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ABSTRAKT

Polymerni taveniny jsouiptoku ve vytl&ovacich hlavach (paralelni, sbihagié
rozbihavé &rbiny, vytokova oblast vystupni &biny) casto vystaveny intenzivnimu
smykovému a elongaimu toku, coZ niwze @i dosazeni kritickych podminek vyvolat
poruchy toku a nasledrdestabilizaci celého zpracovatelského proceswmnoSeni smyk-
ové a elongéni viskozity je pak zcela nezbytné pro navrZzenidrié@ho designu vyttm-
vaci hlavy, ohodnoceni vhodnostiglusnych ty polymernich materiéla nastaveni op-
timélnich zpracovatelskych podminek. Z tohoto pohlgati metalocenové typy poly-
merii mezi velmi obtiza zpracovatelné polymery. V této praci bylo studavarda-li je
mozné zpracovatelnostchto material zlepSit zavaehim banich Wtvi na zakladni
fettzec. Pro vyzkum byl vybran metalocenovy typ LLDREery se pouziva na vyrobu
folii vyfukovanim. Celkemif modifikace tohoto polymeru, odliSujici se od setenym
stuprém vétveni, byly v prvni fazi reologicky hodnoceny, avi@ smykovém a elongaim
toku z pohledu jejich zpracovatelnosti pomoci textbgie vytlaovani. Bylo provedeno
experimentalni stanovetasow zavislych a ustalenych elonigdch viskozit (metody dle
Cogswella, Bindinga a Sentmatnatelong&ni reometr), komplexni viskozity, elastické
poddajnosti a bylo zji8ho, Ze s rostoucim stugm \Etveni roste Newtonska viskozita,
elastickd poddajnost, elongd viskozita a miré klesa smykova viskozitaiipvysokych
deformanich rychlostech. Kvantifikace stupnétveni u vSechit vzorki byla provedena
pomoci generalizovaného Newtonského a Maxwellowdlodelu. Zpracovatelnost poly-
meri byla nasledé hodnocena jejich vyttvanim na izn¢ dlouhych hubicich, a to
je zjis€ni, Ze s rostoucim stupm vétveni u metalocenového typu LLDPE didgtuSného
optima dochazi ke stabilizaci toku zatimco s dalSistem ¥tveni se stdva zpracovatelské
okno uZzsi. Z uvedeného vyplyva, ze zasrdainich Wwtvi do zakladnihdgetézce je vhod-

nou metodou, jak zlepSit zpracovatelnost metaloegeiotypi polymef.

Kli¢ova slova:vétveni, metalocenovy typ LLDPE, elonga viskozita, shark skin, tokova
stabilita, Cogsweillv model, Bindingv model, vstupni viskozita, Sentma-
nativ elong&ni reometr, generalizovany Maxw@ll model, general-

izovany Newtofiv model



ABSTRACT

Effect of different long chain branching levels nmetallocene based LLDPE on
shear and extensional flow behavior has been dbréfvestigated from the processibility
point of view. It has been revealed experimenttdft by increasing of the branching level
in mMLLDPE up to the particular optimum level leadslow stabilization whereas, beyond

this optimum, the processing window has been fdarite decreasing again.

Keywords:long chain branching, metallocene LLDPE, elongeloriscosity, shark skin,
flow stability, Cogswell modelif8ling model, entrance viscosity, Sentmanat
Extensional Rheometer, generdlidaxwell model, generalized Newtonian
model
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“Tvta pel” (everything flows)

Heraclites (c.535-475 B.C.)
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INTRODUCTION

Viscosity is an important rheological property whiexpresses the resistance of
the material to flow and two of them can be con®deas the basic ones; shear and ex-
tensional viscosities. The former represents tlsistance of fluid to the shear flow,
whereas the latter reflects the resistance totteéching. The knowledge of both viscosi-
ties is crucially important for better understarmgdof polymer molecular structure and it
significantly helps to optimize the polymer prodgagsconditions and equipment design
to achieve stable flow conditions. In more detdif®re are technologies with predomi-
nantly shear flows (extrusion) or with predomingrgktensional flows (the flow through
converging channels in the extrusion/coextrusiaes dinjection moulding, calendering
and post die processes such as, fibber spinnibglaufilm blowing, cast film [1-5, etc.]
and with the aim to capture the flow behaviour uclsflow situations properly into ac-
count, corresponding viscosity (or both) shouldcbasidered. It should be mentioned
that the extensional viscosity of the material ischh more difficult to measure in com-
parison with the shear viscosity as reported inlitieeature [6]. In the open literature,
several types of extensional rheometers and expatahtechniques have been devel-
oped [6-11] to measure this very important variablewever each of them is applicable
for only limited range of extensional rates or sées and the low experimental error can
be observed only in the case when the elongatem i stable for a sufficient time for
large enough volume of the sample. Even if theresitamal viscosity is determined for
certain polymer, it is not trivial to make direatk between this property and polymer
molecular structure (branching type, amount andiggibution for example). Therefore,
the main aim of this work is to firstly, evaluateosen experimental techniques for exten-
sional viscosity determination. Secondly, to meaghe extensional viscosity for metal-
locene based LLDPEs having introduced three diffelevels of the long chain branch-
ing. Thirdly, quantify the measured data througm@e constitutive equations and fi-
nally, to evaluate the processibility of all thnessins in the simple extrusion from the

onset of the shark skin phenomenon point of view.
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1 EXTENSIONAL FLOWS IN POLYMER PROCESSING:
MEASUREMENT AND MODELING

In this section, firstly, basic types of the flowrdains occurring during the poly-
mer processing with predominantly extensional floemponents will be showed. Sec-
ondly, the review about the most popular techniqoeshe extensional viscosity deter-
mination will be provided. Thirdly, the effect oheé molecular structure (long chain
branching) on the flow behaviour will be discussad finally, two, very simple constitu-
tive equations will be introduced as a good candslfor quantification of the shear and

extensional viscosities.

1.1 Review of basic polymer processing technologies

It should be kept in mind that virtually every typé polymer processing flow
consist of both, shear and extensional flow comptand therefore both shear and
extensional viscosities should be used for the aakegflow description. In reality, the
complex industrial flows are often simplified incsua way that the minor flow compo-
nent is neglected and the flow situation is viewwsdhe simple shear flow or as the sim-
ple extensional flow, which significantly reducdsetamount of the needed rheology
characterization as well as computational diffi@gt In many cases, the situation is even
more simplified due to difficulties connected witle extensional viscosity measurement,
i.e. even if the flow situation consist of predoanily by the extensional flow, only shear
viscosity curves are employed. Of course, this Bfiroation usually leads to unrealistic
representation of the flow in many cases. Withaime to see where the extensional flow
components plays the important role in the polyprecessing, and thus should be taken

into account, short overview in this sense is ptedibellow.

1.1.1 Extrusion

During the flow in the extrusion dies, polymer rselisually flows through
converging channels, usually occurring at the di¢ mgion, where significant exten-
sional flow components occur as visible in Fig7l [n more detail, the elongation flow
is uniaxial and planar for circular and flat diespectively. As visible in Fig. 1, during
the extensional flow, the cross sectional areadsiced significantly due to velocity rear-

rangement occurring at the converging channel.
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Fig. 1. Flow through extrusion die (material

is flowing from left to right)

1.1.2 Calendering

Calendering is based in feeding plasticized mdtéédween two rotating rolls
[12]. As shown in Fig. 2, the rolls rotating in agite directions draw the material into
the nip and the material element is both, intergigbeared and stretched due to pres-

ence of the planar elongational flow.

Fig. 2. Calendering

1.1.3 Injection moulding

Fig. 3 presents the scheme of injection mouldiracess [13]. In this technology,
the polymer melt is injected into the closed hollawould in very high speed by the
piston/crew (represented by thin dashed lines) wlacces the melt into the mould (the

arrows mean pressure). As visible in Fig. 3 onrigbt side, the front part of the melt
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stream filling the mould (in the figure marked a&sly is stretched significantly and the
extensional flow occurring in this area can be xiaila planar or biaxial according to type

of the mould.

Fig. 3. Injection moulding

1.1.4 Fiber spinning

Fiber spinning is technology during which the amanugxtrudate at the post die
area is stretched significantly by the haul off idewvhere uniaxial elongational flow
dominates i.e. the polymer chains are stretcheshédirection, as shown in Fig. 4 as the
red element, and shrinks equivalently in other divections for isotropic materials. Very
high level of the molecular orientation occurringridg this process significantly im-

proves tensile properties of final fibers.

Fig. 4. Fiber spinning

1.1.5 Tubular film blowing

The tubular film blowing process is technology tbe film production during
which the polymer melts is extruded through anndlarto form the tube [1]. Due to in-
ternal pressure and the take-up force at thegiestrea, the tube is inflated and cooled
down as visible in Fig. 5 (the take-up force isuaiized here as the arrow on top of the

bubble, the inflation as the two symmetric arromside the bubble and deformed bubble
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element as red). In this case, it is clear, thatbilaxial extensional flow dominates in this

case.

