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CHAPTER |
INTRODUCTION
1.1 Statement of problems

Since the discovery in 1933, polyethylene has grown to become one of the
most widely used plasties in the worl_d [1].-Thewversatility of this thermoplastic
material is demonstrated Dy the divé-rsity of -its_uses. At present high density
polyethylene (HDPE) resins are rigorous applications such as pressure—rated gas and
water pipes, landfill membranes, autgmotive fuel tanks and other demanding
applications. Polyethylene’s use as a piping material was first developed in the mid
1950’s when Ziegler catalyst: made ihé-' synthesis of high density of linear
polyethylene possible. The original use of,‘pioly_ethylene for pipe was in oil field where
a flexible, tough and light-weight piping proauct was needed to fulfill the needs of
rapidly developing oil and gas productioﬁ-_ industry. The performance benefits of
polyethylene pipe in these original oil and ga-:§ related applications have led to its use
in equally demanding piping instaliations suéh Es_ potable water distribution, industrial
and mining pipe, force mains‘and other criticaj%lpijﬂ:ications.

In the late decade of fast' Century, hig'h_-qénsjty polyethylene (HDPE) grades
possessing a bimodal molecular weight distribution (MWD) were successfully made
with tandem! reactor polymerization technology. Just verysrecently, Basell had
launched PE grades possessing a multi-modal MWD made with an advanced cascade
process (ACP). Fhese grades benefit from their bimodality by-having the strength and
stiffness of HDPE, while retaining the high-stress-crack resistance and processability
of unimodal medium-density; polyethylene"(MDPE) grades. Most of‘the commercial
PE100 pipe ‘grades pressure-rated*to be able*to withstand a minimum-circumferential
(hoop) stress of 10 MPa for 50 yedrs at 20°C are typical examples of bimaodality or
mudtimodality: Such PE100Q resins are ideally suited to the demanding agplication of
pipes for gas and water distribution.

In a commercial compounding process, it is very difficult to optimize the
compounding conditions, at which there is no significant degradation taken place, so
that the desirable polymer structures can be maintained as close as those of original

powder from reactors, and that pipe properties such as resistance to rapid crack



propagation (RCP) and to slow crack growth (SCG) for a high pressure ranking pipe
can be achieved. Therefore, care must be taken to prevent material from thermal and
shear damage during compounding. Levels of dispersions of high molecular weight
fraction of polymer and pigments shall fall into the ranges stipulated by standards for
HDPE pipe materials. Sizes of gels formed from long chain molecules, shown as
white spots under optical microscope, tell whether the mechanical shear is sufficient
to break down the original gel particles into smali*ones. Sizes of pigment, in the case
of carbon black, are also'measured by using an optiealmicroscope.

Properties of HDPE resins for pipe with eertain molecular weight distributions
are generally governed by-a property-processability trade-off. High molecular weight
(HMW), high-density pelyethyiene exhibits good stiffness and toughness but may
suffer from poor processability. Resins with bimodal molecular weight distributions
offer a balance between good mechanical 'broperties and processability [2]. Creep
rupture strength.and registance to rapid crack _propagation can also be achieved with
additional of HMW,portion present.n. sueh t;/pe of MWD. It was demonstrated that
the performance of the high density pdlyetbylene pipe material under service
conditions was dependent on the nature of the:r_mi:crostructure of each fraction and also
on its relative ratio, and that a batance of th(-e"c'régp, rupture, stress crack resistance and
resistance to rapid crack propagation can be bﬁbt’eij'rﬁed by altering the composition of
the polyethylene resin. ; _ :

However it Is difficult to disperse high molecularfweight (HMW) and
pigments in HDPE pipe compound matrix without any degradation of the polymers
because, on one-hand, the portion of very high molecular weight is more susceptible
to shear and heat,-on the other hand, addition of pigment like-earbon black at percent
level would tremendously lift melt viscosity: of the matrix and make extrusion
conditien more harsh.‘In jorder to improve carbon black dispersion in"HDPE matrix, it
is needed to optimize the amount of pigment dosing, screw configuration, feed rate,
temperatures profile and screw speed. Therefore, MWD plays such an important role
ine PE100 resin’s- performance, scientists: and” manufactures ‘have showed 'a great
concern on“the relation of molecular structures to “the"rheological” behaviors and
physical properties of a series of high density polyethylene pipe grades with bimodal
molecular structures.

Besides the requirements on features of raw materials, it was also known that

extrusion conditions has significant effects on physical properties of the finished



compounds because too high screw speed (high shear rate) will partially cause chain
scissions of very high molecular weight molecules, too low screw speed may not be
sufficient to bring the gel size down and to achieve proper distribution. Types he
pigments and additive packages also affect properties of HDPE pipe compounds.
HDPE compound of pipe grades are usually prepared by using a melt extrusion
process through a co-rotation twin screw extruder. Because physical properties of a
HDPE (PE100) pipe grade compound are .dominated both by molecular weight
architecture of the polymer.and by homogengily-and morphology of the finished
compound, it is extremely challenging to achieve a compound of well dispersed gels
and pigment, which alsg.sustains the physical properties of the original resin without
material degradation duging compounding. Numerous parameters are influence HDPE
melt behaviors in _the progess,of compounding and performances in their service life.

Type of carben black and additivé b'ackages used for blocking UV light and
thermal stabilization play impertant roles *dur_ing processing and in service because
thermo-mechanical degradation and thermo:OXidation during processing in a co-
rotation twin screw extiider give rise to redﬁp.tiqn of properties of the compound used
for PE100 pipe if the/base materialsipossess bimddal structural distributions. Variation
of polymerization progess parameters r-rfé'yf also interfere in the degradation
mechanisms. Usually, competitions take placé%lrﬁjo':ng chain scission, chain branching
and crosslinking reactions [31: - El"darov et al. _[ALverified that these mechanisms are
influenced by shear rate and temperature and they are notusolated, but concurrent.
Thus, in a pracessing step, like extrusion, the thermo-mechanical degradation should
be avoided by earefully choosing processing parameters such as feed rate, screw
configuration, screw speed, barrel temperature profile aad chemicals such as
stabilizers, additives; type of carbon black asawell [5].

In this' thesis,” the "attention ‘is' focused on investigation of,the effects of
compounding “parameters such "as feed rate, ‘screwconfiguration;, screw speed,
temperature profile, and additive packages on mechanical properties of HDPE pipe
grade compounds. Varigus-eompounding conditions‘were fested in order’ie geta good
balance between dispersion of ‘each“component “and” mechanical propertiesof the
finished compounds.



1.2 Research objective

The purpose of this work is the preparation of the polyethylene pipe
compound having optimum properties using co-rotation twin screw extruder operated

at optimum conditions ( barrel tem

e, screw configuration, sample feed rate,
screw speed). ’

1.3 Scope of researc

1. Literaturere
2. Preparationfof HDPE cormpound twin screw extruder.

The study faet .- ws;-barrel t sample feed rate, screw

smg Gel Permeation

PE compounds by using

Differential Scanning forimete a d Fourier Transforms Infrared
# | an A

Spectroscopy (FT-IR)

5. Determination of pl M;? Ope r 1
53453 (Che Il notch creep test).
. -

e compounds according to DIN

6. Charactefization of the morphology nl,ﬁf by using optical

mlcroscm a m
7. Characterization of the rheology of the compounds by-using rheometer.
8. Summarizing gresults and dISCUSS
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CHAPTER I
THEORY AND LITERATURE REVIEW

2.1 PE pipe manufacturing

2.1.1 Molecular structure and strength

HDPE pipes are-manufactured by extruding the molten material through a
specially designed die. _Ihe .pipe is subsequently cooled in a water bath.
Manufacturing isweontinuous.and 'the pipe length is hmited only by practical
considerations. As alféadysmentioned, thermoplastics consist of very long molecules,
extensively, or sparely‘branched, whose chains may be packed together more or less
tightly, thus forming well-ordered areas ca-LLIed crystallite. As the chains are entangled
with each other begause' their -long len-gth,*fthe formation of crystallites can be
inhibited to varying degrees and thus; in clry_stalline polymer, unordered (amorphous)
areas are created between the (frystaIIite:éi.f’Si%iIarIy, extensively branched chain
molecules have greater difficultyin crystalliz{ng, than sparsely branched ones. Hence,
less-branched molecules give rise-to" more c-ril-siajﬁne polymers with higher density
(HDPE) than extensively hranched mOIEClE;(I__DPE). The melting point is that
temperature atwwhich thefér'y'stallite becomés'f;\}ﬁérbhous. Comsequently, in melted
state the polymet-has-an-amoiphous-structure-which-is-recovered to a more ordered
structure upon cooling. The slower the cooling, the greater the crystalline especially in
a less branched polymer. Usually, high material strength is required, which means that
high density and crystallinity are also desirable. However, rising molecular weight
creates~a highpmelt viseosityswhich sinflueneess iny its; turnwon-the material process
ability: duringipipe_manufacture. Thus, higher temperature and pressure are required,
such that extrusion technique becomes more complicated, especially for large

diameterpipes of greatywallthickness{6}.
2.1.2 The classification of PE pipe

It is well accepted that PE pipes are classified by pressure rate evaluation,
where reference is made to a draft ISO Standard Extrapolation Method. The relation



between hoop stress and time to burst measured at various experimental temperatures.
Brittle fracture is often characterized by a knife-sharp edge running parallel to the axis
of the pipe, e.g. perpendicular to the direction of the main stress. It is supposed that
ductile fracture, which requires a greater amount of stress than brittle fracture, occurs
after straining of the molecules in the crystallites. As the binding forces in the
crystallites are very strong, a large stress is,thus necessary to result in failure. During
pressure rate evaluation the modes of failurg aré also considered [6].

In recent years extended development wWork-has been undertaken by PE resin
manufacturer, which have resulted in materials-with better long-term strength and
temperature resistance. The classification is based on the minimum required strength
(MRS), which has'to be.applied for designing long-term loaded PE pipes operating at
a temperature of #20°C during at least 50 years. Thus, the first-generation pipes are
named PE 32, PE 40'and PE63. The secoﬁd—generation pipes PE 63 or PE 80. The
figures stand for'the MRS=values expressed in bar. By dividing these values by a
safety factor of 1.25: The third-generation ha;s peen developed recognized as PE 100
grade with a MRS of 100 bars.

2.1.3 PE pipe materials 7,

Most standards for-HDPE pipe referred rather wide range of compounds
properties, emphasizing for the user the importance to make sure, that the real long-
term behavior. does not differ significantly from the predicted one. An example of the
trend to try to get one standard only, covering a wide group of materials is the
recently proposed ISO and CEN standards for PE pipe. Hence, the classification is
now mainly based an the minimum requiredistrength (MRS) given as the minimum
tensile eircumferential stress in the pipe wall; for which pipe can be Ssubjected during
at least; 50 years at a temperature of 20°C without failure. That the strength
requirement is controlled by acceleration tests specified. in the standard. Asimentioned
ahove, the coendition for the long-term strength prediction ta be.valid is that the pipe
has been properly processed during manufacturing.

It is particular of thermal oxidation of the inner surface layer of the pipe,
which must be recognized. Therefore, a thermal stability test of the pipe is particularly

important. The required “induction time”, i.e. the time it takes for the exothermal



oxygenic degradation reaction to start in the test, is normally 10 minutes at 210°C.
However, for modern well stabilized PE pipes, significantly longer time periods can
be met. It is recommended to utilize such a special offer particularly in the case of
pipes meant for elevated water temperatures, such as pulp mill effluent transport, etc.
The oxidation can then be easily be further verified by regular IR analysis.

