all performed at
Kpax = 0.7 MPavm. A direct comparison with the extrapolation load series for material O
(Kimax=0.5 MPaVm) is therefore not possible. Howcver, results as obtained in the
cxtrapolation load series can also be estimated from latigue results shown in figure 5-11. In
figure S-11, fatigue loads of (AK=0.45, R=0.1), (AK=0.35, R=0.3) and (AK=0.25, R=0.5)
represent Kyge values of 0.5 MPaVm at load ratios of 0.1, 0.3 and 0.5 respectively. The
corresponding values of da/dN are shown in figure 5-14, from which an extrapolated creep
crack growth rate of approximately (da/dt);;,, = 0.Inm/(0.255) can be estimated.

Compared with matcrial O this yields a factor of 50 decrcased crack growth rate of material T.
The ratio of 50 in creep crack growth between material O and T approaches the lifetime
results of PENT tests.

For material O the extrapolation load series is repeated with a square wave fatigue load.
According to the literature a square wave loading accelerates fatigue crack growth. The initial
idea was to obtain increased values of da/dN in the fatigue regime (low R values), while of
course the purc creep crack growth value (R = 1) remains unchanged. In this way, a somewhat
different transition of fatigue to creep crack growth is forced during the extrapolation load
series. However, for reasons which were not clear, da/dN for material O proved to be the
same for cyclic and square-wave loading. Results given in figure 5-15 (square wave) are
similar to the results of figure 5-14 (sine wave) and could be interpreted as a duplication load
serics.

However, another way of obtaining higher values of da/dN in the fatigue regime is by
lowering the frequency. This effect was used in an extrapolation series with material O using
a squarc waveform at a frequency of | Hz (figure 5-15). In this case, da/dN was actually
increased by a factor of 4 for all load ratios tested. Moreover, the results (1 Hz, squore wave)

" The exact reason why creep crack growth in material T occurs during PENT-tests but not in CCT specimens is
not understood. Results obtained with material O indicate that difterence in thickness is not likely to be
responsible.
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also satisfy a gradual transition from fatigue to creep crack growth, similar to the behaviour
observed in figure 5-14 (4 Hz, sine wave). Of course, creep crack growth (da/dt, R = 1) is not
affected by fatigue conditions. Therefore, it might be confusing to see different markers at
R=1 for the | Hz and 4 Hz results. These values, however, represent the same creep crack
growth value da/dr but are expressed as (dasdr)/f for the 1Hz and 4 Hz test series,
respectively. In this way, creep crack results can be compared quantitatively with the fatigue

results.
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Figure 5-15: Crack growth response of material O during the transition from fatigue to a
constant load situation (square waveform, 80°C).

For material T an extrapolation load series with a square wave and frequency of 1 Hz was also
conducted (figure 5-16 ) for a limited range of load ratios. The values of da/dN increase by a
factor of 4-8 on decreasing the frequency from 4 Hz (sinus) to 1 Hz (square). The extrapolated
and imaginary creep crack growth rates (da/dt);y, are 1 nm/s (4 Hz series)and 3nmy/s (1 Hz
series). In the ideal case both values of (da/dt);;,, would be identical, indicating the validity of
using fatigue to predict creep crack growth. Nevertheless, the predicted values of (da/dt)iy,
are of the same orders of magnitude and the difference could be ascribed to scatter in test
results in combination with the limited number of data points available for the extrapolation

procedure.
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Figure 5-16 ;. Crack growth response of material T during the transition from fatigue to a

constant load situation using dilferent frequencies and waveforms (80°C).

The consistent crack growth behaviour during the extrapolation load series using different
waveforms and frequencies suggests the general applicability of the principle.
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5.4 Results of interrupted fatigue tests

Interrupted fatigue tests were performed in order to evaluate the role of crecp-induced
blunting during crack growth. In materials O and T constant AK tests were performed with
Kinax levels of 0.5 and 0.7 MPa'm respectively (R = 0.1, 80°C, f = 4Hz), normally producing
equivalent crack growth rates in both materials of 40-60 nm/cycle. At subsequent crack
growth intervals of 4 mm the cyclic loading was stopped at a level corresponding to Kj,qx of
the cyclic loading. Each interruption was of a different duration, ranging from 5 minutes to 5
hours.

Figures 5-17 and 5-18 represent N-a curves of the interrupted fatigue tests in materials O and
T respectively. After cach interruption a plateau in the N-a curve occurs, represcnting a
temporary crack arrest caused by creep-induced blunting. During the constant loading periods
the crack length signal also increased by a discrete amount, ranging from 0.5 to 2 mm. This
apparent crack growth occurs under constant load conditions but is too large to be interpreted
as “creep crack growth”. Most likely the increase in the crack length signal, within the
constant load interruption, is caused by blunting. In addition, the image processing technique
of measuring crack lengths probably responds somewhat differently to the suddenly changed
(i.c. blunted) crack tip geometry. In figure 5-19 the image of the crack is given in the situation
of stationary fatigue crack growth (AK = 0.45 MPaym). The image of the crack is also given
at the moment when the load is kept at the value corresponding to K, for 4800s. A
pronounced crack tip opening and blunting is clearly visible, with a consequent increase in the
crack length value measured.