Fig. 5. Tubular

film blowing

From the above mentioned examples, it is evideait tthe knowledge of exten-
sional viscosity is crucially important for undexstling the relationships between poly-

mer material, optimum processing conditions andpqgeant design.

1.2 Review of elongational viscosity measurement devige

As shown above, the knowledge of the extensiorsaogity is crucially important
in many industrial flows and thus the relevant gioesis in what way and how precisely
this important rheological property can be measufedanswer these two questions, the
most often used instruments and experimental proesdor the determination of exten-
sional viscosity are introduced in next section &meir advantages/disadvantages are

carefully discussed.
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1.2.1 Munstedt tensile rheometer

The first elongational rheometers were introdudetth@ end of the 1970’s. years.
Probably the best known is the rheometer by Munsf8} [14] which was introduced in
1979. The principle of operation is shown in Fig18].

toothed belt — ||

photo - electric
measuring system

I
[TTTTTTTTI Tl

guiding sledge

[T T T T I

silicone oil bath
J | P(oil) ~ p(sample)
tierod —— (111 4 »<7 thermocouples
stirrer i glass vessel
sample ||| | ‘\‘7 clamps
“— insulant
heating il ] cavity
liquid T—\\ force transducer

Fig. 6. Schematic drawing of Minstedt

tensile rheometer

At this type of tensile rheometer the sample isiptd two clamps, one of which
is situated on the force transducer, the othettéslaed to the tie rod. When the sample is
placed into clamps, the inside space of the rheemeffilled with silicone oil. The den-
sity of silicone oil has to be approximately eqteathe density of the sample to limit the
effect of the gravity force. The silicone oil alspsures constant temperature distribution
along the sample. The required temperature is eshbly heating liquid in the outside
shell. To keep ideal temperature distribution, $iieone oil is mixed by a stirrer. The
temperature is taken by thermocouples, which ameegdl at different distances from the
sample. Heat losses are limited by the insulatangtg between heating-liquid space and

the glass vessel.
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The extensional viscosity is determined with thet @i the force transducer data
and photo-electric measuring system. The advardhges type of elongational rheome-
ter consists in capability to measure the recoverpbrtion of elongation and stop the

movement of the clamps at different states of aeétion.

1.2.2 Meissner’s metal belt clamping rheometer

For the measurement of equibiaxial and planar etogal viscosities two types
of rheometers were developed by Meissner [6], [T&E first one was introduced more
than 30 years ago, the other, novel version, wasated in 2003. The scheme of novel
version is outlined in Fig. 7 [15].

sample,
reference area

SCiSSors

equibiaxial planar
Fig. 7. Scheme of Meissner’s metal belt clampireprheter producting equibiaxial and

planar elongational flows

The sample is in the form of polymer film. It isaohped in the rheometer with a
metal belt, which ensures stretching the samplehéncase of equibiaxial elongation
eight clamps are placed in circle. All metal bettsate at the same constant speed. On the
contrary, in planar elongation six clamps (2-4, B+&ig. 7) rotate, while clamps 1 and 5
do not and only hold the sample in a fixed latpition. As can be seen in the figure, in
the case of planar elongation the reference areaotde a complete rectangle due to
inhomogenities near the ends of the sample. Ferrdason the reference area is only in
the middle of the sample. Between the clamps thegescissors that intermittently cut

into the sample so that with each cut its tips farmew reference area, which is extended
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until the next cut is made. In both cases metdklagk situated inside the heated volume,
but the force transducers and driving motors aaequ outside. During the experiment
the polymer sample is drawn between two rotatingaireelts (Fig. 8 [15]) and the sam-

ple is supported by a cushion of inert gas (nitmjge

metal belt

Fig. 8. Sample clamping by metal belts

1.2.3 Capillary rheometer

Capillary rheometer is a universal viscosimeter avhican be used for the
determination of shear viscosity, elongational esty, first/second normal stress
differences and wall slip. The rheometer can bseweral configurations. The first con-
tains a single — bore barrel, the second a twiore ldual) barrel. The twin — bore types
save the testing time because they are able tindata results in one test cycle. Another

type is on — line capillary rheometer which is mimghon an extruder.

As shown in Fig. 9 [6], a modern capillary rheometensists of a heated barrel
and a piston that drives molten material througialébrated die. The geometry of the die
can be changed to measure rheological propertieéffatent conditions. The polymer
sample is in the form of granules, which are filledthe reservoir and perfectly com-
pacted. The sample size depends on the barrebeit¢he shear rate. An experimental
difficulty is vortexes in the entrance region, wédrighly accurate pressure transducers
are located. At the end of the die, where the mats, a typical elastic phenomenon ap-
pears —die swell’, which can be measured by a laser micrometer radusglow the die
exit. Extensional viscosity can be determined thloentrance pressure drop measure-
ments and special computational treatment (Cogsjdél, Binding [17], Gibson [18]
methods). The major advantage of entrance pressopetechnique is the capability to

evaluate extensional viscosity at very high exiemei strain rates (10 — 1008)swhich
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is impossible to achieve on any other instrumehe main problem connected with this

technique is non-homogeneous elongational flow woay at the die entrance region.

/ N
y \
force e .
2 e ] '
iston - SR | \
p >’ / ‘ \\\ //j - —
4 / \ .
heated barrel a ’ ®\ H \\ entrance region
// ] ! .
/ | ===
e ’ .
/ . J fully developed
polymer melt fow
reservoir
vortex
die exit region
\\ \ 7 777777
\\ / .
M= —

|
flow rate \
\

Fig. 9. Scheme of capillary rheometer

1.2.4 SER Universal Testing Platform

Sentmanat Extensional Rheometer (SER) Universdinge®latform is a novel
type of extensional rheometer, which was develdpeM. L. Sentmanat [9], [10]. It was
constructed as a detachable fixture for commeycalhilable rotational rheometers. The

SER can be used to perform uniaxial extension tesfgolymer melts and elastomers.

The principle of operation is shown in Fig. 10 [Bhe main parts are master drum
and slave drum, which turn in bearings placed endhassis. Both drums are connected
mechanically with intermeshing gears. The gears ratated by a drive shaft and
consequently cause turning of both drums. The iootagpeed of the master and slave
drums is equal, but opposite; this type of intermves gears changes only the direction of
rotation (the gear ratio is 1:1). The sample ofypwr is placed to securing clamps (one
is on the master drum, the other on the slave damd)with the rotation of both drums

the sample is stretched above the unsupportedidngfcentreline distance between the
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master and slave drums). As a result of the sanegistance tangential force will appear

on both drums. This force produces tor@ewhich is measured by torque transducer on

the torque shaft.

The worldwide patented technology applied on thpetof extensional rheometer
has several advantages. Firstly, the deformatiore 28 permanently visible from one
place. Secondly, this platform is possible to maomtcommercially available rotational
rheometers (in both configurations: Controlled-RRigeometer and Controlled-Stress
Rheometer) as a host system. Another advantadgmtighis rheometer places no lateral
load on the torque transducer. Last but not leasadvantage is the versatility, because
not only the extensional rheology can be performedhis platform but it is also able to
carry out other types of tests: T — peel/adhedractjon, tear, tensile and high / rate [9],
[10].

chassis

torque shaft

bearings

master drum

slave drum

sample

securing clamp

bearings

intermeshing gears

drive shaft

Fig. 10. Scheme of SER Universal Testing Platfofims type is
mounted on Controled - Rate rotational rheometemf@uration

(CRR), which has a separate motor and transducer @iosupported

length,Q - drive shaft rotation rateT - torque, F- tangential force)
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The behaviour of the sample during the experimerghiown in Fig. 11 (adapted
from [9]). The length of the sample increases wiiile cross—section area decreases.

Elongational viscosity is determined from the meaduorque.

-< 2C

Fig. 11. Behaviour of the sample during

the experiment on SER

The comparison between SER and other extensioaahrbters is shown in Fig. 12 [19].
As can be seen, SER can be used to perform widgrspeof polymer testing whereas

common extensional rheometers can be used to igastmelt extensional viscosity

only.

viscosity

polymer melt, rubber processing and

3 thermoforming behaviour

= \

c>u physical properfies of

S solid polymers, cured rubber, solid films and coating

o \

= ‘ood rheology and

5 processing behaviour

—— ‘

© physical behaviour of physical properties of

& viscous gels and pastes semi-solid networks and gels

physical material characterization spectrum

[ ] = capabilties of SER Universal Testing Platform

. = capabilities of other extensional melt rheometer technologies

Fig. 12. Comparison of the capabilities of SER léndal

Testing Platform and other melt rheometer techniel®g
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At the end of this chapter we present the conditisampling and other factors relevant

to the above described rheometers.