During recent years, some PE pipe failures have been recognized particularly
in the case of pipes used for natural gas supply"/At the failure, the sudden pressure
loss of the compressed gas has given rise to an.explosive type of process which has
caused the pipe to fail rapidby-with very long craek extensions in the axial direction.
The phenomenon has heen calied “rapid crack propagation” and has been subject to a
draft ISO standard (I1S@/DIS 13477 and 13478) for determining the critical hoop
stress, at which sueh a phenomenon might occur. In the case of pressure pipes for
water supply, due tosthe high compressic;n modulus of water compared with gas, the
same type of failure gives rise only o a’rath_e_zr short axial crack. This phenomenon
called “slow crack growth” has been subjecf to a corresponding ISO proposal for
determining the pipels resistance to créQK propagation susceptibility (ISO/DIS
13479). The pipe has been subject to a thgr:,mai oxidation of the internal pipe wall

surface already during the manufacturing. .

In the case of natural gas, condensatién c;T the gas into the liquid phase may
certainly further weaken the ‘oxidized internal ;piée surface and consequently hasten
the failure to show up. The risk for thermal oxidation during the manufacturing is
greatest when. extruding thick-walled or large diameter PE pipes. Pipe failures due to
oxidation have been recognized both for first and second generation of PE pipes. A
somewhat less crack susceptibility is claimed to be expected for the “third generation”
PE pipes, when subjected to thermal oxidation. However, a safe technique for
preventing any type of oxidation of the internal surface of PE' pipevis achieved by

using ansinert gas (nitrogen) in the pipe during the extrusion, instead of air [6].
2.1.4 The strength and durability of*plastics pipe
Most structural materials used in the building industry are elastic solid

materials or almost so. Thus, on one hand, independently of loading time, the relation

between stress and strain is linear up to a certain stress level.(Hook’s law is valid)



and, on the other, the material can recover original shape immediately after unloading.
A large number of building materials certainly differ considerably from the ideal
elastics material. However, conditions for plastics are different. Thus, strain is not
proportional to stress nor independent of loading time and creep will occur in the
material under load. Creep increases with increasing temperature. The consequence of
creep is the dependent of the magnitude of the stress [6].

In addition, the failure is preceded by aJarge elongation. Brittle fracture is
assumed to occur as resultof fatlure in the non-ciystalline or amorphous regions of
the molecules between the ciystallites. The amount of these tie molecules in relative
terms is not very greats Consequently, little stress is required to stretch these
molecules and bring them to falltre. Simultaneously, there iS'a creep rate —dependent
mechanism involved in the process, in which the lower creep rate, e.g. the smaller the
stress, the smaller the'elongation at burst:.‘T'he brittle burst mechanism is not entirely
clear, but it has been indicated that"water absorption by the plastics may hasten the
process. :

The risk of premature fracture as a’r:e.su_l_t_ of stress cracking is greatest in the
case of polyethylene with @ high density anq :Digh melt flow rate, where tie molecules
are small in number and length. The risk"éf' premature fracture can, however, is
entirely eliminated by a suitable combination;?f 'hlw':elt flow rate and density. Hence, it
may generally be observed.that stéep section of ;t_he curve in the stress/time diagram
will be displaced further to the right, the higher the average molecular weight of the
resin used. It'should be added that a narrowing of the molecutar weight distribution,
where this implies a decrease in the number of short molecules, may compensate for

low mean molecular weight to certain extent, as the long termestrength is concerned.
2.2 Long term strength control'ef pipe

The long term behavior, the long —term behavior, and by that the leng-term
strength of the plastics pipeymust be recagnized in detail. This'will ‘of couise be more
difficult if several resin'gradesare incorporated in one and the same standard.”A risk
is at least that it will be the weakest grade which determines the strength test
requirements, implying that the degree of superiority of the better grades are not fully
recognized or tested, and consequently the benefit of these grades will not be utilized

in an optimum way. An attempt to come out of this dilemma may be the ISO Standard



Extrapolation Method (SEM) specified in ISO 9080. The attempt is to provide a
definite procedure to find the long-term strength of the pipe, incorporating
extrapolation by using stress/time test data at different temperatures. The task is to
find out how long a pipe system will last when subjected to a defined tensile hoop
stress at a given temperature. This means that the stress is chosen as independent
variable when calculating the long-term ‘hydrostatic strength. The test data are
statically analyzed by using curve fitting technigues and linear regression analysis.
Certainly, SEM will helpwvery much in t_he understanding of the long-term strength of
plastics pipes.

The significance.of taking the creep behavior into consideration appears also
when performed-strengthrquality control lof large diameter PE pipe. In such cases it is
just the relation betweendlingar strain and time, which will help to predict the long-
term strength qualitywithin areasonable feéfing time. Thus, it may be plausible that a
badly processedspipe or a pipe with some latent injuries should be recognized as
having a strain/time relation suddeniy. or ;moothly deviating upwards from the
rectilinear course. The ambition has been tq:t_:oll__e_ct knowledge about the capability of
the pipe material to fulfill requirements al_sé frbm a practical engineering point of
view. The actual problem connected to the fzii_:'ﬂc_)ng-term strength of the new material
has so far only been studied according to the,i,@dijt"i'onal relation between hoop tensile
stress and time to burst. As.the stresses referred 1§ rise primary to the ductile type of
failure which will be preceded by large relative strains, it is/obvious that also the

relation between’strain and foading time has to be recognized [5].
2.2 Pipe properiies

Polyethylene exhibits the'property Knewn as creep,’i.e. over a‘period of time it
undergoes deformation, ‘even at'room temperature and under” relatively low stress.
After removal of stress, a more or I€ss regains their originals shape, depending on the
time under ‘sitess ‘and ' magnitude ‘of the stress. The recoverable deformatien is known
as elastic deformation” and permanent deformation” as plastic deformation.” The
mechanical properties of a plastic are dependent on the three most important

parameters: time, temperature and stress [6].
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2.2.1 Behavior at low testing rates

The brittle fracture observed here is initiated by small defects or notches.
Temperature increase accelerates this process. The fracture diagram shows a small
crack running lengthwise along the pipe. The failure mechanism depends mainly on
molecular parameters of the PE grade such as average molecular weight, molecular
weight distribution, and copolymer content.and cepolymer distribution. As a partially
crystalline polymer, polyethylene reacts to the stress concentration at the crack tip
(notch root) by forming a crazing zone. The stari-of the crazing zone is referred to as
the nucleation zone. The«erazing zone (consists of highly oriented craze fibrils. The
craze fibrils absorb the siress.and are stretched further and further until failure occurs.
As a result of the ancreasing stress in the notch root new craze fibrils that absorb the
stress are formed from the nucleation zoheﬁ':'At a microscopic level, the so-called tie
molecules play an important ‘role,” as they link the crystalline regions. The tie
molecules disentangle slowly under.the tefnsi-.le stress so that the crystalline regions
can separate. 7 .

In first-generation pipe material_s,:r_faizlures due to slow crack propagation
resulting from point loads (e.g. from sha'lltb:e’dged stones or notches caused by
relatively severe external damage) have occasignéJHy been known [6].

2.3.2 Behavior_under impact stress (high deformation rate)

Information on the toughness characteristics of potymer materials at high
deformation rates.s provided by flexural and tensile impact sirength tests. The results
of impact, notched:impact strength and tensile impact strength are considerably
influeneed "0y the conditions under which+the test ‘specimen prepared. Injection
molded .test"specimens, ‘because of their rapid ‘cooling rate, are"less crystalline on
solidifying and therefore mores impact-resistance, than those prepared from
compressiofisinolded sheet.“The arientation produced by injection molding,also has an
effect. The toughness of pipe materials under shock or‘impact stress is‘influenced by a
number of factors such as crystallinity (density), molecular weight and molecular
weight distribution as well as the nature and content of the co-monomer or additives.
With increasing molecular weight and narrowing molecular weight distribution,

toughness also increases [6].
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By rapid crack propagation, the following phenomenon is meant: if a gas pipe
during operation is damaged by an external force (e.g. by construction machinery) or
there is a stress-induced crack (for example in a defective weld), then, under the
action of internal pressure and hence of the potential energy stored in the gas, the
crack can spread over an extended length at almost the speed of the sound. This
phenomenon, also known by the abbreviation RCP (Rapid Crack Propagation), has so
far mainly been studied in steel pipelines. The way in.which HDPE pipes have been
designed has made the RCP risk irrelevant untif nows But if, as in the case of PE 100,
the range of application _is-widened to include higher operating pressures, pipe
designers must be given highlysreliable assurances for this.

2.4 Production of PE pipe

2.4.1 Flow properties

Flow propertiesare of crucial importance in processing polymer melts. During
pipe extrusion, the high-molecular weights PE melt is subjected to shear stress. To
design the extruder and die, it is necessary to know the viscosity function which
describes the viscosity / shear_curve with mcreasmg shear rate. Shear means that a
cubic volume element of the melt is-deformed by force acting on its top surface. This
force produces a shear stress in the surface. For a given extrusion die geometry, the
shear stress canbe calculated using the operating pressure and'the shear rate from the
volumetric flow-rate. To determine the viscosity function, eapillary rheometers are
used. There are #wo different methods of measurement: the discontinuous method, in
which pressure is applied with a plunger (highpressure capillary rheometer), and the
continueus,in which the melt'is prepared in‘an extruder and constant fed to measuring
die (continuous rheometer). The“advantage of the continuous method is that the
influence of processing conditions @n flow behavior ¢an also be studied. By plotting a
greph of \visedsity as+a function of shear ‘rate or shear stress, the “viscosity curve is
obtained.