In figure 5-20 the dclay of crack growth is given as a function of the hold time periods
applied, showing a consistent trend of increased delay times at increased hold-time periods.
This clearly demonstrates the inferaction of blunting crack growth. as introduced in scction
2.5.

The retardation, after a temporary fixed load condition, is to a certain extent, comparable to
the well-known overload response of fatigue in metals. The interrupted fatigue tests, discussed
herc for polyethylene, do not involve absolute overloading, i.e. Kyqe is not cxceeded.
However, the interaction of average load level and creep mechanisms implies that the
designation overloading can in this case be applied to the “average load level”.
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Figure 5-17 : Fatigue crack growth delay in material O after periods of constantly maintained

load levels (at Kj,4y) during a constant AK fatig
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Figure 5-18 : Fatigue crack growth delay in material T after several periods of constantly
maintained load levels (at Kj,4y) during a constant AK fatigue test.
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Figure 5-19: Image of the crack during stationary fatigue crack growth and after a
maintained load level corresponding to Kj;,; for a time of 4800s
(material O , fatigue test: AK = 0.45 MPavym, R = 0.1, f=4 Hz, T=80°C).
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Figure 5-20: Delay periods of crack growth as a function of hold times for materials O and
T (see also figures 5-17 and 5-18).

90




Chapter 5: Crack growth results

5.5 Discussion: relation between fatigue and creep crack growth

The general fatigue behaviour in figure 5-6 (80°C, sinus 4 Hz ) showed a factor of 3-5 increase
in the value of da/dN when material O is compared with material T. The PENT tests
produced a factor of 50-100 increased creep crack growth rate of material O compared with
material T (figure 5-1).

Therefore general fatigue behaviour may reflect a trend in creep crack growth behaviour when
materials are compared. However, accurate data for creep crack growth was not obtained.
When fatigue loading is cxtended to the more specific loading schedule of the extrapolation
load series a better estimate of creep crack growth behaviour is obtained(figures 5-14, 5-15
and 5-16).

Faradoxical results concerning the role of creep damage during fatigue (material O)

In section 5.2 the effect of load ratio is discussed with respect to load-level induced creep
contributions. Creep contributions are recognised as having contradictory aspects, namely
creep-induced fibril damage (promoting crack growth) and blunting (attenuation of crack
growth). In section 5.2 frequency effects are ascribed to pronounced time-induced creep
damage per load cycle at the extended periodic times of lower frequencies.

Tn material O (figure 5-7) a considerable frequency cffect is observed at 80°C during fatigue at
test frequencies of 0.4 Hz and 4 Hz (FSF = 6). The effect of frequency is also found in the
extrapolation load scrics results of figure 5-15, in which at 4 Hz and 1 Hz an identical value of
da/dt is measured. An unchanged value of dasdr at different frequencies is generally
considered to be a very strong indication that crack growth is dominated by creep mechanisms
(independent of damage per load cycle).

In the extrapolation load series a pronounced cteep contribution could be assumed at the
higher load ratios, due to the corresponding high average load levels. From this point of view
the ultimate creep contribution is to be expected in the constant load situation at R = 1. The
crecp crack growth rate, da/d, in this situation (R = 1) is found to be only 5% of the crack
growth rate in fatigue, da/dN at R =0.1 (figures 5-14 and 5-15). Seen in this light, creep
contributions cannot be substantial during fatigue.

Thus, frequency effects would appear to suggest that a major role is played by creep
mechanisms during fatiguc. However, extrapolation load series show the opposite effect,
namely a minor role of creep during fatigue.

The conclusion must be that creep mechanisms during fatigue cannot be accounted for by a
simple linear superposition of creep crack growth behaviour on the fatigue component. Creep
damage during fatigue contributes to crack growth in interaction with the fatigue mechanism.

The answer to the paradox of creep contributions during the extrapolation load series can be
found in the effect of cyclic damage on the degree of blunting. In section 6.1, cyclic loading of
drawn polyethylene will be obscrved to cause failure at decrcased levels of deformation.
Therefore cyclic damage embrittles the fibrils of the craze, resulting in a diminished amount
of craze-inherent blunting. In fatigue the crack will be sharp compared with the situation
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under constant load conditions. In effect, the sharpness of the crack in fatigue can be regarded
as the fundamental cause of high crack growth rates under fatigue conditions.