Tab. 1. Extensional rheometers overview, (adaptad {6])

y Meissner’s SER
Munstedt . .
. metal belt Capillary Universal
Feature tensile . .
clamping rheometer Testing
rheometer
rheometer Platform
Type Of. Uniaxial Plar_la_r or Uniaxial Uniaxial
elongation equibiaxial
Sample Polymer film Polymer film Granules Polymer film
10 g; care must < 2 g; requires
Sample size bFT' t_ak_en to careful , 40 g minimum 5 —200 mg
minimize end  preparation and
effects loading
Restriction of ... . Inert gas Geometry of
. Silicone oll , None the sample and
gravity force cushion . :
its clamping
Viscosity . . . . . . Both low and > 10 000 Pa.s
High viscosity  High viscosity . ) ... (zero-shear
range high viscosities . .
viscosity)
Subject to Stable up to
. . . Can be unstable Unstable at very Y
Flow stability gravity, tension at hiah rates hiah rates 4
and air currents g g 20s
No — mixed Yes — truly
Could be, with  shear and elon-uniform
Homogenous Not at the ends : :
care gational flow extensional
deformation
Yes —
compressibility
Pressure of melt in the
None None . None
effects reservoir could
cause
difficulties
Maximum elon- .
: : Maximum
Maximum rates gational rate is recommended
Elongational limited by the  High and low :
depend on I . . elongational
rates ability to main- rates possible

clamp speeds

tain the sample
in steady flow

strain rate is
20 ¢t
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1.3 Effect of long chain branching on viscosities of ggmers

The shape of viscosity curves is affected by mawyors. Beside molecule weigh,
polydispersity, flow memory, temperature and pressiso long chain branching has an
important effect [6]. Basically, polymers are diedl into two groups — linear and
branched. The former has only the main chain, wthke latter contains side chains
(branches) connected to the backbone. These brarare significantly influence the
flow behaviour of the material. The differencesviEdn the two types of molecules are

shown in Fig. 13.

linear molecule branched molecule

Fig. 13. Linear and branched molecule of polymers

1.3.1 Shear flow

Although there are several theories [20] which akxpthe behaviour of polymer

chains at flows (shear and extensional), this bielavs not fully understood so far.

One very simple theory [7] is based on the idea i molecules are entangled
into clumps and it is assumed that at shear flagdhclumps are not entangled, but only

slide, which is visualized in Fig. 14.

—_—P

_— —_—

L

linear molecule branched molecule

Fig. 14. Linear and branched molecule at shear flow

Based on this simplified theory the differencesnasn linear and branched polymers are
very difficult to distinguish from shear viscosityurve, which is also confirmed

experimentally. As an example a study can be sh@&h which concentrated on the
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differences between two identical types of poly&thg (LDPE), produced in two

batches. The results are shown in Fig. 15 [21].
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Extensional and shear rates (1/s)

Fig. 15. Linear and branched molecule at shear flow

From this graph it is evident that while under shba two batches behave nearly
identically, their extensional flow is differenthlis, shear flow is not able to distinguish
little variances in the structure of the mater@h the contrary, from elongational curves

the high sensitivity to the structure of the polynseclearly seen.

1.3.2 Elongational flow

As shown above, elongational viscosity is ableistituish even a little variance
in the structure of a polymer. The reason is thdividual molecules which are rolled up
to clumps are stretched under flow. Linear molexieow small resistance to flow, so

extensional viscosity of the polymer will decreasth increasing rate.

On the other hand, the elongational viscosity curfveranched polymer will first
increase and only then it will begin to decreage (Sig. 15 for example). This phenome-
non is called §train— hardening” The ‘strain—hardening”is caused by the initial resis-

tance of entangled branched molecules to stretciiowever, at higher rates the resis-
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tance of entangled branched chains will be overcantkextensional viscosity will de-
crease. The differences between the two types décules in elongational flow are
shown in Fig. 16 [7].

e e I — >
-

linear molecule branched molecule
Fig. 16. Linear and branched molecule at elongadidiow

1.4 Constitutive equations for polymer melts

Constitutive equations are mathematical relatigsiwhich are often derived
from different assumptions and idealizations abmathanisms that produce stress and
molecular or structural forces. These equationsnaa@ly used in the case of liquids
which have particular flow memory — polymers. Thehaviour of polymers lies between
Newtonian liquids and Hookean solids (because t#Htively long macromolecules),

therefore they cannot be described by simple phy&evs.

Constitutive equations can be divided into two gaudifferential and integral
(according to the mathematical form). The constiuequations help to predict a poly-
mer melt behaviour during its processing and tfarssave time and material in specify-

ing optimum manufacturing conditions.

There are a number of models which can be used farticular purpose [22]. In
this work we use recently proposed Generalized Nexah model [23] and Generalized
Maxwell model [24], whose main advantage consistanalytical form of equations for
description of shear and extensional viscosities. this reason, the model parameters
identification on the experimental data is straigihtard and simple by using last square
minimization method which is not the case when nswphisticated constitutive equa-

tions are employed.
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1.4.1 Generalized Newtonian model

Generalized Newtonian model is derived from theptgmNewtonian model,

whose form is following [23]:

= 21, (1)

o

where 7 represent extra stress tensgris Newtonian viscosity, an® stands for the

deformation rate tensor.

The disadvantage of this model consistg.irin this expression Newtonian vis-
cosity is constant, but in reality the polymer ma#icosity depends on temperature and
strain rate. In this work, we have used the follogvgeneralized expression for the New-

tonian viscosity proposed in [23]:

(T 1o, ) = p(T, 1) e (2)

where T is temperature]l, and lll, stands for the second and third invariants of

deformation rate tensor, respectively.

Then(T, llp) in Eg. (2) is Carreau — Yasuda function.

(T, 1) = Mo ®3)

e, ]

wherea; is Arrhenius equation for temperature-dependeifit felctor:

B E, 1 1
a, =exp— - (4)
R{27315+T 27315+T,

whereE, stands for activation energ®,represents universal gas constdnis reference

temperaturey,, 1, @, n are adjustable parameters.

For functionf(T, Ill,) in Eqg. (2) the following expression was proposefR3]:

f(T,IIID)=|:tan cai4ll o) +1)} 5)

tanh()

where¢ is adjustable parameter ands extensional strain-hardening parameter.
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Extensional viscosity determination for polymer melgiven as:

Ty — T

— (6)

&

e =

The main advantage of this model is capabilitydptare both, strain hardening as well

as strain softening in the extensional flows asudised in [23].

1.4.2 Generalized Maxwell model

White, Metzner and Barnes proposed generalizatioth® Maxwell model in
such way that viscosity and relaxation time arevadld to vary with the second invariant
of the strain — rate deformation tensor [24], [Zbhis dependence is expressed in the

following form:

e+ 7(1)e = (1l ,)D @)

where ll, stands for the second invariant of the rate ofbwhehtion tensor,ﬁ(IID)
represents the deformation rate—dependent relaxdioe, ;(Ilp) is the deformation
rate—dependent viscositystands for the stress tensair, represents upper convected
stress tensor derivate afidl is deformation rate tensor. As shown by BarnesRuwigerts

[24], with the help of specific functions gfll ;) and ANl o) (Egs. (3) and (8)) the model

can be used for very good description of elongaliaiscosity of real polymer melts,

because it does not predict infinite elongationstesity:

1) = I
Ao = ®)

where/,, K, are constants. One additional conditio(tig K) < (3/2).

The generalized Maxwell model is represented is.K8), (7) and (8) together
with the physical limitation fof, andK;. The generalized Maxwell model can be applied

only in steady flows because in this model thexagian time depends di.
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2 AIMS OF THE WORK

The main aim of this work is to firstly, evaluatkosen experimental techniques
for extensional viscosity determination for two Mg branched LDPEs. Secondly, to
measure the extensional viscosity for metalloceas2td LLDPESs having introduced three
different levels of the long chain branching by tiep of two experimental techniques
chosen in the first step. Thirdly, to quantify tmeasured data through simple constitu-
tive equations and finally, to evaluate the proitel#ty of all three resins in the simple

extrusion from the onset of the shark skin phenaneoint of view.
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3 MATERIALS

In this work, the following material has been used:

- LDPE, Basell Lupolen 1840H (Basf): density 0.916éng’, melt index 1.5 g/10
min, M, = 258,000 g.mé!, M, = 15,542 g.mét

- LDPE, Escorene LD 165 BW1 (Exxon, USA): density22%.cni®, melt index
0.33 g/10minMy, = 366,300 g.mdt, M, = 30,280 g.mot

- mLLDPE low level of LCB (virtually linear structuye
-  mLLDPE middle level of LCB

-  mLLDPE high level of LCB

It should be mentioned that the details about #is¢ three materials are not provided in

this work because they are confidential.
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4 EQUIPMENT AND METHODS

In order to distinguish various degrees of chaambhing two types of rheometers
were chosen, they are introduced at section 1iBst, Eapillary rheometer RH7-2 (Ros-
and Precision, Ltd., Great Britain) was used, bsedtiis able to generate moderate as
well as very high extensional flow. Second, the SHRversal Testing Platform (Xpan-
sion Instruments, USA) has the ability of very psecdetermination of extensional vis-
cosity at low extensional rates. The detachableifex SER was mounted into the Ad-

vanced Rheometric Expansion System (ARES) Rheorseds a host system.