The most frequently used method for characterizing the flow behavior of
polymer melts is MFR (melt mass flow rate) measurement according to 1SO 1133. In

this method, the material is heated to the melt state (190° C for HDPE compound) in a
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cylinder of diameter 9.5 mm. It is then forced through an annular die of diameter D
= 2.095 mm and length L= 8 mm by a piston loaded with a weight (2.16, or 5 or 21.6
kg). From the measured melt mass-flow rate value (MFR) or the volume flow rate
value (MVR) and density of the melt+ (p= 0.76 g/cm® for HDPE at 190°C). If two
melt mass rate values are measured, for example MFR 190°C/ 21.6 kg and MFR
190°C /5 kg, then the ratio of these tells us something about the slope of the flow
curve and hence about molecular weight distribution. The higher this ratio is, the

wider the molecular weight distribution [6].
2.4.2 Gentle processability

The simplest and quickest'way to ascertain materials stress in extrusion is to
test the oxidation induction time (O1T; EN 728) which is determined by the stabilizer
system. For this'purpaose, specimens are taken from the pipe Inside wall and then the
OIT value measured at 200°C or 21.0°C is compared with the OIT value measured on
unprocessed pellets. Injprocessing pipe materials, the melt temperatures were between
210°C and 219°C. Bimodal PE pipe compound can even be thermally stressed up to

260°C for short periodsWithout detriment to the stabilizer system [6].
2.4.3 PE pipe application

In gas«supply sector, HDPE and MDPE pipes and fittings have been very
successfully used for over 30 years. Their main field of application has been local gas
distribution with operating pressures of up to 1 bar, 4 bars and in some cases even 5
bars. Long — distance fines with operating pressures of 10 bars can be produced
withoutany problem from PE 100. PE gas pipes have gained increasing importance in
recent years because of their low cost and technical advantages over pipes made from
more, traditional materials, Of course, PE lines meet-all safety requirements without
any problems:

The production, quality assurance and testing of PE gas pipes, including joint,
are carried out according to international standards, such as prEN 1555 and 1SO 4437,
and in Germany according to the regulations of the German Association of Gas and
Water Engineering (DVGW) in its Work Sheets G 477, G 472 and VP 608 and the
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German Quality Association for Plastics Pipe (GKP) Guideline (14.3.1.G) In term of
quality requirements, the PE gas pipes used in Germany, like other HDPE pressure
pipes, have to conform with DIN 8075. To ensure that gas lines are clearly
indentifiable as such, yellow PE pipes have been widely used for gas lines in recent
years. For higher operating pressures, .orange-yellow PE 100 pipes are used. The
German Association of Gas and Water Engineering (DVGW) Guideline G 472
stipulates 10 bar as the highest permissible eperating. pressure for PE 100 pipeline
systems. For drinking water were used internationalstandard in 1ISO 4427 (12/96) in

the context of European standardization:.
2.5 Degradation'of PE.materials

The reaction @f a polyelefinwith oxj'/'gen will lead to the formation of oxygen-
containing functionalities through a’sequence of reactions, known as auto-oxidation.
During outdoor exposurg, light initiated bréakdown (photo-degradation or photo-
oxidation) predominantly takes place, followed by thermally initiated reactions. High
temperatures are usually not encountered QU_ring normal exposure and temperatures
above the crystalline melting petnts are not éﬁdbyntered for extended periods of time.
Irradiation can also lead to the degradation 6f péiymers. y-Irradiation may result in
crosslinking or scission of ‘pelyethylene chains, depending on the conditions of
degradation. Polyolefins may degrade in the absence light if they are exposed to
extreme temperatures. The general degradation mechanism of polyolefins will now be
reviewed. The degradation reactions can be divided intoinitiation, propagation,
branching and termination reactions.

Chain scission will result in a decrease in the molar mass averages and the
molarimass distribution. This will dramatically: affect the rheological properties, as
well as tear strength and other mechanical properties. Under oxidative breakdown of
polyethylene, the optical properties will also be negatively affected. In the review of
article by Gugumus [7,8,9}; the influence of several factors'on the degradation of
polyethylene is considered. He reviews the work by Rideal and Padget [10], who
considered the thermo-mechanical degradation of high density polyethylene. A
nitrogen blanketed Brabender extruder was used for the experiments and several

temperature regions were considered. They found that there were two distinct
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temperature regions with respect to the effect on the polymer. Below 290°C the melt
viscosity increased. This is indicative of cross-linking and chain branching. Above
290°C the melt viscosity decreased. This is indicative of chain scission. They
attributed the increase in viscosity in lower temperature region to the formation of
long-chain branching. This was confirmed. by measuring the melt elasticity and
intrinsic viscosity. The mechanism proposed for_ this phenomenon postulates that at
lower temperature the chains undergo scission due to shear and will yield two radicals
in a cage structure. Due o the relatively, higher-melt viscosity at lower temperatures,
the cage structure will be-disrupted. These radicals will not recombine but rather
abstract a hydrogen atomfrom another polymer chain and will form a secondary alkyl
radical. This alky! radieal will combine with another alkyl radical to form long-chain
branching. _

With regardsito the degradation du?fng melt processing, the conversion of a
thermoplastic pelymer o a finished article normally involves heating it to the liquid
state followed by extrusion through a die. The polymer is mixed continuously by
means of a screw which gonveys. it to thié_:exl_rusion port. During this processing
operation, considerable shear is applied to éhe viscous polymer melt which causes
some of polymer chaing to undergo hemoly-ti__-c:,s_cji?sion at the carbon —carbon bonds
with the formation of macro-atkyd radicaI%Ra:aicals produced are highly active
chemicals species which,-like lower molecular weight radical, initiate the radical
chain reaction...There are a number of quite conclusive pieces of evidence with
suggest that méchanical rupture of polymer chains result in radicals. Firstly, radical
scavengers have a profound effect on the reaction. Thus, at ordinary temperatures no
appreciable change in molecular weight occurs during compounding in the absence of
oxygen. Different hydracarbon polymers behave differently during processing. For
polyethylene melt flow index "(MFI) during  processing 'in the shearing mixer
decreases;due to cross-linking. That mean in PE the cross-linking will dominant the
shearing induced reactions. Optimizing ingredientssand optimizing compounding

equipment are nat necessarily independent tasks.



15

2.6 Homogenization
2.6.1 Effect of feed rate in HDPE homogenization

As feed stocks are frequently .in pellet form, polymers pass through the
following aggregate conditions in the extruder: solid to solid/melt to melt. For
polymer melts, one-dimensional modeling has been available since the 1970s in the
form of a dimensionless description of _the pressure-build-up for filled and partially
filled zones in the twin screw-extruder a?1d barrel temperature. It is due to the fact that
plasticization in the extruder is‘a very complex process, dominated by viscous energy
dissipation. In the process, friction and pllastic deformation of the individual granules
on the walls (of the barrel and the screws) and between individual granules produce
heat which cause melting..On'the other hénbi, the quantity of heat introduced through
the barrel’s wall by thermal  conduction Is' usually quite small in practice.
Homogeneous meltsican only be covered in a later account of pressure build-up and
power input in the extruder. : 7

In order to achieve HDPE: pipe _g-_r;adé compounds meeting with PE100
requirements, the role of elongational flo_\;_\}qu_the melt has to be emphasized.
Elongational flow is more favorable than éj;zeafj"'flow for a safe compounding by
extrusion because elongational flow dissipate‘s_—le_és energy into the material through
heat. Elongational flow improves both distributive and dispersive mixing. Processors
are finding thatfan additional benefit of highly dispersive mixing is the improved
dispersion that atfows them to reduce additive levels but maintain properties and
stability. Pellet -density is a direct indicator of the levels of dispersion. The melt
temperature in the extruder will increase to a point where the density of the finished

pellets.is f‘out of 'specification™ in-density. When:it happens, the only thing one can do

is to start reducing the feed rate. Obviously, that is negative to the productivity [11].

2.6.2 Effectof screw canfiguratien an«HDPE homogenization

Tasks of compounding are breaking down solid, polymer particles and fluid
droplets and mixing them evenly incorporated together. The key setting parameters of
extrusions are screw speed, throughput, screw geometry. The degree of distribution
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and the degree of dispersion is dependent on the kinematic parameters of flow.
However, along the axial radial velocities in the screw channel, the dispersion process
is also dependent on viscosity and is therefore affected by shear stress in screw
channel. The dispersion effect is dependent on the shear stress as well as on the
duration of the load. Which of the two wvariables has the most influence depends on
the material to be dispersed. Together with a sufficient residence time in the stress
zone, effective dispersion Is also encouraged by-high.screw speed, low throughput,
narrow shearing gaps and-high melt viscosity. Wide=disc kneading blocks achieve
the most effective dispersion-because they generate the greatest shear stresses. This
also leads to high energy«inpui; hence increases the melt temperature and reduces the
viscosity of the predomimantly shear-thinning polymer melts, which in turn leads to a
reduction of shear stregss. /Therefore, dispersive mixing is resulted from the
optimization among these conditions (L1}

2.7 Literatures review

Pinherio et al. [3] studied: the thermo-mechanical and thermo-oxidative
degradation of high density polyethylenene;(H'[_)PE) in a twin screw extruder using
various processing conditions: Two types of HDP;E Philips and Ziegler-Natta, having
different levels of terminal vinyl unsaturation were analysed. Mild screw profiles,
having mainly conveying element, have shorter mean residence times than profiles
with kneading™~disc and left hand elements. Carbonyl and:trans-vinylene group
concentrations inereased, whereas vinyl group concentration-decreased with number
of extrusions. Higher temperature profiles intensified these effects. The thermo-
mechanical degradation.mechanism began with chain scission in the longer chains
due to their‘higher probability of entanglements. These macroradials then reacted with
the vinyl terminal~unsaturaions of other" chains producing chain"branching. Shorter
chains were more mobile, not suffering scission but instead being grafted by the
mecroradials;, increasing “the ‘moalecular weight. Increase in the levels .af extrusion
temperature, shear and"vinyl ‘end“groups content facilitated the thermo-mechanical
degradation reducing the amount of both, longer chains via chain scission and shorter
chains via chain branching, narrowing the polydispersity. Philips HDPE produced a

higher level of chain branching than does the Ziegler- Natta type.
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Baird et al. [5] studied a kinetic model of polymer degradation during
extrusion. Investigations and numerical representation of chemical transformation
mechanisms occurring during polymer processing had recently become a very
important problem. In this study a modal put forward to describe the interrelation of
mechanical degradation and thermal oxidation phenomena during polyethylene
extrusion. The model permitted the determination of changes in molecular weight,
amounts of reacted oxygen and the quantities/of.accumulated peroxide together with
amount of the inhibitor used during extrusion. These parameters had a significant
effect on the physical and meehanical properties of the polymer and made it possible
to extend its lifetime in finished products under operating condition.

Hubert et al’ [12] studied on the physical and mechanical properties of
polyethylene for pipe in srelation ‘to mozleéﬂlar architecture via microstructure and
crystallization kinetics: Ethylene/a-olefin c_o_polymers having bimodal molecular
weight distribution were" investigated- in ,'cor-nparison with unimodal copolymer in
order to understand the incidence of the dee_cu_lar architecture on the stress cracking
resistance. The preferred introductien of the éo dnits in the longest chains of bimodal
copolymer was suggested to_favour the occurrence of Inter-crystalline tie molecules
during crytallisation. The more complex Wa&the molecular architecture, the greater
was the difficulty for crystailization by regular _cha_un folding. Intermolecular chemical
heterogeneity resulting from preferred incorporation of the co-tnits in the long chain
enhanced the *eo-unit disturbing effect on crystallization | without reducing
crystallinity. Intra-molecular heterogeneity of the co-unit™ distribution was also
suggested to be an efficient means to generate tie molecule and random chain folding
at the expense of regular. chain folding. Isothermal crystallisation was used to probe
the effeet ofi molecular architecture onthe crystallization Kinetics. It appeared that the
correlations “between Kinetics, molecular architecture and  molecular topology of
unimodal copolymers were no longer held when considering bimodal copalymers. In
contrast, fthescrystal Surface free energy was praved to'be sensitive tostopelogical

changes resulting from molecular architecture modifications.