“Obstruction of blunting induced by fatigue” can be considered as the governing mechanism
of fatigue crack growth.

Naturally, in a specific fatigue condition, mechanisms of creep-induced blunting also remain
significant, as is clear from the frequency effect.
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6. Micromechanisms at crack tip level

The test results discussed in this section are evaluated specifically in relation to crack growth
behaviour. The main interest is to assess if crack growth behaviour can be related to more
straightforward mechanical properties.

6.1 Tensile and creep tests of bulk material and material in the stretched condition

Tensile test results

In figures 6-1 and 6-2 the stress-strain curves of materials O, T and F are shown, using
standard test specimens at test temperatures of 20°C and 80°C respectively. The tests do not
extend to fracturc of the specimens, due to the occurrence of large strains in combination with
the practical limitation of extension range. The test results demonstrate similar mechanical
behaviour for all materials with yicld strengths of 21-25 MPa at 20°C and 6-7 MPa at 80°C.

In figures 6-3 and 6-4 the stress-strain curves of materials O, T and F are shown, using fibril
test specimens at test temperatures' of 20°C and 80°C respectively. The yield strength values
now vary from 22 to 28 MPa at 20°C and from 8 to 14 MPa at 80°C. It should be noted that
the fibril specimen geometry is not standardised and therefore the “fibril” yield strengths
obtained arc not official. However, with fibril specimens, a complete test until fracture is
obtained. After yiclding and the subsequent drop in stress level the material is stretched, with
corresponding strain hardening. The strain hardening region begins at a strain of about 100%
and extends to fracture strains of 300% to 800%, depending on material and test temperature.
The final stress at fracture can be as high as or cven exceed the yield stress. It should be noted
that stress and strain levels (i.e. ¢ and €) mentioned here are “engineering” values. It is
recogniscd that true strain is given by /n(1+€), while true stress is given by o(l+eg) if a
constant volume is assumed during plastic deformation. To give a general idea, a fracture
stress of o =15 MPa at a plastic strain of € =800% corresponds to a true stress level of
135 MPa at a true strain in the order of 200%. The use of true stresses could be useful in order
to harmonise stress levels obtained at distinct strains. However, figures 6-3 and 6-4 show that
most strains observed are of the samec order of magnitude. Therefore, simply using of
cnginecring values is maintained.

At the moment there is no general rule by which crack growth behaviour and tensile propertics
can be related in a consistent and quantitative manner. However, there is a qualitative trend of
improved crack growth resistance in morc ductile materials. This general trend is, not
however, reflected in figure 6-4, where all materials display the same ductility (represented by
strain at fracture) whereas their crack growth behaviour is very distinct. Therefore, a tensile
test definitely cannot discriminate between the crack growth behaviour of materials O, T and
F.

" AL 20°C, the tensile tests with fibril specimens are performed at the very low speed of 0.Imm/min. At higher
speeds tibril specimens were found to fracture too early at the end of the specimens (near the gripped area).
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Figure 6-2: Stress-strain curves of materials O, T and F, using normal tensile specimens at
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Figure 6-3: Stress-strain curves of materials O, T and F, using fibril tensile specimens at
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Figure 6-4: Stress-strain curves of materials O, T and F, using fibril tensile specimens at
80°C.
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Creep results of bulk material using standard specimens

Figures 6-5 and 6-6 give creep results for materials O, T and F, using standard specimens, at
stress levels of 2.5 MPa and 5 MPa respectively. A stress level of 5 MPa corresponds to 30-
80% of the yield stress of bulk material (depending on the material). This relatively high creep
stress level is chosen to reflect the creep characteristics of highly loaded bulk material at the
crack tip area. The duration of the creep tests is long in order to cover the periods associated
with long-term creep crack growth behaviour.

The creep results demonstrate non-linear crcep behaviour. The final levels of creep
deformations are found to increase by factors of 7, 4 and 1.6 for materials O, T and F
respectively when the stress level is doubled from 2.5 MPa to 5 MPa.

The creep results should reflect the degree of blunting of bulk material around the crack tip. A
high creep deformation and correspondingly high degree of blunting constitute a crack growth
inhibitor. From crack tip observations, which will be discussed later in section 6.2.2, most
bulk blunting is actually found to appear in material F. Comparing materials F and T,
pronounced bulk blunting of material F is in accordance with creep results of figures 6-5 and
6-6.

Material O displays most creep deformation at the 5 MPa stress level. In contrast, however,
bulk blunting of material O at real crack tips is found to be limited (as will be discussed in
scction 6.2.2). There are two arguments which may be given in explanation :

1) pronounced non-linear creep in material O:

Although the creep deformations in material O are pronounced at the high stress level, this is
not the case at the low stress level. At the low stress level, creep in material O is situated in
between the behaviour of materials T and F. Projected to the situation at a crack tip, this
means that pronounced blunting in material O only extends to highly loaded bulk material in a
close area around the craze.