4.1 Capillary rheometer Rosand RH7-2

As can be seen in Figs. 17 and 18, capillary rhé@nfRosand RH7-2 is a twin-
bore instrument which allows to perform two meamerts at the same time. It is
equipped with two (orifice and long) capillary di€3ue to twin-bore technology, shear

and extensional data can be obtained without wsisgt of various capillary dies.

Detail of pistons
and entry area
into barrel

Detail of heated

barrel with three

heated belts and
two pressure
transducers

Fig. 17. Photo of Rosand RH7-2 twin-bore capilldngometer
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The measurements were performed in a constantnpsgteed mode at the shear
rate range of (0.05-2300)'sIn our measurements we used pressure transducers
(Dynisco, USA) in ranges of (10000) PSI (68.94764dyJR1500) PSI (10.3421 MPa),
(500) PSI (3.4473 MPa). In order to obtain the nazsturate data of extensional viscos-
ity for low extensional rates range, the highly siewe pressure transducer (250) PSI
(1.7237 MPa) calibrated into its down resolutianitiwas used for pressure recording at

the entrance to the orifice capillary die (rightatacapillary in Figs. 18 and 19).

pistons

heated barrel

right pressure
transducer

heated belts

|eft pressure
transducer

long capillary
die

orifice capillary
die

Fig. 18. Scheme of twin-bore capillary rheometer
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Three sets of capillaries were used for the measemes. Their dimensions were
following:

- orifice (short) capillary dielLoc= 0 mm,Dyc =1 mm

Loc = 0 mm,Doc=2 mm
Loc = 0 mm,Doc=3 mm

- long capillary diel,c =16 mmD. =1 mm

Lc=32mmD.c=2 mm
Lc=27mmD,c=3 mm

The scheme of capillary dies is shown in Fig. 18 diameter of barrel wdd = 15 mm.

Fig. 19. Detail of long (left) and orifice (right)
capillary dies

The rheological properties of the sample materadse investigated at tempera-
tures 150°C, 160°C, 180°C and 200°C for LDPE Bas$sgdolen 1840H, 200°C for
LDPE Escorene LD 165 BW1, 140°C, 150°C and 17f@iChree types of mLLDPEs.
In order to perfectly compact the sample granufesediminate air bubbles, two preheat-

ing steps (for 3 and 6 minutes) and two compressieps (to 0.5 MPa) were applied be-
fore each experiment cycle.
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4.1.1 Shear viscosity determination technique

With the aid of suitable software, the Rosand rhet@manalyses the measured
data. In order to obtain true shear stress daiangcessary to use the Bagley correction.
However, the twin-bore technology of the Rosandnheter allows to apply the Bagley
correction automatically on the measured datas hat difficult to show that the shear
viscosity can be determined from below providedatiehships. The corrected shear
stress is calculated according to following equatio

= (PLC _ I:)oc)

o= R ©

where P, stands for pressure drop measured on the longlagpiP.c on the orifice

capillary;L.c is the length of the long capillary, aRd represents capillary die radius.

Apparent shear ratg,.,, can be determined from equation:

;-AQ
Yapp ~ ﬂRg (10)

whereQ is volume flow rate an&. represents capillary radius.

In order to obtain the real shear rate, RabinoWwitsarrection has to be used on

apparent shear rate:

. 4Q 3n+1
nRg 4n

(11)

wheren represents power-law index and can be obtained fre following expression:

_ d(logz,,) (12)
d(log 7 aee)
Finally, shear viscosity is simply:
TX
n=—r (13)
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4.1.2 Entrance viscosity

In the case of capillary rheometer, the entrancessure drop is measured
(the pressure transducers are situated in theneetr@gion) by the help of the orifice die

(right-hand capillary in Fig. 19). With the aid apparent shear rate,(,) the entrance

viscosity can be determined according to the falh@aequation [11]:

P
Ment = — (14)

Y app

whereP,: stands for the entrance pressure drop, which eamdnasured directly on the

orifice capillary die or can be obtained from thegBey plot.

Due to the fact that it is difficult or practicallmpossible to measure entrance
viscosity at very low ofy,.,, it seems to be very useful to fit the measured ty a
suitable model and take the low apparent shear date from the model fit as the
measurements. As was suggested in [11], the equatldich describes the entrance

viscosity dependence on the shear rate is following

|09(’75NT) = log Ment,0 {tanr(a,j}APP + 5 )} (15)

e (] ) L)

This is an empirical equation which combines a €arrYasuda model and an additional

term that controls strain-hardening behavioyg,;, is the plateau-value of entrance
viscosity, and’, a’, n’, a’, f°, ¢ are adjustable parameters.

For fitting the entrance viscosity data, a simetifversion of the above equation

(a'=1-n"andg = 1) will be used in this work:

_ Ment0 tanh(a Jypp +1) .
|09(’15NT) = |09( L+ (25,00)° ] J{ tani‘(l) } (16)

4.1.3 ‘Effective entry length correction’

The Cogswell and Binding methods do not accurgtedglict the correct value of
3 (Trouton ratio) in uniaxial extension viscosity shown in [11]. This number is the ra-
tio of extensional viscosity to shear viscositylat/ shear rates range (Newtonian pla-

teau). For this reason the measured entrance Wgatetia has to be treated through so
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called ‘effective entry lengtltorrection’, which has recently been proposed in [11], i.e.

the corrected entrance viscosity can be determagedrding to the following equation:

" _ Dic b Dc Tr Doc al, .
ENTC — ENT,a
D¢ b Doc a

LOC

(17)

wherey is shear viscosity{ ] represents ratio of length to diameter at oritiagil-
a

oC

L . . .
lary and (iJ at long capillary,n.;, stands for entrance viscosity measured on the
LC /p

. . . L .
orifice capillary die, and ratlE—Cj is expressed as:
C/Tr

[i} — 1[ ’7ENT,a,0 _ ﬂENT,O,ej DOC a DLC b +[ LOC j (18)
Tr a

D 2\ 2y, 21, ( L J Doc
DLC b

where ngr.0 represents the entrance viscosity plateau thateigsured on an orifice

capillary die wﬂh(ﬁJ ratio, 7, is the Newtonian viscosity, ang., . stands for the
a

oc

entrance viscosity plateau, which is calculatedhffollowing relationships:

Nentoe = 16337, (Cogswell method) (19)

Nentoe = 1.8856y, (Binding method) (20)
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4.1.4 Corrected Cogswell method

Equations and extensional flow parameters in Colysmethod are obtained
through minimizing local pressure gradients in tdo@verging region. This analysis is

based on the following assumptions in the convergagion [6]:

Assumptions for Cogswell analysis of contractiomfl

1. Incompressible fluid;

2. Funnel-shaped flow; no slig.(= 0) on funnel surface;
3. Unidirectional flow in funnel region;

4. Fully developed flow upstream and downstream;

5. Axis symmetry;

6. Pressure drops due to shear and elongation enaglbulated separately and
summed to given total entrance pressure loss;
_ 4Q .

¥ apP _7[?’
c

7. Neglected Weissenberg-Rabinowitsch correctjoa

8. Shear stress is related to shear rate thropghvar lawyz,, = mya.p;

9. Elongational viscosity is constant;
10. Shape of funnel is determined by the minimumegated pressure drop;
11. No effect of elasticity (shear normal stresssglected);
12. Inertia neglected.

For determination of elongational curve Cogswe8][@lerived following equa-

tions. Extensional stress is calculated accordingetow relationship:

3 .
Og = g (n + 1)’7ENT,C7APP (21)

The extensional rate is express as:

é‘ = 4 nyAPP (22)

3(“ + 1) Nentc
where 5. Stands for corrected entrance viscosity, gneepresents shear viscosity,

which can be defined as:

n= (23)

Yapp
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wherez, . means the corrected shear stress.

xyC
The extensional viscosity is then given by a sinmplso of extensional stress to exten-

sional rate:

Ne =—— (24)

4.1.5 Corrected Binding method

As shown in [17], the equations and extensionak flrarameters, according to
Binding method are obtained by minimizing the vise@nergy dissipation in the con-

verging region. Binding’s assumptions are summadrlzelow [6]:

Assumptions for Binding analysis of contractiomflo

1. Incompressible fluid;

. Funnel-shaped flow; no slig.(= 0) on funnel surface;
. Unidirectional flow in funnel region (see assuiop 10);
. Fully developed flow upstream and downstream;

. Axis symmetry;

o o~ 0N

. Shear viscosity is related to shear rate threugbwer lawy = my"™;

\‘

. Elongational viscosity is given by power-layy, = 15*™;
8. Shape of funnel is determined by the minimumkwordrive flow;
9. No effect of elasticity (shear normal stressagected);

. (dR.)’  dR? o
10. Quantitie e and? related to funnel shape are neglected; this h&as th
z z

implication that the radial velocity is neglectetlem calculating the rate of de-
formation;

11. Neglect energy required to maintain cornerutaton;
12. First normal stress difference due to the sfiearis neglectedlN, = 0);
13. Inertia neglected.