Pinherio et al. [13] evaluated the Philips and Ziegler- Natta high density

polyethylene degradation during processing in an internal mixer by using the chain
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scission and branching distribution function analysis. The oxidative and thermal-
mechanical degradation of HDPE was studied during processing in an internal mixer
under two conditions: totally an partially filled chambers, which provided lower and
higher concentrations of oxygen, respectively. Two types of HDPEs, Philips and
Ziegler-Natta, having different levels of terminal vinyl unsaturations were analyzed.
Materials were processed at 160°C, 200°C; and 240°C. Standard rheograms using a
partial filled chamber showed that the torque was'much more unstable in comparison
to a totally filled chamber which provided an-environment depleted of oxygen.
Carbonyl and trans-vinylene-group concentrations.increased, whereas vinyl group
concentration decreased.with iemperature and oxygen availability. Average number of
chain scission and branehing (ng) was calculated from MWD curves and its plotting
versus functional groups’ comncentration showed that chain seission or branching took
place depending upon oxy0en content ar;d "\;/inyl group consumption. Chain scission
and branching distribution function (C§BD_I_E) values showed that longer chains
undergo chain scission gasier than shorter dnes due to their higher probability of
entanglements. This yielded macr,o-radicalrs':thatr_ reacted with the vinyl terminal un-
saturation of other ehains producing chai_n:,.brénching. Shorter chains were more
mobile not suffering scission but-instead Wélfe‘ used for grafting the macro-radicals,
increasing the molecular weight.-Increase inihe'%xygen concentration, temperature,
and vinyl end groups’ content-facilitated the:thernio-mechanical degradation reducing
the amount of both, longer chains via chain scission and shorter chains via chain
branching, narrowing the polydispersity. Philips HDPE prodticed a higher level of
chain branching than Ziegler —Natta’s type at the same processing condition.

Fayolle et fale.J14] studied theg mechanism of degradation induced
embrittlement in‘polyethylene. The thermal oxidation of polyethylene films in air at
80°C and, 90°C was studied with tensile testing. IR spectroscopy and molar mass
determination were from rheometric measurementsn. the conditions under studied,
the polymer predominantlyjunderwent chain scission and embrittles 'suddenly. when
the weight average molar mass reached a critical value (90 Kg mol ™), far before
significant damage of the entanglement network (M¢=1.9 kg mol ™) in the amorphous
phase. The em-brittlement mechanism was proposed via chain scission in the

amorphous phase induced chemi-crystallization. The thickness of the inter-lamellar
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amorphous layer (l;) decreased unit a critical value of the order of 6-7 nm, below
which plasticity could not be activated and the polymer behaved in a brittle manner,
as previously shown for virgin polyethylene. Using (l., M ) maps, it was possible to
explain the differences observed in the embrittlement behavior of semi-crystalline

polymers predominantly undergoing chain scission.

Rische et al. [15] studied the methed io evaluate the homogenization of
bimodal PE in a co-rotating. twin screw extruder..Reeent progress in technology of
polyolefin synthesis led to development of a new generation of polyolefin materials
with broad molecular weight gistributions. In contrast to conventional products these
bimodal polyolefins wege distinguished by a high strength and good processability.
Due to the very different melecular weights of the different fractions the viscosity
ratio of these fractions was usually well abo'i%e 100. Apparently, this phenomenon was
the reason that bimodal materials after the homogenization By use of conventional
extruders still contained a relative high amou-.nt of undesired in homogeneities. Both
the development™ of special  function elqme__n_ts which could realize a strong
elongational flow and the optimization of s_pécific extruder conditions were required
to solve the technological problem encounté'réq in compounding bimodal products.
An important desire at the precessing of bim-qda'll"'bolyethylene was the achievement
of good product homogeneity-in combinationrwitﬁ a low specific energy input. To do
S0, a step-wise @ptimization of certain zones of the extruder was required to realize
this goal. In theit study, a method was developed which enabled the evaluation of the
morphology in defined function zones of co-rotating twin screw extruders. Using this
technique, the -effect of specific function elements which realized a strong
elongational flow could, be determined. These techniques could be also applied to

evaluate thesmorphology developed during the processing of other disperse systems.

Brown et al. [16] studied: the dependence~of rapid crack propagation in
palyethylene, pipes on the. plane stress fracture energy of the resin.<lhe' critical
temperature (CT) for rapid crack propagation (RCP) was measured in 11 polyethylene
(PE) 200 mm diameter gas pipes each with different resins. The plane stress fracture
energy (PSFE) in thin Charpy impact specimens of the resin was found to correlate
with the critical temperature (CT). This result was related to the observation that the

plane stress fracture energy (PSFE) decreased as the temperature decreased. It was
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found that the impact energy of specimens from compression molded pipe re-melted
at 180°C gave a better correlation with the critical temperature than specimens that
were machined from the inner wall of the pipe. Consequently, it is now possible to
predict the critical temperature of a pipe by measuring the plane stress fracture energy
(PSFE) of the resin without making the pipe.

Fleissner et al. [17] used a laboratory imethod to measure the stress crack
resistance of polyethylene. The creep, rupturetest of circumferentially notched
specimens cut from plagues-er pipes has proven to.be a rapid and reliable method to
evaluate the stress craek performance. Surfactant-assisted stress cracking was
employed to accelerateqtesting.. The stress crack resistance of several polyethylene
samples was studied with respect to its dependence on stress, temperature, and
environment. The ereep’ rupture behavior at different temperatures could be
superposed by herizontal shifting when they were normalized in proportion to the
respective bulk yield stresses. The noich tip r-adius turned out not to be very crucial,
and variation = of & the . nominal  congentration of the  surfactants,
nonylphenolpolyglycolethers, scarcely affected slow crack growth. Acceleration of
testing by surfactants equalized-property diffl(-e;ré'n_ces to a noticeable extent but did not
influence the ranking of the materials. The aétrivélt:ion energy of crack growth was in
the expected range. Defecis intreduced nto- the line by butt joint welding were

precisely modeled by the full notch creep test.

O’Connett et al. [18] studied the failure mode of a number of polyethylene
under predominantly plane strain conditions. Square sectiori-samples, notched on all
sides, were tested fingtension to failure aver a range of crosshead speeds and
temperatures. Integration under the subsequent foad displacement curye had allowed
the total.energy, energy to peak load, and energy after peak loaded to be determined.
The data were analyzed in terms af the ratio of the energy at the peak loaded to the
total energy:~I'he results showed that the materials could change from britile torductile
failure as a function of test speed. At a Suitable temperature, brittle-like Tailure at the
highest and lowest test speeds and ductile failures at intermediate speeds were
observed. The resulting failure surface features correlated very strongly with the

energy ratio analysis flat smooth surfaces where low energy ratios were seen large
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ductile tearing where high ratios were seen. The effect of molecular weight and
polydispersity was shown and possible failure mechanisms were discussed.

Yan-Ling et al. [19] studied the parameters of spacing of the butyl branches,

number of tie molecules, and the ness of the lamellar crystal of HDPE.

Experimentally, the thickne - of and the long period of crystal were

i "

molecules was based on'the values of the molecl

alculation of the number of tie

determined as functions of th
jht and the long period. The
ate of disentanglement of the tie

molecules. The rate o varied inversely with the number of tie
molecules and directly f tie molect .\ vere not pinned by the

model of slow crack growth-was based on

branched.
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CHAPTER I

EXPERIMENTAL

3.1 Materials

2. Additive: " i ¢ | ) droxyl)  propanoate,
|rganox101 - 7 ‘ ‘ nox1010/1 , "‘ ),2: afos168, Tinuvin®622
and calcium s prim - nt UV stabilizer and acid
scavenger

3. Carbon black size 20 nm, ash content

1. LTE 26-40 system t\yl.n,,.s,agﬂw rotating extruder (LAB TECH Engineering

Co. Ltq :j‘malland)

Pendulum teste P
Full notch creep test (EC ng Co.,Ltd., Thail@).
. Meltflowlnde&ee AGottfertMPX 62. 92 Gottfert Co., Ltd., Germany).

BT MU TR S e

1 Mettler Toledo, lefere’ptlal scanning calorlmeter (DSC), Switchzerland.

q Rt R Ty AR I ﬁ' ]

11. Fourier- transform infrared spectrophotometer (FTIR), Vertex 70, Bruker,

© N o O s wN

Germany.
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12. Microscope with polarized, Nikon, Optaphol, Japan.
13. JSM-5800LV JEOL, Scanning electron microscope (SEM), Japan.
14. Microtome, RM2265 Leica, Germany.

3.3 Experimental

High density. polyethylene compound was processed by melt compounding of
HDPE powder, pigment (2.3.9% carbon black) and additives including stabilizers via a
co-rotating twin-screw extruder (26 mm screw diameter; L/D=40/1) equipped with
hopper screw feeder, water bath and strand cutter. Feeding rates were varied in the
range of 4-12.kg/h. The main screw speeds were varied in the range of 100-300 rpm.
The barrel temperature seitings were variéd from 140°C, 180°C, 200°C, 220°C and
240°C with the constant profile along Bfoqessing zones. Four screw configurations
were utilized, sciew 2KB; two kneading!bldcks, screw 3KB; three kneading blocks,
screw 4KB; four Kkneading: blocks, scréw 4 KBRH; four kneading block with

additional reverse element. .

3.4 Characterization methoés —

3.4.1 Gel permeation chromatography (GPC)

A Polymerlab GPC 220 instrument equipped with a viscotek 150R viscometer
and Refractive ‘#rdex detector were used with 1,2 4-trichlorobenzene (TCB) stabilized
with 0.0125% 2,6-di-tert-butyl-4-methylphenel ( BHT) as an eluent. A set of two mixed
bead|(trade name PLgel: Mixed B 13um: operation tange of MW “(500-13,000,000))
columns.was“used and*operated~at 160°C. The information of the number average,
weight average and Z-average malecular weights (M,,M,, and M,) were calculated
using” universals calibration - ‘curvel based “on “ narrgw| polystyreneg, | standards.
Approximately 1-2° mg/ml ‘sample~was " prepared.“ To" achieve complete~sample
dissolution, the samples were heated at 160°C and subjected to occasional gentle

agitation using a PL-SP-260 sample preparation device. Complete dissolution was
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achieved after a period of approximately 3 hours. Immediately prior to injection, the
sample vials (which contained precipitated polymer) were heated to 160°C for 3 hours
within the auto-sampler component of a GPC 220 in order to re-dissolve the sample.
The 200uL sample solution was automatically injected with the flow rate of 1.0
mL/min. (TCB as the eluent) into the injectionsport and subsequently passed through
the column set. The experiments were repeated twiee and average values were reported.
The error for the GRC.instrument used in this study-was-estimated to be around 10% for
number average and weight.average molecular weights. For this study, the number
average and weight.average'molecular weights were fairly reproducible and within this

error range. n
3.4.2 Differential seanning calarimetry (QéC)

Thermal analysis was performec on“ﬁlq differential scanning calorimeter (DSC 1,
Mettler-Toledo) under nitrogen atmosphe‘ré-en-Samples were heated from ambient to
200°C at 10°C/min./Melting temperature (Tgl)ivl/as recorded in the second scan analysis
with the same heating rate. Fhe melting enthqlpy I@Hm) was determined by integration
between heat flow curve and the-tinear interpolation of the baseline between the clear-
cut end of the endothermic melting and its ons;et'.'VGXidative induction time (OIT) values
of the sampleswere measured at 200°C according to ASTM D3350. Total crystallinity

was calculated from the specific heat of fusion of perfect crystalline PE of 289 J/g [4].
3.4.3 Fourier transform infrared spectroscopy (FTIR)

Three; 100-150 pm thick -hot | pressed (160°C) films 'were tested. Infrared
spectroseopy (IR) was carried out on Vertex 70, Bruker model, quantifying carbonyl and
unsaturated group concentration using a resolution of20.5 cm™. Spectra wére'recorded
using vertex; 70 software and 64" scans ‘were acquired for each spectrum. The resolution

was set at 2 cm™,
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3.5 Physical properties testing

