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Abstract

The effect of pressure on the viscosity of polyethylenes \Vas studied using a

newly devcIoped high -pressure, sliding-plate rheorneter. The rhcometer subjects the

sarnple to a homogeneous pressure and temperature at levcls up ta iD l\rra and 225°C.

Simple shear is generated in the sarnple, and the rcsulting shcar stress is measured

locally in the center of the sample by means of a shcar stress transducer. Viscosity

curves wcre generatcd at four pressures from 0.1 to iD r.IPa. and it \Vas found that

the pressure data could be shifted onto the ambicnt pressure curvcs b~/ means of a

pressure shift factor. The viscosity increascs cxponcntially with pressure. Long

chain branching increases the pressure sensitivity, but the polyclispersity has little

effect.

The cffect of pressure on the creep behavior of pol~'cthylcncs \vas also studied.

It was observed that pressure decreascs the creep compliancc. Careful tuning the

controller is rcquired to obtain reliable data when opcrating the rheometer in the

crcep mode.
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Résumé

L'objectif de ce travail est d'étudier les effets de la preSSlon sur la viscosité des

polyéthylènes à l'aide d'un nouveau rhéomètre à cisaillement plan haute pression. La

gamme de pression et température accessibles s'étend jusqu'à 70 N[Pa et 225°C.

L'échantillon est soumis à un cisaillement pur et la contrainte de cisaillement

résultante est mesurée localement au centre de léchantillon à l'aide d'un

transducteur de contrainte. Des courbes de viscosité ont été obtenues pour quatre

valeurs de pression entre 0.1 et 70 iVIPa et on a mis en évidence l'existence d'un

coefficient de décalage en pression permettant de former une courbe maîtresse à la

pression ambiante. La variation de la viscosité avec la pression suit une loi

exponentielle. La présence de ramifications longues dans l'échantillon augmente la

sensibilité à la pression, alors que l'effet de la polydispersité est peu marqué.

On a également étudié l'effet de la pression sur le comportement en fluage des

polyéthylènes. On a pu observer une diminution de la complaisance en fluage avec

la pression. L'obtention de données fiables en fluage nécessite un soin particulier

dans les réglages du contrôleur du rhéomètre.
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Chapter 1. Introduction

Since high pressures are involved in many plastics forming processes, the

rheological bchavior of polymer melts undcr such conditions is \'cry important. For

example, in high -speed injection molding the viscosity may incrcasc by an order of

magnitude as the pressure nses from one atm to 100 \IPa, and reliable

high-pressure data are thus rcquired for thc simulation and dcsign of injection

molds. It is c1ear that viscosity data obtaincd at atmosphcric prcssure can be quite

misleading if applied to a high -pressure process. Howc\'cr, thcre have been few

measurements of the effect of pressure on rheological properties.

Constant stress experiments arc required ta c1eterminc the creep compliance,

which is an important viscoelastic property. Constant strcss tests arc also useful for

slip studies. The slip velocity increases \Vith shear stress above a critical value of

around 0.1 lVIPa, depending on the nature of the polyrncr. but it is also of interest

to study the pressure dependence of slip. Howevcr. duc to the difficulty of making

measurements under high pressure, very fe\\' crccp and slip mcasurements at

c1evated pressures have been reported. A ncwly dcvclopcc! high-prcssure sliding

plate rheometer provides a reliable way to mcasurc rhcological propcrtics and slip at

high pressure.

1.1. Objectives
The primary objectives of the research were to dctcrminc thc effect of pressure

on viscosity of three polyethylenes having differcnt molecular structure and the

effect of molecular structure on the pressure sensitivity of the viscosity.

Secondary objectives were ta investigate the effect of pressure on the creep

compliance and crcep recovery and to improvc the rcliability of the new

high-pressure rheometer.
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1.2. Viscosity
The viscosity of polymerie fluids is a very important physical property in

polymer processmg, as it is directly related to processabilityo The viscosity of a

polymer is highly dependent on tempcrature. pressure. shear rate. molecular

structure. and additives. Even though clevated pressures arc involvcd in several

important polyrncr prol'essing operations, such as high speed extrusion and

injection molding. the pressure dependencc of the viscosity has not becn weIl

studied duc to the difficulty of carrying out expcriments at high pressure.

1.2.1. Shear Rate Dependency

For ~cwtonian fluids the viscosity 1S indcpcndent of shear rate. but most

polymer melts arc non - Newtonian, and the viscosity is a strong function of shear

rate. The l'urve of viscosity versus shcar rate shows lhrcc rcgions: ~ewtonian

(constant viscosity), transition, and power la\\'. The limiting \Oalue of the viscosity

at low shear rate is called the zero-shear or :'\Icwlonian \'iscosity, \vhich is given

the syrnbol 7J (j. In the next rcgion the viscosity begins ln decrcase \Vith incrcasing

shear rate, finally approaching a powcr-Ia\v region. Plots using lincar scales do not

show the thrcc rcgions clearly (Fig. l.1). sa that viscosity shear rate data arc

usually ploued using logarithmie scales (Fig. l.~L

A number of equations have bcen proposed to dcscribc the dependence of

viscosity on shear rate. One example 1S the power law mndel that oflen desl'ribes

the viscosity at high shear rates:

7)= 7)olÀ nn-1 ( l.U

•
wherc n is the power-Iaw index, and À is a charactcrislic lime of the matcrial.