@ Tomas Bata University in Zlin
Faculty of Technology 39

The extensional rate along the centreline in Bigdinalysis is:

2 . n
&= (3n -21)(1-'- kz) Y app (‘?’n + 1) (25)
3k (L+n) Menr \ 4N

The extensional stress is express as:

o = 2(k_1)3k(1+ n)2 NentY app
= @Bn+)A+k)? 1,

(26)

The integral,« is determined from:

1 3n+1 @+n) ) (KD
Lo = | ab{z—[ - ﬂc Ce (27)

The unknown parametdd in Egs. (24), (25) and (26) is calculated fromldaing

expression:
[}
k=1 (28)
1+n-t
[}
wheret is defined as:
= 41090renr) _y (29)
dlog()spp)

As shown in [11], the Eq. (26) can be simplifiechamn [ (0;) on shape:

i
| = N
"2n+ @+n)(k+1)

(30)

4.2 Rotational rheometer Advanced Rheometric Expansioisystem
(ARES)

Fig. 20 shows the Advanced Rheometric Expansionegyswhich was used for
determination shear viscosity, loss modulus, semagdulus and activation energy. All
measurements were performed with 2 K FRTN1 and PZREN2 transducers (provided

by TA Instruments) with a lower resolution limit @02 g/cm.
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The three different mLLDPE materials were measunedscillation mode with
range of frequencies (0.1-100 rat).sThe measurements were performed with parallel
plates geometry (plate diameter was 25 mm). Thepkathickness was 1 mm and the
experimental temperatures were 140°C, 160°C, 180fC200°C.

Detail of parallel plates
geometry mounted into
rotational rheometer
Rheometric Scientific
ARES

Detail of oven chamber
and polymer sample
befare the test

Fig. 20. Photo of Advanced Rheometric Expansiote8B8yaRES

4.3 SER-HV-AO01 Universal Testing Platform

Fig. 21 shows the Advanced Rheometric Expansiome8yswhich was used as a
host system for the detachable fixture SER Univefgsting Platform from Xpansion
Instruments. As can be seen in Figs. 10, 21 anth22SER Universal Testing Platform is
an instrument which includes dual wind-up drumgt@rantee truly uniaxial extension

experiments on polymer melts.
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Detail of SER-HV-A01
mounted into the
rotational rheometer
Rheometric Scientific
ARES

Detail of dual
wind-up drums with
polymer sample
after the test

Fig. 21. Photo of SER-HV-AO01 Universal Testing félaih mounted in ARES

Note that SER-HV-AO1 type was used in our measungsnd he specifications of

the instrument are following:

- diameter of the wind-up drum0.31 mm (0.406 in)

- stretch zone gage length2.72 mm (0.501 in)

The samples were prepared by compression-mouldiftatopolymer samples
and subsequent cutting into fixed width strips gsindual blade cutter. The dimensions

of samples were:

- sample width:12.7 mm (sample prepared by dual blade cutter valibrated
width)

- sample thickness rang.5-0.8) mm

With the aid of SER instrument the samples of thgesdes of mLLDPE were
tested at temperature 140°C with the applied eideak rates in range (20s 10s',
3.16s" and 13).
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Extensional viscosity determination

The basic mathematical relationships for the detetion of extensional viscos-

ity will be introduced with reference to Figs. 1da?2 [9].

Fig. 22. Force diagram of SER Universal Testingtfelan
As can be seen in figures, the tangential stretcfonce €) on the slave drum

and the resultant torqu§ | are measured with the aid of torque transducer a@écoup-
led drive motor and torque transducer host systdm. meaning of the other symbols in
Fig. 22 is following:Q2 — drive shaft rotation rat&; — radius of drumsA(t) — instantane-

ous cross-section area;- tangential force anid, is unsupported length.

The extensional viscosity is determined from follogvrelationships [9], [10]. For
a constant drive shaft rotation rafe, the elongational strain rate applied to the sampl
can be calculated according to equation:

-2 @

wherel, stands for the fixed, unsupported length of thetshed, sample which is equal

to the centerline distance between the masterlamd drums (see also Fig. 10).
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At the contact point of the intermeshing gears ddft acts, which counteracted
by the tangential stretching foréeon the slave drum. In the case of 1:1 gear réo t
intermeshing gear ford€ can be calculated as a sum of moments aboutdke drum’s

axis of rotationO’ (as indicated in Fig. 22) according to the follogiexpression:

Fr:(F+FF)RD (32)

LO

2

whereF. represent the contribution of frictional force wthimay occur due to the friction

of gears and bearings.

ForceF’ on the intermeshing gears is transposed as d fatia on the bearings
and it is centered along the slave drum’s axisotditron, O’. Since the torque shaft is
attached to the chassis along the master drumés aixiotation,O, a total of moments

aboutO axis can be expressed as:

T=Fl, (33)
After the substitution of Eqg. (33) into Eq. (32):
T =2(F +F.)R, (34)

As bearings and gears which are mounted into tte @kt are very precise, the
friction termF¢is usually less than 2% of the stretch foFcand it can be neglected for
the values of torque greater than £2m. This results to a simplified expression fce th

measured torque:
T =2FR, (35)

In case there is no difference between the nomandl actual strain rates, the
change of the instantaneous cross-section &(a,of the stretched sample changes ex-

ponentially with time for a constant elongational strain rate experiment
At) = A, exd- ét] (36)

where A, stands for the initial cross-section area of thetretched sample; is the

constant elongational strain rate damdpresents the test time.

The width and thickness of the prepared polymerpsasnare measured at room

temperature before clamping into SER system. Ttiese dimensions are used for the
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determination of the initial cross-section adapf the unstretched sample. However, for
melt rheology experiments the polymer samples éixhildecrease in density upon melt-
ing, which is manifested as volumetric expansiothef sample span while it is clamped
into the SER. For this reason the following expmsshould be used to calculate the

cross-section area of the molten polymer sample:

2

At) = AO(;)_SJS exy]- ] (37)

where A, is the cross-section area of the sample in thel state,ps represents the

solid-state density, ang, stands for the melt density of the sample.

For a constant elongational strain rate the eqgondtitensile stress growti, (t )

of the stretched sample is:

sy = FO
ne (t) = A(D) (38)

whereF(t) is the instantaneous extensional force at tinand it is determined with the

aid of the measured torque signfll, and Eq. (30). This force represents the resistanc

of the sample to stretching.
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RESULTS AND DISCUSSION

Entrance viscosity measurement issue

As has been mention in the above section, the sengitive 250 PSI pressure
transducer has been used to measure the entraassup drop by using the zero length
die to achieve precise enough data. It has beamdfthat the pressure calibration after
each measurement is crucially important to geabédi entrance pressure drop, especially
at low apparent shear rate range. The Fig. 23 skowadependent measurements of the
entrance viscosity for the LDPE Escorene matertadne the pressure calibration has not
been done after each measurement. On the other thenéfig. 24 shows the same ex-
perimental results but the calibration has beeffopaed after each measurement. It is
clearly visible, that specific care has to be ddugng the entrance pressure data collect-

ing at very low apparent shear rates.

Comparison between corrected entrance pressure drop techniques and SER for highly
branched LDPEs

Two highly branched LDPE materials (Basell Lupol&340H, Escorene LD 165
BW1) were used at the beginning to test reliabityhe corrected Cogswell and Binding

methodologies with respect to Sentmanat Extensi@habmeter.