3.5.1 Charpy impact testing

Testing specimens of 6: ‘ %11 m for the measurement of Charpy

i y “followin | ey were tested on Pendulum
impact tester according ~' he.standard mi @ A pendulum swung on its

track and struck levered pla C iplesThe energy lost ( required to
break the sample) as | | \ A S me asured from the distance
of its follow throus _ s e a orb ‘ |men as it breaks, can

qualitatively be it mode (d ,_ e g ittle.) Ductile fracture, which
involves substantial plastie defor a| , o - uire mu ore energy than brittle
fracture. Note

theffrag r_er‘f gasured | pact test is a relative

energy and can only.be used com dimensionz specimens; it cannot be

easily used dlrectly in engine 'ﬁ calu f-,

ﬂu NINYINT

Flgure 3. 1 Charpy Impact tester.

am@%w 1N1INYAY

The samples were tested on full notch creep test according to the standard method
of 1ISO 13479. The test specimen was prepared in the form of square section bar molded
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on a hot press at 190°C and pressurized at 175 kN for 15 min. Specimen was cut in
dimensions of 100x 10x10 mm. It was notched at room temperature with coplanar
notches in each face at its center with notch depth of 1.60 mm and pre-conditioned for 1 h
in an ethylene glycol bath at 80+1.0°C. Then sample was subjected to different static
tensile loads at 80+1.0°C until rupture. The failure'time of test specimens under different

loading and the cross section ligament areas of the fgactured surfaces were recorded.
3.6 Morphology of HDPE compound
3.6.1 White spot area

White spot aréa (\WSA) was analyzed by using optical microscope in accordance
with ISO 4427, a Nikon optical microscope “Optaphol” at 100x magnification. The
image analysis sysiem ‘‘Optimas” was uséd for the gquantitative characterization of
obtained images. Dispersion of the white spofs of the samples can be evaluated by their
sizes compared to the total area of micrographs. Microtome sections of 205 um
thickness were used. The fibrik intensity of fr_actur_(_a surface of HDPE compound was
investigated using scanning electrof microscopy (SiEM). The fracture surfaces were cut
and stitched on a SEM stub Using-double-side 'ta{pe'. The samples were then sputter-coated
with gold and-examined using an electron microscope, JEOL® model JSM-5800 LV
operated at 15 k\/i

3.6.2 Carbon black dispersion

Carbon black dispersion was analyzed by using optical micrascope in accordance
with 1S@ ;18553. The small sample pellets were heated and compressed between
microscope slides. A scalpel was tsed for cutting six. specimens, each of /mass 0.6
m@£0.10mg fer assessing carbon black dispersion, from different parts ofythe product
were analyzed. Then they were placed on one or more cleaned microscope slides, which
each specimen were approximately equidistant from its neighbor and from adjacent edges

of the slide. Cover with another (or other) cleaned slide(s). By oven, the two slides were
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clamped together with spring clip. Placed the clamped slides in the oven, for instance
maintained at a temperature between 150°C and 210°C and leave for at least 10 minutes
until each specimen was pressed out to a film of thickness of at least 60um = 20um for
assessment of pigment dispersion or to a thickngss of 20um + 10um for assessment of
carbon black dispersion. Removed the slides from the oven and, when they were cool
enough to be handled, removed the clips. The pariieles and agglomerates in each of the
Six specimens were examined in turn through the microseope under transmitted light with
a recommended magnification.of 100x. Measured and recorded the largest dimension of

each particle and agglomeraie, ignoring those less than 5 um.

3.6 Rheology propertigs

3.6.1 Small amplitudeoscillation shear an‘a'|ysi's

For these analySes, the  melt rheolog.;italf behavior of HDPE compound was
determined using an Anton Paar instriment MCR 301 rheometer. The measurement was
carried out under nitrogen atmosphere at 220°C using parallel plate geometry. It was
tested that the measurements were-in linear range soj that the results were independent on
the used strain amplitude, “which - was Wi{hrih"' 6-10%. The disk specimens for
measurements were cut from the plate pressed from the HDPE compound pellet at 170°C
in the compression molded to be sheet of 2 mm in thickness. By preieating time mold for
6 minutes, the HDPE sample was compressed at the 1 step at 50kN for 1 minute the 2"
step at 100 kN hold for 1 minute and the 3 at 175 kN hold for 2 minutes. The sheet was
de-molded by cooling witer (<40°C). The sheet-was cut into disc with a diameter of 25
mm. In these measurements storage modulus (G”), [ess modulus (G”) and complex
viscosityi(n*) were obtained as a function of frequency (®) or complex modulus (G*).
From viscosity function (n*) versus (G=) at low shear wiscosity (nskpa) and shear thinning

index SHIs/355 (= NskpalNasskra) Were calculated:
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3.6.2 Capillary rheometer

An RH 10D Bohlin twin bore capillary was used to characterize shear flow
properties in terms of shear stress and shear viscosity of each compound. The tests were
carried out at a wide range of shear rate (20 10 400s') at a test temperature of 463 K.
Dimensions of the capillary die used were 1 mm diaméter, 16 mm length and 180entry
with an aspect angle with-an-aspect ratio«(L/D) of 16:1. Fhe material was first preheated
in barrel for 5 minutesunder a pressure of approximately 0.5 MPa to get a compact mass.
The excess material.was then .carried out at a set shear rate in a program via a
microprocessor. During' thetest, the pressure drop across capillary channel and melt
temperature was-eaptured via a data acquisition system. The apparent values of shear
stress, shear rate andiShearvisgosity were ca’IE:lIJIated using the derivation of the Poiseuille

law for capillary flow:

Apparent wall shear stress(Pa); 7 = %E (3.1)
NP 4Q
Apparent wall shearirate (s); “ Yapp = R (3.2)
2744
Apparent shear viscosity (Pa s); #js-= T (3.3)
— R b 1

where AP is ajpressure drop across the channel (Pa), Q is volumetric flow rate (m*s™), R
is the capillary radius (m), and L is the length of the capillary (m). The values of R and L

used in this work were 1 mm and 16 mm, respectively.
3.6.3 Melt flow index

Melt flow index is the output rate (flow) insgrams that occurs infl0 minutes
through a standard die of 2.0955 + 0.00051 mim diameter and 8 + 0.025 mm in. length
when a fixed pressure is applied to the melt via a piston and a load of total mass 5 and

21.6 kg at a temperature of 190°C. Melt flow index is an assessment of average molecular
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mass and is an inverse measure of the melt viscosity; In other words, the higher a MFI,
the more polymer flows under test conditions.

For this study melt flow indices of HDPE compound were measured by using

Indexer.

The v,itv number referred to the molecular we ght of the HDPE compound,

RTEE T
ﬂhot -Geratt =0.0
i

\g nstrument equipped

U

‘the flow time of polymer Solution ® and-*

was analyzed b

with Ubbelohde |-

cst. by compari

easuring range 1.2-1.8
w time of solvent (to)
divided by concflt,nﬁpn. Polymer samples were dissolved in 50 ml
Decahydr n% : e{%cﬂ. ﬁﬂﬁyﬂlﬂﬂdﬂ:ﬁion period was
2 hours periodi ing at temperature of 140°C. Irganox 1 s added to prevent
further decomposition of the solution under high-temperature conditionsi(instrument

q:o pared with the flow time of solvent by infra red sensor system. The error for the

Automatic Viscometer instrument used in this study was estimated to be around 10 %
RSD.



CHARPTER IV

RESULTS AND DISCUSSION

In this study, the effect of extrusion condition such as screw configuration,

screw speed, feed rate and temperaturé profile on thermal properties of HDPE

compound was investigated. The mechanica ies, the morphology and white
spot area of the homogenization of each
component were dese PE melt and the effect of

extrusion conditions o ere presented.

4.1 Molecular weight and . -. DPEpowder

A typical GPC chromato; _. \ 1a ' - wn in Figure 4.1. The

molecular weight distribu ipe grade (pressure class)

r weight. The chromatogram

\ reight (first peak) and high

base resin was a' functio
revealed two peaks,

molecular component (seeond peak)

‘ "'r A

B = OTS

eyl ) o : 10
o P gl Plt |os
Cumulative FIct g

85
a0
e}
70
63
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35
30
43
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&
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il gy
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F1gure 4.1 GPC chromatogram of PE 100 pipe grade HDPE base resin having bimodal

molecular weight distribution.
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The physical properties and molecular weight of HDPE powder are presented
in Table 4.1.

Table 4.1 Analysis of PE 10 grade HDPE base resin powder

Properties HDPE

MFI 5/190°C - 04

MFI 21.6/ V 12

MEFR 21 V 30.0

Density 0.948 + 0.001

70
Average po i — 191

Fine po 3

Mn 15,200
Mw 409,000
Mz 2,196,500

28.2

421 Oxidativemiuc 0

The 1nﬂuen£ ofsextrusion conditions.dn thermal properties are presented in
Tableﬂ u E}ina\ %])%J: wuﬁew Ejjl}rﬂr%rature had the
lowest ﬂldatlve induction time (OIT) value as shown in Figure 4.2. It can be
explained that the high shear stresé.'::aused the formation of more radlcals%ltm in
il T

q220 C, the oxidative induction time (OIT) of HDPE tended to decrease and leveled
off at ca. 96 min. at 240°C barrel temperature. It implied that the high barrel
temperature resulted in more severe polymer degradation. The increasing shear stress

due to higher screw filling levels (4 kg/h to 12 kg/h as shown in Figure 4.3), OIT was
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not significantly affected. Also the melting temperature and enthalpies of fusion
showed no substantially change compared with neat HDPE powder as seen from
Table 4.2.

Table 4.2 Effect of extrusion conditions on thermal properties of HDPE compounded

Sample Screw Heat of fusion Crystallinity
configuration (AHp) (o)
(7g) (%)
1 4KBRH 166.8 57.7
2 4KBRH 172.6 59.7
3 4KBRH 167.7 58.0
4 4KBRH 174.4 60.3
5 4KBRH 156.1 54.0
6 4KBRH 175.9 60.9
7 4KBRH 172.3 59.6
8 4KBRH 172.0 59.5
9 2KB 160.9 55.7
10 3KB 166.5 57.6
11 4KB 200 159.7 553
12% - - 166.0 57.4

* neat powder

.
|e
|

Y ANYNINYINT

| N ‘

P
q
ARTAITIFHRTINE TR E

“Figure 4.2 DSC thermograms of the oxidative induction time (OIT) of HDPE

compounded at various barrel temperature.
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4 kg/h OIT 94 min

Figure 4.3 DSC th tlme (OIT) of HDPE

compounded at variou ii_l,")‘

The behavior of she t m s r p ymer in the extruder is
shown in Figures 4.4-4.5 DR the intermeshing area from
one screw to the other W, ONE SCrew o 1e other one and almost no

polymer melt remains stickin _ "‘_“?%‘" e SC ace as shown in Figure 4.4.

AUHANANANINI...