2) Viscous behaviour of creep deformation in material O (only at 6=5 MPa).

Materials T and F show typical creep behaviour in which creep deformations are
predominantly produced shortly after load application, with subsequent stabilisation of creep
level at prolonged loading times. This type of creep response is characterised by the parallel
damper-spring model (Voigt element), as was discussed in scction 2.1.

Material O shows a more viscous creep response in which creep deformation continues to
increase throughout the test. The viscous behaviour can be visualised by the serial damper
spring model (Maxwell element), as discussed in section 2.1. Although the creep deformation
in material O is pronounced at prolonged testing times, this is not yet the case within a
confined load period (several hours). It is in the time domain of hours that creep crack growth
in matcrial O is manifested and consequently the viscous crecp of material O has no
significance in this respect.

The creep results of bulk material of materials O, T and F show that therc is no simple
relationship with crack growth behaviour. The ranking of materials O, T and F from poor to
excellent creep crack growth resistance (figure 5-1) cannot be ascribed exclusively to creep
behaviour of bulk material (figures 6-5 and 6-6).
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Figure 6-6: Creep response of materials O, T and F
(bulk material using standard specimens, 5 MPa, 80°C ).
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Creep failure results of stretched material using fibril specimens

In figure 6-7 the creep response of materials O, T and F in the stretched condition is given for
a test temperature of 80°C and a creep load of 200 N (= 10 MPa). Clearly all materials finally
fail, whereas material O shows a distinctively short failure time compared with materials T
and F. The short creep failure time of material O confirms pronounced viscous creep
behaviour this material, as was already observed in the creep response of bulk material (i.e.
standard specimens). The short creep failure time of material O implies a short lifetime of
fibrils in real crazes, with consequent promotion of creep crack growth. Indeed, material O is
more sensitive to creep crack growth than materials T and F. However, creep failure times as
tested with fibril specimens do not rank materials by the same amount as is observed in actual
creep crack growth tests (i.e. PENT tests). Under creep crack growth conditions, the lifetime
of material O is found to be only 1-2% of the values observed in material T (figure 5-1, PENT
test results). Using fibril specimens, the creep failure time of material O covers about 30% of
the value found for material T. Therefore, creep results of stretched material reflect creep
crack growth behaviour in a qualitative manner only.

A creep failure test simulates failure of an isolated fibril and does not account for interactions
with crack tip geometry (i.e. aspects of blunting). The most direct observation of crack tip
blunting is discussed in detail in section 6.2.2. It is found that materials O and T display
similar amounts of blunting, while material F shows a distinctly excessive amount of bulk
blunting. Clearly, in the case of material F, the huge amount of bulk blunting is responsible
for its excellent creep crack growth resistance. However, when comparing materials O and T,
which have the same degree of blunting, interaction of blunting cannot account for the very
distinct creep crack growth behaviour of the two materials.

Tn
i

n conclusion, the creep failure times of stretched material can be considered a qualitative
indication of creep crack growth behaviour. An increasing creep failure time in addition to the
possibility of bulk blunting results in increasing crack growth resistance.

Fatigue failure results of stretched material using fibril specimens

In figure 6-8 the creep response of material O is given, using fibril specimens tested under
fatigue conditions (sinus, 0.3 He, 80°C) at several load ratios. The test procedure is discussed
in section 3.4. During all tests the value of Fy,,, =200 N is maintained. The load ratio R =1
represents the creep failure test as discussed earlier (figure 3-3).

The failure times, as shown in figure 6-8 appear not to relate systematically to the load ratios
applied. The fatigue failure times (R = 0.1 to 0.7) all appear to be of the same order, about two
hours, while the pure creep failure time is 10 hours. The results do not simply reflect
differences in crack growth rates between fatigue crack growth and creep crack growth, as
found in the extrapolation load series. Again, however, it can be argued that testing isolated
fibril materials does not account for interactions with crack tip geometry.
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Figure 6-7: Creep response of drawn materials O, T and F
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Figure 6-8 : Creep responsc of material O under cyclic loading conditions
(using fibril specimens, Fuqy = 200N, various load ratios, 80°C.).
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In this respect it is interesting to note that the strain at failure in figure 6-8 consistently drops
at decreasing load ratios, along with decreasing load levels. Therefore fatigue loading causes
cycle-induced damage, manifested as embrittlement (i.e. failure at lower strains). Applied to
real crazes, lower strains of fibrils constitute less “craze-inherent blunting” and consequently
more intense loading of fibrils. As a result, more brittle failure of fibrils constitutes an
increase in crack growth rate.