At the first step, the measured entrance viscasifédboth samples were measured
and consequently fitted by the Eq. (16) as depiotdeigs. 24-25 and fitting parameters
are provided in Tab. 2. It is clearly visible thatboth cases, Eq. 16 represents the meas-
ured entrance viscosity data very well. In the sdcstep, the model fitting lines for both
materials were taken as the measurements. In theé skep, effective entry length
correction has been applied for these data withe@sto Cogswell as well as Binding
methods. Finally, the extensional viscosities haen calculated for the LDPEs accord-
ing to both techniques and consequently comparédutive SER steady state extensional
viscosity data reported in the literature [10], ][28& visible in Figs. 26-31 (the shear
viscosity data needed for extensional viscositgwation has also been taken from these
two references; corresponding Carreau-Yasuda nfatley parameters are provided in

Tab. 3). Closer analysis of these Figures revéal$allowing conclusions.
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Tab. 2. Parameters of the entrance pressure droplein¢Eq. 16) for LDPEs and
MLLDPEs

Material nento (Pa.s) a () A(S) a’(s) &)

LDPE Lupolen 1840H 17,123.981676| 0.5908517882 0.0421690 4.074245 B8%Y
LDPE Escorene LD165BW1 | 33,577.941877| 0.4844595041 0.1091910 4.704289 071].1)

mMLLDPE low 25,599.000000, 0.5981200000 0.0129029 0.427290 OCIIID(IJ
mLLDPE middle 7,863.024385 | 0.5873461831 0.0151370 3.203749 018094
mLLDPE high 7,722.100949 | 0.7351088581 0.0049170 2.091828 00€B]7

Tab. 3.Parameters of Careau-Yasuda model (Eq. 3) for shescosity curves of
LDPEs

Material 1o (Pa.s) 2 (s) a(-) ne
LDPE Lupolen 1840H 59,950 1.5127000 0.38737 0.22245
L DPE Escorene LD165BW1 77,092 3.8285000 0.31350 0.29042

Firstly, steady state extensional viscosity datanfrthe entrance pressure drop
techniques shows strain hardening behavior for h&RE melts but, on the other hand,

the level of the stain hardening is lower compdcethe SER data.

Secondly, the Binding method give slightly bettgrement with the SER data
than the Cogswell model at low extensional straites whereas at higher extensional
rates, the Cogswell model gives better agreemethttive SER data compared the Bind-
ing one. With the aim to take this finding into aaat, the SER data were compared with
Binding’s and Cogswell’'s extensional viscosity datalow and high extensional rates,
respectively, as visible in Figs. 28 and 31. Itlsar, that even if both techniques are
combined together, the extensional viscosity datahe strain hardening region) from

the entrance pressure drop are still lower compar&ER data.

Finally, the inspection of Figs. 26-27 and Figs-39for LDPE Escorene and
LDPE Lupolen, respectively, reveals that applicatid the effective entry length correc-

tion is crucially important to get relatively cloagreement with the SER data.
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Comparison between corrected entrance pressure drop techniques and SER for

mLLDPEs with different level of long chain branching

In the first step, transient extensional rheologyhe linear (MLLDPE Low) and
branched (mLLDPE middle, mLLDPE high) materials evevaluated on the SER at
140°C as visible in Fig. 32. It clearly visible that mcrease in the level of the long chain
branching lead to increase in the extensionalrstrardening.

In the second step, the steady extensional visesdior all three samples were
determined from the entrance viscosity measureméhigs. 33-35) which were
consequently compared with SER steady state ewsteaisviscosity data. This compari-
son is provided in Figs. 36-44. Note the proceduorethe determination of the exten-
sional viscosity data from the measured entranseosities was the same as for the
LDPEs and the fitting parameters of Eq. (16) amvigled in Tab. 2. It should also be
pointed out that the steady state extensional sigcalata were taken from the peaks
appearing on the transient viscosity curves foresponding extensional strain rates.
This is due to the fact that beyond the maximumetlomgated sample may become un-
stable to free surface perturbations that grow @auke a necking onset of the sample
followed by a complete rupture. Closer analysishef Figs. 36-44 reveals that corrected
Cogswell and Binding models give very good agredmdath steady SER extensional
viscosity data for all three samples even if the&dictions at low and high extensional

rates quite different.

Experimental determination of complex viscosity and elastic compliance for mLLDPES

with different level of long chain branching

The comparison between frequency dependent compdeasity (calculated from
measured loss and storage modules — Tab. 4) fahrak samples is given in Fig. 45.
Clearly, the increase in the long chain branchiighty increases the Newtonian viscos-
ity, however, at higher shear rates the viscositydil three materials becomes almost
identical. Particular values of the Newtonian viEties and activation energies for all

three samples are provided in Tab. 5.

In Fig. 46, much higher difference between all ¢hneaterials can be visible from

the measured frequency dependent elastic compliamiog of view. It shows that elastic
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compliance (defined here asG—) increases with increasing level of long chainnista
nw

ing especially at low frequencies, which is in @&gnent with the open literature [14].

Tab. 4. Measured loss and storage modules for tigated mMLLDPESs at 14C

Material
mLLDPE low mLLDPE middle MLLDPE high
o (rad.§) | G (Pa) | G~ (Pa)| w (rad.§") | G" (Pa) | G (Pa)| w (rad.s") | G" (Pa) | G (Pa)
10! 11.334 | 1,732.8] 1b 44.032 | 1.876.6] 1b 86.439 | 1,955.4
10°8 39.414 | 2,730.4| 1®° 99.184 | 2,940.6| 1®° 163.00 | 3,044.1
10°° 131.05 | 4,284.5| 16° 208.79 | 4,589.4| 1®° 320.01 | 4,737.9
10°%4 302.38 | 6,711.9| 10" 428.94 | 7,154.4| 1®° 607.87 | 7,332.7
10°2 695.64 | 10,483 | 107 933.8 | 11,100 | 162 1,191.3 | 11,290
10° 1,584.5 | 16,244 | 10 1,926.2 | 17,127 | fo 2,314.3 | 17,272
1002 3,387.7 | 24,920 | 16 3,981.5 | 26,127 | 1¢& 4,475.0 | 26,180
1004 6,984.4 | 37,525 | 1 7,931.2 | 39,180 | 1d 8,556.8 | 38,997
1006 13,782 | 55,446 | 16 15,188 | 57,577 | 16 15,932 | 57,016
10°8 25,744 | 79,622 | 16 27,842 | 82,292 | 16 28,488 | 81,219
10 45,605 | 111,000 fo0 48,626 | 114,000 fo0 48,993 | 112,000
102 76,520 | 149,000 16 80,673 | 153,000 16 80,391 | 150,00(
10t 121,000| 193,004 14 127,000| 197,004 14 126,000| 194,00(
10'° 183,000| 240,000 16 190,000 244,000 16 187,000 240,00(
10'8 263,000| 286,000 18 271,000| 290,004 18 266,000 285,00
107 360,000 325,000 fo0 369,000 329,000 fo 363,000| 324,00(

Tab. 5. Newtonian viscosity (determined at°G)Cand
activation energy for mLLDPEs

Material no (Pa.s) E, (kJ/mol)
mLLDPE low 17,620 22.708
mLLDPE middle 18,990 26.411

mLLDPE high 19,780 24.731
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Quantification of the extensional strain hardening level for mLLDPE samples

Generalized Newtonian (Eg. 2) and Maxwell (Eqm&dels were used to fit the

steady state extensional viscosity data for abehested mLLDPE melts. For such pur-

pose, corrected Cogswell extensional viscosity degge employed. The comparison be-

tween measured and predicted steady extensiortasitg curves for all three samples is

depicted in Fig. 47 and the model parameters aveiged in Tab. 6. As visible, both

models have reasonably good capability to des@ibeLLDPESs (except of extensional

strain hardening under-predictions for highly bitzest mLLDPE). As visible from Tab.

6, generalized Newtonian and generalized Maxweltl@® have capability to quantify

the long chain branching level through parametérd, and a, respectively, i.e. both

parameters increases with increasing level of gn branching of mLLDPEs.

Tab. 6. Function parameters of used constititiveiadign for mLLDPE shear and

extensional rheology description

Function Carreau-Yasuda (Eqg. 3) Zatloukal et al. (Eq. Barnes-Roberts (Eq.
Material no(Pa.s)  A(s) a(-) H ¢) o (S) () Ao (S) Ki/ Ao (-)
mLLDPE low | 17,620| 0.04156680.76966| 0.28329 0.000150, 0.5659970.002768 1.582772
mLLDPE middle | 18,990 | 0.03859360.71953 0.25160 8.035667| 0.242168 41.463 | 1.596122
mLLDPE high | 19,780| 0.03705260.66402 0.23780| 14.614299 0.266867| 13.468 | 1.637437

The processibility evaluation of mLLDPE samples with respect to shark skin and gross

melt fracture

Capillary rheometer equipped with long diedX = 16) and orifice diel(/D = 0)

having 1 mm die diameter has been employed to jpethe extrudates at wide range of

apparent shear rates (from 61 to 2300 3) at 146C with the purpose to determine

the onset of the shark skin and gross melt frachirenomena for all three tested

mLLDPE. With the aim to clarify meaning of thesefaae/bulk defects for mLLDPEs,

the Figs. 48a-48c is provided here to show howehiedects change the extrudate shape.

For onset determination of these phenomana, extrudds (Figs. 48d-48f) and external

surface analysis of all extrudates (Figs. 49-56) haen performed. Critical apparent

shear rates for the shark skin and gross melturaanset for all mMLLDPE materials are

provided in Tab. 7. Definition of stable, stablestable and unstable flow conditions for
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linear mLLDPE (low) and highly branched mLLDPE (h)gs given in Fig. 55 and Fig.