[11].

ammmmumqﬂmaa
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barrel

Average value

Shear rate

:
ble 4.2, heat of

From HDPE compound

increased considerably wi ﬂhed a maximum value
at a feed rate of 4 kg/h. Heat of fusion increased by ca. 9.9 J/g and total crystallinity

increas pare ate would influence the
degre ﬁv % ity nce time, and

hence t homogenelty of polymer melts as well. It can be noted that the increase in

ARTAHY m mﬁa 3 W&I

“tensile yield stress of HDPE [20]. Therefore, the increase in crystallinity through
maximum homogeneity without degradation would result in an improvement of the

hydrostatic pressure performance of HDPE pipes.
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4.3 Degradation of HDPE compound

Table 4.3 and Figure 4.6 show the effect of extrusion on carbonyl index of
HDPE compound under various extrusion conditions. FTIR was employed to study

the changes of un-saturation during degradation of HDPE. The carbonyl index (C.I.)

is defined as the ratio of the absorba 1 ,- f e carbonyl group around 1714 cm™

ene at 2920 ci that a barrel temperature of
200°C at feed rate of 8 kg/h-and screw spee ) rpm resulted in the lowest

carbonyl index and thercfore the least oxidative degradation of HDPE compound in

presence of air. At othereond ? jn h as lo barrel temperature, lower
or higher feed rate and especi ower r peed, oxid

ey &:\.-\ , degradation was more

pronounced due to'€xces 7- or‘j '_ stress. Higher antioxidant levels led to
. . . '4_. . !

reduction in C.I. dugto p ry radieal=scdve :

nge peroxyl decomposition
[21]. N7 ’
NV,

Mendes et al. [22] falso feund ‘the significant ncrease in the carbonyl

ol ol il
—

concentration during the s E +, extrusio ] It was also found that the
maximum value of earbonyl in % :_ pm screw speed. It can be
explained that the molten compound -0t

e

e time with oxygen gas in the

atmosphere.

3

2
-8,
INYINT

1718 em-1

Wavenumbers (cm-1)

Figure 4.6 FT-IR spectra of HDPE at: (a) neat powder (b) oxidized HDPE compound.
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Table 4.3 Effect of extrusion conditions on carbonyl index of HDPE compound.

Sample Screw Barrel Feed Screw Absorbance Absorbance Carbonyl
configuration  temperature rate speed 1718 cm™ 2920 cm’ Index
°C) (kg/h)
1 4KBRH 140 0.040 3.7 0.011
2 4KBRH 180 0.057 4.1 0.014
3 4KBRH 20 037 4.1 0.009
4 4KBRH 33 0.014
5 4KBRH 3.6 0.014
6 4KBRH 4.0 0.013
7 4KBRH 43 0.008
8 4KBRH 3.4 0.015
9 2KB 4.0 0.013
10 3KB 4.2 0.009
11 4KB 4.8 0.007
12 4KBRH 3.5 0.037
13 4KBRH 5.4 0.011
14* 4KBRH 4.1 0.010
15° 4KBRH 3.9 0.010
16° 4KBRH 3.9 0.008
Remark : a= additional 0.1 p E—? J}FO} 5 1010, b= additional 0.1 phr secondary

antioxidant Irgafos 168

g o S ———————

- i
Y]
4.4.1 Charpy impact resistance

AU INUDIT NG e

of extrum)n conditions on impact ?ergy of the HDPE compound are shown in Table

WA SR T TR

lower screw speed significantly decreased impact energy of the compound. The

4.4 Mechani V

increasing barrel temperature was also observed to result in the decrease in impact

energy because the degradation of Ziegler —Natta HDPE.
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According to Figure 4.7, the impact energy of the HDPE compound was
considerably increased with decreasing material feed rates and reached a maximum
value at 4 kg/h and screw speed of 100 rpm. It was anticipated that the low feed rate
would promote better homogenization of high and low molecular weight fractions

leading to superior strength in HDP

It can be explained that the melt in i bjected to high shear forces
exceedmg a critical va quen éar degradation resulting in

compound. For HDPE compound at screw

high impact en ctween 20-3 ? but low values (ca.
15-17 mJ/mm®) 0°C barre chape . For the extrusion at higher
barrel temperature 1 energy compound might be
caused by the of the polyethylene

molecules.

feed rate with 4KBRH s :- —eonfigurat Q, he charpy impact dramatically
decreased When the numbef%éthé’! cased and leveled off at ca. 10

mJ/mm’ with 2K : an be explained that

the increasin "nj!' ygenization of high

and low moleculﬂw 0 1gh- impact resistance.

ﬂ‘iJEJ’J'VI&Jﬂ‘ﬁWEﬂﬂ‘ﬁ
Q“maﬂﬂ‘im 1R1INYAY



38

Table 4.4 Effect of extrusion conditions on charpy impact energy at 23°C of HDPE

compound.
Sample Screw Barrel Feed rate Screw speed Charpy impact
configuration temperature (kg/h) (rpm) energy at 23°C
| (mJ/mm?)
1 4KBRH 200 25
2 4KBRH 16
3 7 18
4 18
5 16
6 30
7 22
8 17
9 12
10 12
11 16
12 33
13 300 21
14* 4KBRH 200 25
15° 200 22

16° o 00 23

B

Y]

r Tinuvin® 622

Remark : a = add '..

c=0. "'i'"J Tinuvin® 622 ")

ﬂuEJ’JVIEJ'VI‘iWEJ’]ﬂ‘i
ammnimum’mmaa
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Figure 4.7 Charp : : _ 30 E compound as function of feed rate

-
pact cnergy at 2: g; ] i
sion =l !M_:‘ﬁr i
.#.u"'" s,

and screw speed. b e onfiguration at 200°C barrel
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Figure 4.8 Charpy impact energy at 23°C of HDPE compound as function of barrel
temperature. Extrusion with 4 KBRH screw configuration at 8 kg/h feed rate.
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mJimm?)

4KB
4KBRH

Screw type

Figure 4.9 Charpy impact energy 239 ] npound as various of screw

configurations andfeed rates at 200°C t e .e \ 200 rpm screw speed.
4.4.2 Full notch creep tg

As shown in Table 4.5, e time of HDPE compound was
‘J -

considerably “increased with decre sing white s (%WSA) due to better
homogeneity ....................... components. it : ‘L' d’ that the optimized
screw configuration of e o ﬁ ailure time and the

lower white spotL ea. The longest failure time of 4,826 hoat a load of 6 MPa at

80-C with white ?ot area below 1% w s obtained at this optimum extrusion

~PULANENINYINS. ..

is the c on mode of failure. Eeternal factors that initiate or accelerate the slow

LA TN ST TIEORD

fallures is related with lower failure times for SCG evaluation via FNCT test [23].
During the FNCT test, when the notched specimen is subjected to a constant load
stress, the failure is composed of three sequential deformation regimes (1) fracture

initiation (2) slow crack growth (3) post-yielding tensile stretching.
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Figure 4.10 shows that the decrease in compounding feed rate leads to a sharp
increase in FNCT failure time of HDPE compounded at 200 °C with 4 KBRH screw
configuration due to good homogenization. The maximum FNCT value was obtained
for HDPE compounded at 4 kg/h feed rate for all screw speeds.

The results in Figure 4.11 sf

at higher feed rate caused lower FNCT

" DPE mpound. Extrusion at

\\\'\

speed.

vilure Time FNCT
(80°C) at 6 MPa
(h)

558

887

1228

4826

ﬂﬂEJ’JT’IEJVI‘ﬁWEJ’]ﬂ'ﬁ
Qmmmmumqﬂmaﬂ
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Figure 4.10 FN i HDP ipounds as function of feed rate and
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qFlgure 4.11 Applied creep stress versus time to FNCT failure time at 80°C of HDPE

compound.: (¢) PE 100 commercial; (m) compounded at 8 kg/h; (A) compounded at
4 kg/h. Extrusion with 4KBRH screw configuration at 200°C barrel temperature and
200 rpm screw speed.
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Figure 4.12 (a) shows the picture of ductile failure at 285 hours of high
pressure pipe after hydrostatic pressure test of pipe specimen (32 mm diameter, 3 mm
thickness, at 12.4 MPa / 20°C). From Figure 4.12 (b), the specimen was cut from

ductile area and aged follow [25], th - density and longer fibrils (Figure 4.12 (c))

was observed relating to the duc \ ,‘

F

. ’-“..E"_' | \ \ 10um

.!H.I. ==l \L

-

Figure 4.12 (a) picturg of side ﬁ‘edr;hl ? e failure of hydrostatic pressure test.

SEM micrographs taken at 5 OOGi-ﬁ;fﬂ- cation (b) fibril density (c) longer fibril.
T

Extrusion with 4KBRH screw ¢onfig efti 18 barrel temperature and 8 kg/h

feed rate. | ___-j_'w 3}

4.13 (b) shows thaithe un-dispersed additiwlso caused the reduction of physical

"“’”ﬂ‘liﬂ“’?ﬂﬂﬂ‘ﬁw g1
Qﬁﬂaﬁﬂ‘im 1R1INYAY
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qFlgure M micrographs taken

e o

TeEFRGEN

Ox magnification of undisper
molecular weight fraction (white spot area) at various barrel temperature, with
4KBRH screw configuration and 200 rpm screw speed (a) 140°C, (b) 180°C, (c)
200°C, (d) 220°C and (e) 240°C, respectively.
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Figures 4.15-4.16 show the fracture surfaces of the HDPE compounded at 4
and 8 kg/h compared with the commercial PE 100 reference compound. The results
presented in Figures 4.16a and 4.16c indicate that a higher fibril density appeared on
the fracture surface of the homogenous specimen. Compounding at 1000 kg/h of PE

100 commercial compound

/l production had lower fibril density
(Figure 4.16 b). N ‘/)

Figure 4.15 SEM micuogra g;;aé&fﬁﬁ x magnification of HDPE compounded
with 4KBRH screw: config ratiop;ﬁlib > and 200 rpm screw speed. Feed rate:
Al J":.;:i A

i

(a) 4 kg/h; (b) plant prog tiéa- ()8 ke/h.

configuration at 200°C and 200 rpm screw speed. Feed rate: 4 kg/h (a) magnification
5,000x and (b) magnification 20,000x; 8 kg/h (c) magnification 5,000x and (d)
magnification 20,000x.
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4.5.2 Carbon black dispersion (CB dispersion)

ISO 4427 pipe industry standard required the carbon black dispersion ISO
rating <3. This degree of carbon black dispersion was only achieved with 4 KBRH

screw configuration (ISO rating ca. 1 Figure 4.17 shows big agglomerates of

carbon black dispersion in the HDF pounded with 4 KB configuration
(ISO rating 3.2). It can could not provide sufficient
dispersion of carbon ble d. Figure 4.18 showed that
carbon black dispersion configuration resulted at ISO
rating ca. 1.9. The rev cment s romoted the distribution and dispersion of

' g residence time in

kneading blocks.

Figure 4.17 lﬁﬁ”i'e“_i";'"":’:""“_:‘—ﬂ':m:‘;ﬁ cation of HDPE
-.!'" emperature, 200 rpm

compounded ‘with
screw speed andgg/h feed rate.