In section 2.5, the effect of blunting on crack tip stress levels was discussed by comparison of
two blunted crack tips ( equation {4}). From the simulated fibril behaviour of figure 6-8 it is
found that the fibril strain at failure, at a load ratio of R =1 (i.e. constant load condition), is
about a factor of 2.5 times the value of the fatigue condition at R = 0.1. In terms of blunting in
real crazes this would relate to an increased stress intensity (according to equation {4}) by a
factor of ~/2.5. Consequently the crack growth rate is increased by a factor of (+/2.5)35=5
according to the Paris fatigue law for material O (equation {2}). In reality, fatigue conditions
(R =0.1) were found to enhance crack growth by a factor of 15 compared with pure creep
crack growth (R =1, material O). Therefore the embrittlement of simulated fibrils and
corresponding crack sharpness do not entirely explain the fatigue mechanism. In the next
section, however, the appearance of fracture surfaces indicates a more pronounced difference
in fibril lengths compared with results obtained from the simulated fibril tests. Moreover, in
section 6.2.2, crack tip geometries produced under fatigue and constant load conditions are
compared with the observation that under fatigue the fofal amount of blunting (CTOD ) is
reduced by a factor of 5. According to equation {4} the stress intensity is consequently
increased by a factor of +/5 and with the Paris fatigue model for material O this results in an
increase in crack growth rate by the amount of (v/5)33 =17. Therefore, the blunting as
measured in real crazes justifies the ratio of crack growth rates under fatigue and constant load
conditions, as observed in the extrapolation load series.

In conclusion, embrittlement of stretched material during fatigue can be considered an
important cause of increased crack growth rate under fatigue conditions,
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6.2 SEM observations of fracture surface and crack tip geometry

The appearance of fracture surfaces and side views of crazes (crack tip geometry) will now be
discussed.

6.2.1 Fracture surfaces

Fracture surfaces of the extrapolation load series (CCT specimens)

Figurcs 6-9 and 6-10 show the fracture surfaces of specimens as tested in the extrapolation
load serics (figure 5-14) for materials O and T respectively. The fracture surfaces therefore
mark the transition from fatigue to creep crack growth. For material T only load ratios up to
R = 0.5 are available.

At rising load ratios the fracture surfaces cxhibit a rougher appearance with a larger fibril
structure. The increasc in fibril dimensions as observed on the fracture surface is in agreement
with results obtained in the simulated fibril tests (see previous section), in which strains also
increased at rising load ratios. Moreover the change in fibril dimensions at the fracture
surfaces seems to be more pronounced compared with results found in the simulated fibril
tests. This supports the previously discussed relationship between fibril cmbrittlement,
blunting and crack growth rate, based on the simulated fibril tests (section 6.1).

Fracture surfaces of PENT tests

Figurc 6-11 gives an overview of the fracture surface of a PENT test specimen (material O,
80°C, ¢ = 2.4 MPa). During crack growth the stress intensity level has increased producing
larger craze dimensions. As a result, the fracture surface has a rougher appearance at higher
crack lengths.

Figures 6-12a), b), c) are obtained by tilting the specimens in the microscope, giving a three-
dimensional impression of the fracture surfaces (material O, stress levels 6=2.7, 3.6 and 4.2
MPa respectively). A clear view of discontinuous crack growth bands can be seen in the
specimen of the low stress level (6 = 2.7 MPa). The transition from brittle to ductile failure is
visible on the fracture surface as a change from a fibrillated structure to a smooth surface.
Figures 6-13a) and b) show the fracture surfaces of material T, tested at stress levels of 2.7
and 4.2 MPa respectively, with an appcarance similar to that obscrved in material O.
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Figure 6-9: Fracture surfaces of extrapolation load series specimens of material O.
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Figure 6-9: Fracture surfaces of extrapolation load series specimens of material O
(continued).
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Figure 6-9: Fracture surfaces of extrapolation load series specimens of material O
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Figure 6-10: Fracture surfaces of extrapolation load series specimens of material T.
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Figure 6-10: Fracture surfaces of extrapolation load series specimens of material T
(continued).
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Figure 6-11: Overview of the fracture surface of a PENT test specimen
(material O, 6 = 2.4 MPa, 80°C).
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Figure 6-12: Tilted views of the fracture surface of PENT test specimens
(material O, stress levels 6 = 2.7 and 3.6 MPa respectively, 80 °0).
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Figure 6-12: Tilted views of the fracture surface of PENT tcst specimens
(continued)  (material O, stress level ¢ = 4.2 MPa, 80°C).
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b) G =4.2 MPa

Figure 6-13: Tilted views of the fracture surface of PENT test specimens
(material T, stress levels ¢ = 2.7 and 4.2 MPa respectively, 80°C).