56, respectively.

Tab. 7. Capillary flow stability flow evaluationfol\LLDPE samples

Material
mLLDPE low mLLDPE middle mLLDPE high
Type of capillary die

long orifice long orifice long orifice

- - R R R R

7 (S7) 7 (S7) 7 (S7) 7 (S7) 7 (S7) 7 (S7)

Unstable flow 432 247 570 247 432 187
Stable - unstable flow 375 215 496 215 375 163
Mélt rupture 754 496 496

If the result from the long did.(D = 16,D = 1 mm) are analyzed, we can observe
that low level of long chain branching can postptmeshark skin onset from 432 sp
to 570 §" (with comparison to shark skin onset for linearlrPlPE). However, for highly
branched sample, the shark skin onset is the sarfue the linear mLLDPE. This behav-
iour can be explained by the help of measured ssieass level measured on the high
shear rate (Fig. 57). Clearly, shear stress restuctccurs for slightly branched mLLDPE
(middle) only. No stabilization effect of highly dmched mLLDPE (high) can be ex-
plained by the significant increase of the elastiand extensional viscosity as depicted
in Fig. 46 and 47, respectively. These conclusiares also supported from the results
collected from the orifice died_(D = 0) measurements, also summarized in Tab. 7.sn th
case, low level of long chain branching (mLLDPE di&) has no effect on the shark skin
onset however, for highly branched mLLDPE (mLLDPigH), the shark skin occur at
even smaller apparent shear rates compare to lamehslightly branched mLLDPE. To
understand this behaviour, we should keep in ntiad the orifice die generates the flow
conditions where melt memory (influenced by elasstiand extensional viscosity) plays
very important role, because the die has no amgtheto allow relaxation of the stresses
generated at the die entry region. In the otherdywpredominantly melt elasticity level
rather than shear viscosity is the main factor rde@teng the flow stability in this case.
From this point of view, it can be said that sigraht increase in the long chain branch-

ing increases the elasticity level, which causeseeaevelopment of the shark skin phe-
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nomenon in the flow through orifice die. This is@in good agreement with the obtained
melt rupture onset data provided in Tab. 7 whers ghown that increase in the long
chain branching does not postpone this phenomenahe ‘LDPE’ like behaviour can be

visible here for the branched mLLDPEs.

The above findings suggest that there exist optinuaue of the long chain
branching in the mLLDPE structure which can imprdowe processing window of these

materials.
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Fig. 23. Five times repeated measurements of thearme viscosity for
LDPE Escorene material with no pressure calibratlmetween the measure-
ments at 200C



i Tomas Bata University in Zlin
Faculty of Technology

106 T T TTTIT T |||||||| T |||||||| T |||||||| T T T TTTTT T T TTTTT

LDPE Escorene LD165BW1 at 200C
with pressure calibration

AN
o
o

Measurement 1
Measurement 2
Measurement 3
Measurement 4
Measurement 5
— Model fit (Eq. 16)

[EY
(@}
S

Apparent entrance viscosity (Pa.s)

> ¢ o N

103 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1111l
10° 10” 10" 1 10 10° 10°
Apparent shear rate (s2)

Fig. 24. Five times repeated measurements of theamge viscosity for
LDPE Escorene material with pressure calibrationdaedetween the meas-
urements at 20C. The solid line represents the entrance viscosibylel fit
(Eqg. 16)
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Fig. 25. Entrance viscosity for LDPE Lupolen maaerd50C with applied
pressure calibration. The solid line represents éhé&rance viscosity model fit
(Eqg. 16)
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Fig. 26. Comparison between uncorrected/correctediiBg extensional vis-
cosity data and SER measurements for LDPE Escae@60C. Shear vis-
cosity data obtained from rotational and capillarfyeometer are also pro-

vided in this Figure
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Fig. 27. Comparison between uncorrected/correctexysvell extensional
viscosity data and SER measurements for LDPE Eseoa¢ 200C. Shear
viscosity data obtained from rotational and capylaheometer are also pro-

vided in this Figure
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Fig. 28. Comparison between uncorrected/correcteddiBg (low exten-
sional rate range), Cogswell (high extensional n&tege) extensional viscos-
ity data and SER measurements for LDPE EscoreB8@€. Shear viscosity
data obtained from rotational and capillary rheometare also provided in

this Figure
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Fig. 29. Comparison between uncorrected/correctetiBg extensional vis-
cosity data and SER measurements for LDPE Lupdld®@&C. Shear viscos-

ity data obtained from rotational rheometer areajsovided in this Figure
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Fig. 30. Comparison between uncorrected/correctexysivell extensional
viscosity data and SER measurements for LDPE Lopailé50C. Shear vis-
cosity data obtained from rotational rheometer atso provided in this Fig-

ure
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Fig. 31. Comparison between uncorrected/correctaddiBg (low exten-
sional rate range), Cogswell (high extensional natege) extensional viscos-
ity data and SER measurements for LDPE Lupolerb@&iClL Shear viscosity

data obtained from rotational rheometer are alsoyded in this Figure

60



i Tomas Bata University in Zlin

Faculty of Technology
107 E T T T T T T 17T I T T T T T T 17T I T T T T T TT I_
- mLLDPE low, mLLDPE middle, mLLDPE high at 140C .
10° =
€ 10°F E
> - E
G C .
o
S - ]
0 L _
= . ¢=10s?
s 100 F £ =20st E
@ - .
s C .
">-<‘ - _
q', — .
<
8 10° E
c - .
-] C ]
- mLLDPE low E
mLLDPE middle i
mLLDPE high
102 9 4
101 1 1 1 1 1 111 I 1 1 1 1 1 111 I 1 1 1 1 1 111
107 10" 1 10*
Time (s)

Fig. 32. Transient uniaxial extensional viscositgtal for three mLLDPEs
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Fig. 33. Entrance viscosity for linear mLLDPE (loaf) 140C with applied
pressure calibration. The solid line representséhé&ance viscosity model fit
(Eqg. 16)
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Fig. 34. Entrance viscosity for slightly branched®PE (middle) at 14%C
with applied pressure calibration. The solid linepresents the entrance

viscosity model fit (Eqg. 16)
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Fig. 35. Entrance viscosity for highly branched mIRE (high) at 148C
with applied pressure calibration. The solid lingpresents the entrance vis-

cosity model fit (Eq. 16)
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Fig. 37. Comparison between uncorrected/correcteysivell extensional
viscosity data and SER measurements for linear nfE Qlow) at 146C.
Shear viscosity data obtained from rotational rheten are also provided in

this Figure
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Fig. 38. Comparison between uncorrected/correct@utig, Cogswell ex-
tensional viscosity data and SER measurementsniead mLLDPE (low) at
140°C. Shear viscosity data obtained from rotational rheten are also

provided in this Figure
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Fig. 39. Comparison between uncorrected/correctedliBg extensional vis-
cosity data and SER measurements for slightly bradanLLDPE (middle)
at 140C. Shear viscosity data obtained from rotational rheten are also

provided in this Figure
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Fig. 40. Comparison between uncorrected/correctexysvell extensional
viscosity data and SER measurements for slightydired mLLDPE (mid-
dle) at 146C. Shear viscosity data obtained from rotational rheten are

also provided in this Figure
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Fig. 41. Comparison between uncorrected/correct@utiBg, Cogswell ex-
tensional viscosity data and SER measurements lightls branched
mLLDPE (middle) at 14. Shear viscosity data obtained from rotational

rheometer are also provided in this Figure
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Fig. 42. Comparison between uncorrected/correctediiBg extensional vis-
cosity data and SER measurements for highly brahcheLDPE (high) at
140°C. Shear viscosity data obtained from rotational rheten are also pro-

vided in this Figure
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Fig. 43. Comparison between uncorrected/correctexysivell extensional
viscosity data and SER measurements for highlydbraech mLLDPE (high) at
140°C. Shear viscosity data obtained from rotational rheten are also pro-

vided in this Figure
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Fig. 44. Comparison between uncorrected/correctaulig, Cogswell ex-
tensional viscosity data and SER measurements fghlyh branched
mLLDPE (high) at 14%C. Shear viscosity data obtained from rotational

Shear and extensional rates (s%)

rheometer are also provided in this Figure
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Fig. 45. Complex viscosity data for three mLLDPEBsihg different level of

long chain branching obtained experimentally by ARi6tational rheometer

at 140C
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Fig. 46. Elastic compliance data for three mLLDRtawving different level of
long chain branching obtained experimentally by ARf&tational rheometer

at 140C
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Fig. 47. Comparison between corrected Cogswell xialeextensional viscos-
ity data and fitting lines given by generalized Ma model according Bar-
nes [24] and generalized Newton model accordingdtoukal et. al. [23] for
three mLLDPEs having different level of long chamanching obtained at
140°C
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The Fig. 48 description is provided on the nextgag
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48e)