AUt
ARIAY _gBH

Figure 4.18 Carbon black dispersion taken at 100x magnification ( ISO rating 1.9 ) of
HDPE compounded with 4KBRH screw configuration at 200°C barrel temperature,
200 rpm screw speed and 8 kg/ h feed rate.
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4.5.3 White spot area (% WSA) of HDPE compound

White spots are non-dispersed high molecular weight fractions (gels), not
impurities in the HDPE matrix [15]. Optical micrographs (Figures 4.19-4.22) showed
the white spot area of HDPE compounded at various conditions. Figure 4.19 shows
that white spot areas were strongly dependent on serew configurations. The white spot
area was drastically reduced when the number ofkneading blocks of extrusion screw
increased. It can be explained that thﬁ: additional-kneading blocks promoted the
dispersion and homogenization of low_- and high molecular weight components of
bimodal HDPE compound and resulted in the reduction of white spot area by
incorporating the highly*vise¢ous high rrllolecular weight gels into the polyethylene
matrix. 4

Figure 4.20 shows the comparisoﬁ of a micrograph of a HDPE compounded
using a screw .gonsisting Jof /4 kncading block with additional reverse element
(4KBRH). The average mumber of in-hém;geneities (white spot area) increased
significantly from Figure 4.20b to Figure 4:20d Increasing feed rate from 4 kg/h to 12
kg/h caused more white spot. Figure 4209 i-s an example for homogeneity of
commercial scale compound (rate i ton/h) ar‘;_c-lz_-él_lqws much higher number and larger
size of white spot (gels). Longeriresidence nimé !inl extruder (low feed rate) is more
important for good homogeneity (low white: s_}po_-‘g -area) than high shear rates (high
screw speed).

The micro-cut (Figure 4.21) were made from pellerts compounded in
commercial scale’lextruder at | ton/h direction. The microtome cuts were made
perpendicular (Figtire 4.21a) to melt flow direction in extrudes«die-hole and parallel to
flow direction (Figute 4:21b). Whereas the shape of the in-homogeneities in the image
of the perpendicular cut/(a) is almost circular and parallel cut’(b) shows very high
elongated, particles: This finding indicates that highly €longated in-homogeneities in
bimodal high density polyethylenes do not break=up due to high difference in
viscosities. It also-shows ‘that for bimadal ‘polycthyleng there is no ‘interfacial tension
present between matrix and in-homogeneities (gels) because 1t'is the same material
but with different viscosities. For further dispersion of elongated gels, they must be
elongated to virtually zero thickness by mixing elements that generate elongation not

shear.
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)

1 6WOf HDPE compounded

ed rate. Screw configuration: (a) 3KB,

Figure 4.19 OptM j ¢

at 200°C, 200 rpm screw speed a
(b) 4KB, (c) 4

Figure 4.20 Optica]g'hﬂ)graphs taken at l%magniﬁcation of HDPE compounded

”ﬂ“ﬂ 14N im 4 ¥
commercial ed rat lant "production; (b) ) 8 kg/h, and

(d) 12 kg

QW’]Q\‘iﬂ‘im 1R1INYQY
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akegat 1

3 tion of PE 100 reference
C‘maftl.t(\rell cut to extruder die

Figure 4.21 OptiW
sample compoun ' perpendi

melt flow directi

Figure éyefaga percent w te spot area (%WSA) decreased
with increasing t i re;ﬁ:anﬁguration at all feed

compound. The ite spo _ ¥ 1d of less than 0.5% was

found when addition f ‘ment was i fter each kneading blocks

- :;'_4_ : .-
) 0

AU IPEATIN NS

0 4KBRH

ARIAIN TR ING S Y

Figure 4.22 Percentage of white spot area (gels) of HDPE compounded as function of
screw configuration and feed rate 8 kg/h at 200°C barrel temperature, 200 rpm screw

speed.
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4.6 Rheological behavior of HDPE compound

HDPE pipe compound is commercially processed to form a pipe at high output
rates and extrusion pressures. Therefore, the processing properties are of the great
importance. In this work, the rheological measurements were made with an oscillating
cone & plate rheometer under dynamic frtequency sweep mode. The complex
viscosities of HDPE compounded under various extrusion conditions are quite similar
as shown in Figure 4:23 Variation 05 feed rale.within the studied range had no
significant effect on the meltrheology. It is expeeted that these HDPE compounds can
be processed under same.eondition as the commercial PE 100 reference sample.

Figure 4924 shows the inﬂuenrl;e of barrel temperature on the complex
viscosity of compounds It/ was found that the complex viscosity of HDPE
compounded at 240°@ barrel tempeérature héd a much lower shear viscosity compared
to other conditigns including comrﬁerciarsarr_lple. The high barrel temperature and
therefore high melt temperature 'l-ed to the:;f ch;in scission by thermal degradation for
HDPE compound which resulted iI_lrreductil(_):nl_ of the complex viscosity.

Figure 4.25 shows the comjplex Visc',(f)s;t_y ;)f HDPE eompound at various screw

ik ¥ Y . .
speeds. The results areé not significantly different with the exception of the

#@

. h J e e .
commercial reference samplés which show similarbehavior in the flow curve as well.

On the other hand,_th_g_resglts of diffe;fé_r-it_ _-§CI'£W configurations in Figure 4.26

reveal the dominating effect on the low to medium viscosity of compounds. The

complex sheat \;i'scos1ty increased considerably with number 6f:‘kﬁieading blocks using
2KB, 3KB arL1(i 4KB screw configuration and reached a ma;ilmum value using 4
KBRH configuraiions at 144000 Pas. Again, the additionalreverse element led to
better homogeneity ©f HDPE compound.

Figure 4.27 shows the effect of additional antioxidant additive,of commercial
recipe on shear viscosity. The complex viscosities of the compounds do not show any
significant difference. It can be coficluded that additional antioxidant levelsrhave no
influence| ons thermal*and “mechanical degradation ‘under, the ‘selected cempounding

conditions.
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—W—1ton/h ==f=4Kgh —<—8Kgh —¥—12kgh
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—#— Commmercial PE 100 —%— 200 rpom —@&— 100 rpom —+— 300 rpm
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0.00E+00 -
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Figure 4.25 Complex vis sus-oseills freque \L HDPE compounded at
various screw speeds. Bxt - with 4K 0 on at constant 8 kg/h

feed rate and 200°Cibarrel te

P

combrla] gl ; 4KB —¥— 4KBRH

1.60E+05

1.40E+05
1.20E+05 1

[ - e\ — " |
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conﬁguratlons Extrusion with constant 8 kg/h feed rate, 200°C barrel temperature

and 200 rpm screw speed.
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—— commercial —— DG-5 —e— DG-2 —¢— DG-3 —%— DG-4 —e— DG-1
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Figure 4.27 Complex wiscos e l- scillz ion \- iency of HDPE compounded
ant ¢ kg/h feed rate, 200°C barrel
al: o\i sample with commercial
phr Irganox 1010, DG-3:

5:0.25 phr Tinuvin® 622.

with additional of additi

temperature, 200 1p

recipe, DG-1: plus 0:15 phr Irganex-1010,-D

0.15 phr Irgafos 168, DG-4 3

4.7 Melt flow index (MF)a d
-

As showal in Table 4.5 OP '_g ompound was not

significant diffeﬁ due to g omp‘@d components. It was
also found that the optimized screw configuration of extrusion was 4KBRH. The
viscosity number of‘hﬁ)mpound close to der with lower melt flow index at this
W TS WA

gure 4.28 shows the significant effect of barrel temperature on %WSA and
viscosity number. At 140°C baﬁ‘el temperature/“Viscosity number léveled off

AR RS RN S

“llead to chain branching higher viscosity than the neat powder. Above 180°C barrel

extrus

temperature, the viscosity number and melt flow indexer do not substantially change

with increasing barrel temperature. It can be explained that optimized extrusion
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condition for 4 KBRH screw configuration resulted in the balance of HDPE

compound properties as well.

Table 4.6 Effect of various screw configuration on melt flow index and viscosity

number of HDPE compounded at 200 rpm screw speed and 8 kg/h feed rate

Sople 1Y MER
: (em¥g) e (190°C/ 5 kg)
. ——

- 0.3

1 0.25

1 0.2

1 0.15

401

MF1 (190 °C/5 kg)

"a . /s | +0.05

q 140 180 p 200 220 240
RN AINYIA Y
qugure 4.28 Viscosity number and MFI (190°C/ 5 kg) of HDPE compounded versus

barrel temperature. Extrusion with 4 KBRH screw configuration at 8 kg/h feed rate,
200°C barrel temperature and 200 rpm screw speed.
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As the effect of extrusion condition were investigated, the effect results of various

extrusion conditions are summarized in Table 4.7.

Table 4.7 Summary of extrusion conditions affecting the physical properties of HDPE

compound
Extrusion parameter X Complex MFI C.L
¢ viscosity

Feed rate 1 + 0
Barrel temperature 1 + +
Screw speed 11 0 0
*Kneading block ! + 0 0
Additive 1 0 0
Feed rate U - + 0
Barrel temperature | + - + 0
Screw speed U 0 + 0
*Kneading block U + 0
Additive U + *

Remark: (+) positive effect, (-) and * (2KB -4KBRH)

Table 4.7 shows tlﬁ@_ _n}mgump factor is the number of the kneading
=

block resulting'in b he he decrease in feed rate

caused the h her-impact-resistanceand " FNCTf :g HDPE compound
because of gOO’ O petature lowered the final

properties of the HDPE compound because of thermal degradation.

“”’ﬁ gEINTN v TRT

48.1 H rostatic pressure testlng

A WD LA ) 20LUIRY..

hydrostatlc pressure testing was performed according to ISO 1167: 2006. At 20 and
80°C water was pressurized on the inside and on the outside of the pipe specimens.
The accuracy for the temperature and pressure are + 1°C and +2/-1 %, respectively.

The measurements of the wall thickness are accurate within + 0.1 mm. The pipes were
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fitted with commercial brass fittings, type A. From Table 4.8, the results show that all
pipe from optimized compounded can be passed the PE 100 classification
requirement. At 20°C temperature the hoop stress of 12.4 MPa, shortest failure time

was greater than 200 h for 100 h test time.

Table 4.8 Summary of test res

Temperature rtest failure Required
(°C) test time
20 >200 h 100 h
80 , , uctile > 500 h 165h
OOO h 1000 h

80

4.8.2 Rapid craek propag

An evaluation of ‘1
performed according'to 1SO 134 -'!

PE pipe grade were teste ACIIFEDE

rack propagation was
ee pipe specimens of the
—Steady-State (S4 test), [SO

13477. The testing was perfo '-.;a;'-.uﬁi_;...‘ >rent internal pressures.
AT TR . .
The pipes were --g__,,q; ngths of 840-n e pipes were conditioned for at

least 16 h at -1+'1°C in air. The internal and external medium ‘Was air during test. The

testing follo %
obtained was aty bars w re level mlhe testing equipment.

Therefore, the P

ff] HHIRENTNYING

Material Ifmensmn #““Critical pressure a‘gf H

ARIANN I N AT VI B

HDPE pipe 110 mm (SDR 11) > 12 bar

»1"! crack arrest was

pipe has a critical pressure pc,g4 at 0°C of =12 bar.
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For the PE 100 classification, the critical pressure pg,ss at 0°C is > 12 bar.
From Table 4.9, HDPE pipe from HDPE optimized compound passed the PE 100

classification for RCP evaluation.