110




Chapter 6: Micromechanisms at crack tip level

6.2.2 Crack tip geometry

Blunting and craze length properties under constant load conditions (80°C)

Figures 6-14a, 6-15a and 6-16a give crack tip geometries at a relatively early stage of craze
development for materials O, T and F respectively (PENT test, ¢ = 2.4 MPa). The crack tip
geometries of materials O and T are very similar, both having a craze length of L, = 600 yum
and a total crack tip opening displacement (CTOD;yq) of 150-200 um. Therefore, the
distinctive crack growth behaviour of materials O and T is not related to differences in crack
tip geometry. In section 6.1 the short creep failurc times of fibrillated material O is mentioned
as a cause of the relatively high crack growth rate of material O.

Material F displays a very different crack tip geometry when compared with materials O and
T. The large amount of bulk blunting (CTODy,) 1s particularly obvious and can be held
responsible for the high crack growth resistance of material F. It should be noted that for all
materials O, T and F the craze-inhercnt amount of blunting (CTOD (,4,.) is about the same.
This is in agreement with creep failure results of the simulated fibril tests (section 6.1) in
which all materials displayed similar amounts of elongation (figure 6-7).

Figures 6-14b, 6-15b and 6-16b show crack tip geometries of materials O, T and F
respectively, at extended loading times (PENT test, 6 = 2.4 MPa). It should be recalled that
the crack tips observed at different loading times were created with a razor blade, in different
specimen samples. Thus the crack tips at different loading times are not physically the same
and may differ somewhat in appearance, in addition to the isolated effect of loading time.

By comparing crack tip geometries at short and extended loading times the development of
crack tip geometry during loading can be evaluated (see table 6-1). In all materials O, T and F
both the craze length (L) and the craze contribution to blunting (CTOD ,4;.) remain almost
unaffected by loading time. This observation can be related to results of creep experiments
with simulated fibrils (figure 6-7), in which a plateau in creep deformation is observed during
loading time. Therefore creep damage in fibrils, during loading, is not caused by macroscopic
deformations.

With regard to bulk blunting, materials O, T and F behave differently. In material O (figures
6-5 and 6-6) the amount of bulk blunting is limited at short loading times and remains so for
extended loading times. Obviously the fibrils of the craze fail before bulk blunting can take
place. (The short creep failure time of material O is also manifested during the simulated fibril
tests (figure 6-7, scction 6.1).

Material T does not show any bulk blunting at short loading times (figure 6-15a), while at
prolonged loading times some bulk blunting develops (figure 6-15b). The fibrils of material T
withstand prolonged loading, enabling bulk blunting to occur (see also figure 6-7, section 6.1).
However, the amount of bulk blunting produced does not relieve the craze enough to prevent
ultimate failure of the actual craze. As mentioned before, cven at short loading times a huge
amount of bulk blunting is present at the crack tip of material F. Figure 6-16b shows the crack
geometry after a very long loading time, at a stage when crack arrest can be assumed. The
amount of bulk blunting has further increased, whereas dimensions of the actual craze (i.e.
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CTOD (ryze and L) remained relatively unaffected. Obviously, the large amount of bulk
blunting in material F relieves the loading of the actual craze, with crack arrest as a result.

'b) late stage of loading

Figure 6-14 :  Crack tip geometry of material O at a relatively early and relatively late stage
of loading respectively.
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b) late stage of loading | udNa PERSIMT

«

Figure 6-15: Crack tip geometry of material T at a relatively early and relatively late stage
of loading respectively.
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" a) carly stage

Figure 6-16 :  Crack tip geometry of material F at a relatively carly and relatively late stage
of loading respectively.
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Dugdale craze dimensions

The Dugdale model was originally developed to model the plastic zone size in metals,
assuming idcal clastic-plastic deformation behaviour. The craze length L. according to
Dugdale becomes:

2
| K
Lc'.[)ugtlalc' = —8-[_] {9}

O'),

The definition of the yicld stress oy, in the Dugdale model applied to crazes, is open to some
discussion, since the crack tip is a two-phase system containing bulk material at the craze
boundaries as well as highly drawn material within the actual craze.

The yield stress of bulk material, in combination with a hydrostatic stress component, governs
the initiation of craze from the notch. In this respect, use of the yield stress of bulk material in
equation {9} seems reasonable. On the other hand, growth of an existing craze depends on the
mechanical response of fibrils and this implies that yield behaviour of drawn material should
be used in cquation {9}.

To avoid interpretation problems concerning the value of oy, in equation {9}, the Dugdale
model is used to calculate a value of o, which satisfies the craze length L ;neqs., as measured
from the side view images. The calculated value of oy is referred to as inferred yield stress,

Oy, inf.

4
o {9a}
Y. 8L(~J7zeax.

The calculated inferred yield stress can be compared with tensile properties of standard tensile
specimens (oy of bulk material) and fibril tensile specimens (lower and upper drawing stress,
see figure 6-4). Table 6-1 summarises the results. The data of table 6-1 indicates that the
Dugdale model predicts realistic craze length values when the upper drawing stress is used for
oy in equation {9}.