48f)

Fig. 48. Extrudate defects development observedngluthe
mLLDPE extrusion. 48a) Stable flow; 48b) Unstaldsvf- shark
skin phenomenon; 48c) Unstable flow - gross malttére; 48d)
Extrudate cut in the flow direction under stablendition; 48e)
Extrudate cut in the flow direction at the sharknsknset; 48f)

Extrudate cut in the flow direction for fully dewpkd shark skin
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Tapp. = 1514s "

Fig. 49. Linear mLLDPE (low) extrudate samples at¢d from orifice
die (L/D=0, D=1 mm) at 14%C for wide range of apparent shear rates
(61.3-2300 ¥)
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Fig. 50. Linear mLLDPE (low) extrudate samples ai¢d from long

capillary die (L/D=16, D=1 mm) at 14C for wide range of apparent
shear rates (61.3-2300'
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Fig. 51. Slightly branched mLLDPE (middle) extruglaamples obtained
from orifice die (L/D=0, D=1 mm) at 14Q for wide range of apparent
shear rates (61.3-2300'%
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Fig. 52. Slightly branched mLLDPE (middle) extruglsamples obtained
from long capillary die (L/D=16, D=1 mm) at 120 for wide range of
apparent shear rates (61.3-2308)s
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Fig. 53. Highly branched mLLDPE (high) extrudatemgdes obtained
from orifice die (L/D=0, D=1 mm) at 14C for wide range of apparent
shear rates (61.3-2300'
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Fig. 54. Highly branched mLLDPE (high) extrudatemgdes obtained
from long capillary die (L/D=16, D=1 mm) at 120 for wide range of
apparent shear rates (61.3-2308)s
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Fig. 55. Surface details of the linear mLLDPE (le@x}trudates at different

apparent shear rates; T=140

Fig. 56. Surface details of highly branched mLLD@#gh) extrudates at

different apparent shear rates; T=14D
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Fig. 57. Comparison between wall shear stress ay \Wvgh apparent shear
rates for three mLLDPEs having different levelaid chain branching meas-

ured by capillary rheometer at 140
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CONCLUSION REMARKS

1.

2.

3.

4.

It has been shown that very sensitive pressansducer (250 PSI) with specific
care during its calibration has to be done to oletéireasonable entrance viscosity

data.

For two highly branched LDPEs, it has been atad that the steady uniaxial ex-
tensional viscosity determined by the correctedBa@dl and Binding methods is in
acceptable agreement with the SER uniaxial exteasiscosity data. In more detall,
both methods tend to slightly undervalue the str@rdening level in contrary to SER
data in this case. Finally, the effective entrygigncorrection has been found to be cru-
cially important procedure to get reasonable exteas viscosity data from the meas-
ure entrance viscosities. On the other hand, fazali as well branched mLLDPEs, it
has been revealed that both, corrected CogswelBamting methods have very good
capability to describe the extensional viscosityiolhhhas been confirmed by direct

comparison with SER extensional viscosity data.

It has been found that increase in the longnchi@nching of MLLDPES increases

extensional strain hardening, Newtonian viscosity elastic compliance.

It also has been revealed that both, genedalidaxwell model according to
Barnes-Roberts [24] and generalized Newton modebraing to Zatloukal et.al [23]
has good capability to quantify the level of extenal strain hardening and thus,

indirectly, also the level of long chain branchinghe mLLDPE melts.

It has been shown that processibility of tHd BIPES in extrusion processes can
be improved by increasing of long chain branchipgta its optimum level. On the
other hand, continues additional increase of lomgirc branching in mLLDPE melts

may lead to flow stability decrease leading to oxgr processing window.
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LIST OF SYMBOLS

T Extra stress tensor Pa

7o Newtonian viscosity Pa.s

D Deformation rate tensor st

T Temperature °C

11 Second invariant of deformation rate tensor 1

111 Third invariant of deformation rate tensor 1

a Arrhenius equation for temperature — dependeffit fstutor 1

Ea Activation energy J

R Universal gas constant J.molt.K*

T, Reference temperature °C

A Relaxation time S

a Adjustable parameter in Carreau-Yasuda function 1

n Adjustable parameter in Carreau-Yasuda function 1

a Extensional strain-hardening-parameter in GermgdINewtonian model

& Adjustable parameter in Generalized Newtonian rhode 1

e Uniaxial extensional viscosity Pa.s

Txx Normal stress Pa

Tyy Normal stress Pa

é Extensional rate st

T Stress tensor Pa

(1) Deformation rate-dependent relaxation time S

z Upper convected stress tensor derivate Pa.s

n(ll,)  Deformation rate-dependent viscosity Pa.s
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Lo Constant in Generalized Maxwell model S
K, Constant in Generalized Maxwell model S
Loc Length of orifice capillary die m

Lic Length of long capillary die m

Doc Diameter of orifice capillary die m

Di.c Diameter of long capillary die m

Ds Diameter of capillary rheometer barrel m
P.c Pressure drop measured on the long capillary die a P
Poc Pressure drop measured on the orifice capillagy di Pa
Re Capillary radius m

Tyy Shear stress Pa
Jpp  APParent shear rate st

Q Volume flow rate m.s?
n Power-law index 1

n Shear viscosity Pa.s
y Shear rate st
Nent Apparent entrance viscosity Pa.s
nento  Plateau-value of entrance viscosity in entranseosity model Pa.s
vy Entrance viscosity model parameter S
a Entrance viscosity model parameter 1
o Entrance viscosity model parameter S
'8 Entrance viscosity model parameter 1
& Entrance viscosity model parameter 1
m Index of consistence Pa.§
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Corrected entrance viscosity

Ratio of length to diameter at orifice capillargdi

Ratio of length to diameter at long capillary die
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Correction factor for orifice die

Entrance viscosity plateau measured on an owmtgellary die
Entrance viscosity plateau for Binding and Cog$welthod
Extensional stress

Corrected shear stress

Binding model parameter

Binding model parameter

Binding’s function

Binding model parameter

Binding model parameter

Tangential stretching force

Torque

Drive shaft rotation rate

Intermeshing gear force

Friction force

Master drum’s axis of rotation

Slave drum'’s axis of rotation

Time

Pa.s

Pa.s

Pa.s
Pa.s
Pa

Pa

Pa.§

Nm
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A Initial cross-section area m?

s Solid-state density kg.m*
Py Melt density of the sample kg.m?
ne(t) Tensile stress growth function Pa.s

w Frequency rad.s'
G’ Storage modulus Pa

G” Loss modulus Pa

n Complex viscosity Pa.s

M Number average of molecular weight g.thol
Mw Weight average of molecular weight g.mhol
T Ludolf's number 1

N, First normal stress difference Pa
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pressure calibration. The solid line represents¢hé&ance viscosity model fit

26. Comparison between uncorrected/corrected diBm extensional
viscosity data and SER measurements for LDPE Escore@8C®(. Shear

viscosity data obtained from rotational and capilarheometer are also

(o1 )ViTo [=To T It S o U | =

27. Comparison between uncorrected/correctedgs@ll extensional
viscosity data and SER measurements for LDPE EscoreB8®(. Shear

viscosity data obtained from rotational and capilarheometer are also

provided iN thiS FIQUIE.......cooiiiiiiiiiiiiie e

. 28. Comparison between uncorrected/correctedliBo (low extensional rate

range), Cogswell (high extensional rate range) esienal viscosity data and
SER measurements for LDPE Escorene at°@0®hear viscosity data

obtained from rotational and capillary rheometereaalso provided in this

29. Comparison between uncorrected/corrected diBop extensional
viscosity data and SER measurements for LDPE Lupoledtb@C. Shear

viscosity data obtained from rotational rheometee also provided in this

30. Comparison between uncorrected/correctedgsé@ll extensional
viscosity data and SER measurements for LDPE Lupolelb@C. Shear

viscosity data obtained from rotational rheometee also provided in this

. 31. Comparison between uncorrected/correctedliBm (low extensional rate

range), Cogswell (high extensional rate range) esi@nal viscosity data and

SER measurements for LDPE Lupolen at °C50Shear viscosity data

obtained from rotational rheometer are also prowde this Figure...................
. 32. Transient uniaxial extensional viscosityadéor three mLLDPEs having

different level of long chain branching obtained®&R at 14%C ........................

53
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33. Entrance viscosity for linear mLLDPE (low) &a#(C with applied

pressure calibration. The solid line represents¢hé&ance viscosity model fit
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Fig. 42. Comparison between uncorrected/corrected diBom extensional
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viscosity data and SER measurements for highly bexthafl_LLDPE (high) at
140°C. Shear viscosity data obtained from rotational rheten are also
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