4.8.3 Slow crack growth by FNCT test

A notch specimen testing program was also pesformed. Three specimens were

notched and tested. The | testing conditions we 80°C of ethylene glycol. From
Table 4.9, HDPE pipe ‘ DPE opt ~compound passed the PE 100
classification for SCG gvalu . - \ ,_

est failure

ime ( h)

ﬂuEJ’JVIEJ'VI‘iWEJ’]ﬂ‘i
ammnimum’mmaa



CHARPTER V
CONCLUSIONS AND SUGGESTIONS
5.1 Conclusions

1. The screw configurations of a twin-screw co-rotating extruder are decisive
for successful homogenization of a bimodal high-density polyethylene compound
having pressure rate at 10MPa (PE100 inpe classification). High quality compounds
possessing balanced properties between slow crack growth (SCG) resistance and
impact resistance at the,sustained pressure rate could be achieved by using extruder
4KBRH screw configuration together V\I‘/ith other optimized conditions (white spot
area less than 1%, jfailure time test-of FNCT more than 1,000 hours and impact
resistance more than 16/mJ/mm?). “ _

2. Sample fegdingrate to fhe exiruder Fias a significant effect on distribution of
the high molecular weight fraction (white ::s:p_o_t area or gels) in the HDPE matrix and
homogeneity of the gompound as, a Whole.{lécre-asing feed rate led to increase white
spot area, hence deteriorates physical propé_Ft_qu of the high pressure HDPE pipes
such as impact resistance, surface:appearance;éhﬂ'gressure rating as well.

3. The optimum _parrel 'rtemperaturie-_-fo_f; -extruding HDPE (Ziegler—Natta
catalyst system).was 200°C barrel temperature, at which the high total crystallinity,
resistance properties were observed.

4. The barrel temperatures above 220°C promoted the material degradation
resulting in the low dispersion and homogeneity:.

5. The sufficient dispersion and homoegeneity allowed the compounding with
minimum; level of stabilizers while the mechanical properties and stability of the
materials were maintained.

6. Rheological study revealed that the compound made under /optimized
conditions had good processability as the commercial PE100 pipe grade.
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5.2 Suggestions for further work

1. The pipes for different applications can be visually distinguished by colors,
thus, the effects of pigments used for this purpose on the physical properties of pipe
materials need to be evaluated.

2. For the determination value of white spot area, the
percentage of average 1.___""- f white /Sp6 2a_(dispersibility) and the final
properties would be meaningful : nMer mpounding process, with a

3. The tailor-mad 1ons by blending several
grades of uni g extruder could be

investigated.

_ 3

)
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APPENDIX

Table Al. High molecular weight fraction (% WSA) of HDPE compound

Sample Screw Barrel Screw Feed rate (%WSA)

configuration  tempe

1 0.65
2 0.56
3 0.85
4 0.90
5 0.75
6 0.30
7 0.50
8 0.90
9 4.3
10 3.3
11 25
12 0.90
13 0.56
14 0.67
15 0.89
16' . 0.78
17? , 200 0.85
1 0.90

m:fawgmwmm

3 025 hr Tinuvin® 622

amaﬂmmumqwmaa



Table A2. Carbon black ranging of HDPE compound

65

Sample Screw Barrel Screw Feed rate  Carbon black

configuration temperature speed (kg/h) dispersion

1 4KBR 18
2 4KBR 2.1
3 4KBR " 18
4 4KBR . ) , 1.8
5 4KBR ‘ 206 18
6 £ : 1.9
7 1.8
8 1.8
9 4.2
10 3.8
11 3.2
12 1.8
13 1.9
14 1.7
15 1.8
16! 1.8
17 1.8
18% AKBR 18

|
‘_.-

1=0.15 phr Irgafos%68

SRR U9 NN
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Table A3. MFR of HDPE compounds

Sample Screw Barrel Screw  Feed MFI MFI MFR
configuration temperature  speed rate.  190°C/5kg 190°C/21.6 kg

1 3.4 28.3
2 3.1 28.1
3 4.0 30.8
4 4.0 30.8
5 3.9 30
6 3.9 30.0
7 4.0 30.8
8 4.6 32.9
9 7.7 33.6
10 6.3 26.9
11 5.7 27.2
12 4.0 30.8
13 3.1 28.2
15 4.7 31.3
16* 4 KBR 3.9 30
172 ’ 3.9 30
18° 3.9 30

1 0 15 phr Irga os 168

ﬁ“ﬁﬁwamwmm
ammmm URIINYIA Y
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Table A4. Rheological properties of HDPE compound at various extrusion conditions

by Cone & Plate rheometer

Sample Screw Barrel S
configuration temperature
(°C)

© 00 N oo o A W DN B

N e i o =
~N QQ o0 A W N B O
N
A

E 200

H
(@]
w

crew  Feed Low High shear SHI

rate shear viscosity
viscosity

55,000 665 233.0

éﬁ 619 232.6

633 230.6

648 234.6

641 229.3

650 232.3

633 230.6

642 211.8

640 129.2

478 180.3

534 189.1

633 230.6

647 241.1

633 230.6

) 634 214.5

0" | 650 232.3

% 623 232.7

200 8 1470 636 231.1

¢ o
- NEaNY
2 = 0.15phr Tinuvin® 622

3= 0.25 phr Tinuvin® 622 g

QRIAINTEN

NINYINT
URIINYIA Y
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Table A5. Rheological properties of HDPE compound at various extrusion conditions
by Capillary Rheometer

Sample Screw Barrel Screw  Feed Shear viscosity (Pas)
rate  at20s*/40s'/60s"/80s*/100s
1/200s"/300s"/ 400 s™

configuration temperature
(°C)

1 4KBR 17 /3606 / 2400 / 2205 / 1859 /

10597629/ 461

2 4KBR / B 85/ 4091/ 3023/ 2482 / 2128 / 831
\ /582 / 463

3 4KBR

4157 / 3061/ 2500/ 2131/
)28 / 596/ 479

4166 / 3060/ 2497/ 2133/
899/ 592/ 470

4 4KBR

5606 / 3520/ 2662/ 2172/1831/
1134/ 843/ 583

5 4KBR

6 4KBR™/ 200 200 1206/ 3049/ 2482/ 2116/
Iﬂ m919/572/458

7 4KBR 1 200 200 6711/ 4145/ 3061/ 2515/ 2146 /
AUE NUNTNE 1B =

4KBR 200 €200 12 =6314/383L/2845 k2279 /1939 /

I | ’1@@ n jm ;Jwaf] Q4a¥]ﬂ’1 ;E@m?/
1038 / 567 / 486

10 3KB 200 200 8  5620/4235/3072/2615/2347/

1210/590 / 482
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Sample Screw Barrel Screw  Feed Shear viscosity (Pas)
configuration temperature speed rate at20s'/40s?/60s"/80st/100s
(°C) (rom)  (kg/h) 17200573005 4005
11 4 KB 200 200 8 5934 /4109 /2793 /2415/1884 /
1117/ 587/ 487
12 4KBR 8 . 6742/4157/3061/2500/2131/928
7 / /596 / 479
13 4KBR é/ 3715/ 2480 / 2210/ 1870 /
’—"'. _ \*‘ 1070/ 680 /510
14 4KBR / ﬂ\ g :"*e /2914 /2187 /1949 /970
“\\ / 678/ 508
15 4KBR 070 /4109 / 2766 / 2154 / 1832 / 900
/ 687/512
16" 4 KBR 2 ‘ 6758 / 4065 / 2953 / 2386 / 2010 / 923
[ 7371494
17° 4KBR ' 4"'1. 4338 /2897 / 2315/ 1951 /927
4 : / 754/ 505
18° 4KBR 7 _ 0 __ 6372 / 4357 / 2892 / 2298 / 1952 / 863

| 748/ 507

1=0.15 phr lgafos 168
2 =0.15 phr ‘ij
3 =0.25 phr Tinuvin

U
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Table A6. Viscosity number of HDPE compound at various extrusion conditions

Sample Screw Barrel Screw Feed rate Viscosity
configuration temperature speed (kg/h) number
(cm*/g)
1 381
2 375
3 377
4 368
5 370
6 372
7 366
8 379
9 329
10 333
11 334
12 377
13 397
14 365
15 358
16" 373
17 440
18° 370
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Table A8. Molecular weight of HDPE compound

Sample Screw Barrel Screw Feed Molecular weight
configuration temperature speed rate

(°C) (rom)  (kg/h)

Mn Mz MWD
1 y 600 255,200 1,405,700 26.6
2 224,600 1,133,200 20.6
3 309,800 1,713,500 25.0
4 1,394,300 26.2
5 1,455,000 21.8
6 1,715,000 24.3
7 1,403,000 19.1
8 1,470,000 22.0
9 216 300 979,000 182
10 48,200 1,064,000 19.1
11 4 KB 222,000 1,170,000 156
12 4KBR 309,000 1,713,500 24.9
13 4KBR Jar d"" 333,000 1,823,000 29.0
14 4KBR 200"?*'_,;2150 Y 1 309,000 1,713,500 24.9
15 ' 1,570,000 26.9

16 4 KBRS =200 — 1742000 21.1

17? ) 303,000 1,872,000 226
18° 14,100 288000 1,624,000 21.1
1=0.
‘nsmwmm
3=0.
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Extruder Data Configuration
Diameter of screw: 26mm L:D=40:1
Mode of operation: Screw co-rotating
Screw operation speed: 0-800 rpm

Screw configuration: efer to the enclosed drawing of screw/barrel

Motor power:
Heater power:

Maximum barrel te

- . —
Minimum water press 3
Water flow rat/ iters | j. ars
Table A8. The the twin screw co-

rotation extruder

b ki Mﬁ. ﬂﬁ " P
Scre ﬁ F ons - Configura ion \\ al polyolefin
Screw part F ’ 5 ti‘ i ‘Mi Sum of D
TSCS 13x1D J‘!ﬁ Pl {, 13
IKD 1 0.25 D R b 13.25
IKD 12 0.25 D ——— 3 16.25
TSCS4x1D -!-!;-"-'--".5"*..?‘- B | 20.25
IKD 1x 025D i L 20.5
IKD4x0.25D | 60 | X! 215
TSCS 2x 1D 235
IKD 1x 0.250 0 0.25 23.75
;%YX 025D = 6 A 25.5
IKD.1x 0.25D 0 0.25 28.75
" P
TSCS 7x 1D ‘ T 7 38
TSCS 1x 0.5D 0.5 385
SSMS 1x1.5D 15 40
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: To vacuum at 34D

Vent: To atmosphere at 26D

D = diameter

Coding for screw parts:

TSCS 7 X 1D

\— Part type

umber

;
— e ——
TSCS = ying screw
TSCS(R) = eI e
IKD = Indivi i ; "
IKD(R) = dise,
SSMS =Sin gs
Table A9. The screw confi tion' tion) of twin screw co-
rotation extruder r— \
' in s 6
evyonfiguration E.;l ion 1 on
Screw parts set )y ength Sum of D
. L
TSCS 13x1D = 13 13
IKD 1x0.25 D st 5 13.25
IKD 12x 0.25 D = k74 ¥ 15.75
TSCS (R) 1x. 16.25
TSCS 4 20.25
IKD 1x 0.25m 20.5
IKD 4x 0.25D" 60 1 - 215
TSCS2x 1D Q) 2 235

IKD 1x 0.25D 0 0.25 28.75
IKD 5x 0.25D 60 1.25 30
IKD 4x 0.25D 90 1 31




Labtech twin screw 2x26 L = 40D

Screw configurations : invention 1 configuration

Screw parts Offset angle Length (D) Sum of D

TSCS 7x 1D - 7 38
TSCS 1x 0.5D 0.5 38.5
SSMS 1x1.5D o “ ]| }' / 40

Vent : To atmosphere @

: Tovacuum at 34D —

D = diameter

Coding for screw pa

X 1D

7

TSCS7

TSCS = —

TSCS(R) =

IKD = Individus

IKD (R) = Individual kneag
SSMS = Single !:""“‘"‘

Fl'lJEJ’JVIEJ'VI‘ﬁWEJ’]ﬂ‘i
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