Although material F displays a huge amount of bulk blunting, this is not reflected in a smaller
craze length when compared with the predicted Dugdale value. Here it can be argued that bulk
blunting probably occurs after the craze has already been initiated.

Apart from the craze length the Crack Tip Opening Displacement (CTOD) in plane stress can
also be calculated according to Dugdale’s strip yield model. In [41] the expression is given as:
2
, K

CTOD[)/tgdale = b—O"— {10}
Analogously to the evaluation of the Dugdale craze length, the yield stress can be calculated
from equation {10} if the CTOD is measured.

In addition to the parameters discussed earlier, equation {10} also contains the elastic
modulus as a parameter. Enlargements of figures 6-2 and 6-4 were used to obtain the tangent

at the origin of the stress strain curves, reflecting the elastic modulus. In this way elastic
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moduli of 120 MPa, 175 MPa and 85 MPa were estimated for materials O, T and F
respectively. Inferred yicld stresses according to equation {10a} are incorporated in table 6-1.
Inferred yield stresses based on CTOD measurements are found to be more related to the yield
stress of bulk material than the upper drawing stress of drawn material. Therefore the CTOD
calculation according to equation {10} gives reasonable results when the yield stress of bulk
material is used.

In conclusion, the Dugdale model can give a reasonable impression of the crack tip geometry.
The upper drawing stress of drawn material is suitable for calculating the craze length, while
the yield stress of bulk material is more appropriate for calculating the total amount of
CTOD.

Mat. O Mat. T Mat. F
Crack tip properties:
Loading time [hrs] 1 3 100 800 200 9600
Figure reference 6-14a | 6-14b | 6-15a | 6-15b | 6-16a | 6-16b
Stress intensity K [MPavm] 0.5 0.5 0.5 0.5 0.5 0.5

Craze length measured [um] 630 640 630 610 460 640

Inferred yield stress [MPa]| 12.5 124 12.5 12.7 14.7 124
from craze length.

Total CTOD measured [um] 250 230 140 220 360 580

E-modulus at 80°C [MPa]| 120 120 175 175 85 85

Inferred yield stress [MPa]]{ 8.3 9.0 10.2 0.5 8.2 5.1
from CTOD

Tensile properties: values as measured from figures 6-2 and 6-4.

Yield stress bulk mat.  [MPa} 6.5 7.4 6.1
Lower drawing stress ~ [MPa] 6.2 8.1 5.6
Upper drawing stress ~ [MPa] 13.8 16.9 12.7

Table 6-1: Tensile properties as measured compared with yield stresses measured from
craze length and CTOD values.
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Blunting and craze length properties under fatigue conditions (80°C)

The study of crack tip geometry under fatigue conditions is limited to material O. Figure 6-17
shows the crack tip of a notched PENT test specimen loaded under fatigue conditions during a
loading time of one hour (Opmax=24MPa <> Kpax=05MPaim, R=0.1, f=0.3Hz,
T = 80°C). The crack tip geometry during fatigue (figure 6-17) can be compared directly with
the constant load condition represented by figure 6-14b. Table 6-2 summarises the crack tip
features of figure 6-14b (constant load) and figure 6-17 (fatigue).

TMC250

Figure 6-17: Crack tip gecometry of material O during fatigue conditions.

L, meas. CTOD (ryze | CTODpyii | CTOD 1141
[um] [um] Lpm] [um]
Constant load (figure 6-14b) 630 160 90 250
Fatigue (figure 6-17) 380 50 0 50
Ratio of dimensions under fatigue 60% 31 % 0% 20%
and constant load conditions.

Table 6-2: Crack tip geometry features under constant load and fatigue conditions.
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Obviously the craze dimensions under fatigue conditions are reduced compared with the
constant load condition, due to the lower average load level. In fatigue, the craze height
(CTOD ,14z¢) is reduced by a factor of 3. The simulated fibril tests (section 6.1) showed a
similar result, when fracture strain under fatigue conditions was reduced by a factor of 2.5
compared with the strain values under constant load conditions. Moreover the total amount of
blunting (CTOD ;44) is reduced by a factor of 5, the influence of which on crack growth rate
has already been discussed in section 6.1.

Stress and strain distributions in bulk material around the crack tip during constant load
conditions

Figures 6-18 to 6-20 provide a qualitative impression of relative strain and stress distributions
around crack tips of materials O, T and F (PENT tests at 6 =2.4 MPa and a temperature of
80°C). It should be recalled that the experimental technique involved craze initiation at a
temperature of 80°C, cutting a slice from the unloaded specimen and finally loading the sliced
sample at room temperature. The drawbacks of this procedure are given in section 3.5 (side
view of crazes).

The strain distributions all show a peak at the crack tip with a subsequent reduction along the
length of the craze. Obviously this response is due to the fact that at the crack tip the fibrils arc
drawn to their maximum extent with consequent high strain in adjacent bulk material.
Materials O and T display peak strains at the crack tip of 20-25%, while in material F the
value is limited to 14% due to the huge amount of blunting.

The strain values can be translated into stress levels using the stress-strain relation as
measured in tensile tests with standard tensile specimens (figure 6-2). However the
significance of this translation is limited, since the plateau in the stress-strain curve produces a
uniform stress level for a wide range of strain ievels. A uniform stress ievel along the craze
length then becomes apparent, as is confirmed in figures 6-18, 6-19 and 6-20 for materials O,
T and F, respectively. The stress levels determined in this way apply to bulk material at the
craze boundaries and do not reflect stress levels of drawn material within the craze. The
uniform stress level measured along the length of the craze is in agreement with the Dugdale
model.

The stress and strain levels measured provide an impression of how stresses and strains are

distributed along the length of the craze. The results cannot be related directly to crack growth
behaviour.
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7. Conclusions

This dissertation has focused on the crack growth behaviour of three polyethylene gas pipe

materials. Originally the aim of the research was to develop of a reliable accclerated test

method to predict long-term creep crack growth damage. During the process a more general

study of the crack growth of polyethylene also evolved. From the results the following
conclusions can be drawn.

)

2)

3)

4)

Simple CA fatigue tests are not suitable for accurate prediction of creep crack growth
behaviour. CA fatigue tests can be expected to give only a rough indication of the creep
crack growth behaviour (qualitative ranking of materials).

A series of fatigue tests in which the fatigue load is gradually transformed into a constant
load situation shows a consistent decrease in crack growth rate for two of three materials
tested. The crack growth data of the fatigue regime can be used to cxtrapolate towards the
situation of pure creep crack growth. In this respect fatigue can be used to predict long
creep crack growth within a relatively short testing time.

Crack growth in polyethylene is a repeated, discontinuous process of development,
weakening and {inal breakdown of the craze at the crack tip. The mechanism is referred to
as “discontinuous” or “retarded” crack growth and is apparent from macroscopic crack
growth bands on the fracture surface which can be related to crack growth steps
measured.

Discontinuous crack growth is a feature of both slow crack growth and fatigue crack
growth.

On a microscopic scale the fracture surfaces resulting from both creep crack growth and
fatigue crack growth exhibit a similar appearance, a fibrillated structure, indicating
similar crack growth mechanisms.

The crack tip is recognised as a two-phase system of highly drawn material within the
craze and bulk material at the craze boundaries.

Blunting of the crack tip is found to play an important role in crack growth behaviour.
The craze itself always provides a substantial amount of blunting, referred to as craze-
inherent blunting. Craze-inherent blunting can be substantial, due to the unconstrained
dcformation potential of fibrils within the craze. Deformation of fibrils within the craze
therefore constitutes damage but at the same time also causes the stress in the craze to be
relicved by the blunting mechanism.

In addition o craze-inherent blunting, deformation of bulk material around the craze
lcads to extra blunting (i.e. bulk blunting), which acts as a crack growth inhibitor.

Thus creep of highly drawn material (i.c. the fibrils) is the essential cause of crack
growth, while creep of bulk material can inhibit crack growth by providing an additional
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6)

7)

8)

9)

10)
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amount of blunting. Therefore crack growth behaviour results from a combination of both
bulk and drawn material.

During crack growth, part of the blunting is caused by creep deformations and depends
on load level as well as time under loading (i.e. crack growth rate). Therefore blunting
depends on the crack growth rate, while vice versa the crack growth rate is affected by
blunting. The crack growth rate and the amount of blunting are interdependent and exist
in balance with each other.

Fatigue crack growth in polyethylene is controlled by both cyclic and creep damage
mechanisms but cannot be considered as a simple superposition of both mechanisms.
Cyclic loading embrittles highly drawn material, effectively reducing the amount of
blunting, with acceleration of crack growth as a result.

The creep failure of a highly drawn fibril spccimen qualitatively indicates the creep crack
growth behaviour. In this way the complicated issue of creep crack growth is reduced to a
more simple level of testing.

Digital image processing is found to work very well for automatically measuring crack
lengths during fatigue testing of both polyethylene and polycarbonate. With automated
crack length measurement, tests are performed more efficiently, while crack growth can
also be controlled by AK.

Qualitative impressions of stress and strain distributions around a crack tip in
polycthylene are obtained. A fairly uniform stress level is found along the length of the
craze 1n accordance with the assumption of ideaily clastic-piastic mechanical behaviour.
The geometry of the crack tip in polycthylene is modelled appropriately by the Dugdale
strip yield model of a plastic zone.
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