This time constant usually has the sarne tempcrature c1epenclcnce as the viscosity

and can thus be expressed as:

(1.2)
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where r is a material dcpendent constant having units of stress. Since 7)0 is a

function of temperature and pressure. Il is also a function of temperature and

pressure.
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Figure 1.l. Typical viscosity versus shear rate

curve for a shear thinning material with linear

scales: Linear metalloccne polyethylene at 170t.

Figure 1.:;. The vi~cll~il~' cur:e for the same

matcrial using Illgarill1mic ~cales.

To describe bchavior over a broad range of shear rates, several generalized

power law equations have becn proposed. An example is the Cross modcl [! l. which

is shown in Equation 1.3:

( 1.3)

•

At lo\v shear rates, the viscosiLy approaches TJo, and al high shear rate, the

viscosity shows power law behavior with m = 1 - n. The characteristic lime, Il, is

the inverse of the shear rate at which the viscosity is half the zero-shear viscosity.

The Carreau model [2] is given by:

(04)

where m IS a material constant, and the viscosity shows power law behavior with
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In=( I-n)/2 at high shear rates. Yasuda P] added anothcr constant, a. to facilitate

curvc fitting, to give Equation 1.5:

(1.5)

where n IS the traditional power-Iaw constant.

1.2.2. Temperature and Pressure Dependency

In 1883 Saros [-1] carried out high pressure cxperirnents \\'ith "sea gluc" usmg an

apparatus similar ta a capillary rheometcr and analyzed the c1ata using Poiscuille' s

Ia\v. He suggested that the form of the rclationship between the viscosity and

pressure is that shawn in Equation 1.6:

log TJo = a + pp (L.6)

In 1903 de Guzman [5] proposcd the fol1owing fonn of the relationship bct\vecn the

viscosity and tcmperaturc:

1 ' B
og7Jo= a -r

Gnly much Iater \Vere such rclationships denved theorcticaIly.

1.2.2.1. Two theories of temperature and pressure dependency

( l.ï)

•

Knowledge of the pressure and tcmpcrature dcpenclcnce of the rheological

propertics of polymer melts is important for understancling the mcchanism of the

flo\v process and the relation between molecular stnlcture and rheological bchôvior.

T\vo approaches have bcen proposed ta describc the pressure and temperaturc

dependence of the rheological properties of polyrners. 80th approaches involve the

concept of free volume, but one is associated with the change of reaction rate with

pressure and temperature. while the other is based on the change of frcc volume

with pressure or temperature. Each approach considcrs the now mechanism in a

different way, and their predictions and applicable operating ranges are thus
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different. Figure 1.3 summanzes the differencc bctwccn the t\n) approaches.

Concept of Free Volume or
Holes in a Liquid

.r ,r

Theory of Absolute Reaction Rate Free Volume Theory
(Weil above Tg) (Near Tg)

5

Inlroducln':l
/(/')

':0, ,.
1 r. '''1/ r)

/ a". :1'
f = (,'•• P.U' -l')

ln a . • = Eo(~-~) + pep - P.)
1.1 R T r 0

o

Ina", = a(?)(T - T,J+h(T)(?- ~J
· c+d(?)(T-T,J+e(T)(P-PrJ

•

Figure 1.3. Schematic diagrarn of dcrivation and rclalionship bcl\\'ccn l\\'o approachcs.

1.2.2.1.1. The absolutc ratc theory

The theory of absolutc rates of chemical reaclion \Vas c1c\'e1oped after Arrhenius

[fi] proposed the concept of an activated molecule in 188~). In the 1930' s rescarchers

tried to apply the concept of potential energy barriers Lo physical problems involving

viscosity. diffusion. and plasticity. They combincd Arrhenius' cCjualion. which is the

relationship bctween chemical reacLion rate and Lcmpcraturc. \Vith cquations that

describe physical flow process to describe the lcmpcralure dcpendency of the

viscosity. The theory assumes that a liquid contains frcc volume or holes that jump

or move about in a material. and flow rcsults from lhcsc jumps. which occur with
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the same probability in every direction. This situation IS lrcalcd as a process of

transporting a molecule [rom one equilibrium position to anothcr over a potential

barrier [i], and the process is thus similar ta a chcmical reaction (Fig. 1.4). The

theary also assumes that while the potential barrier changes \Vith pressure but nat

temperature, the rate changes with bath P and T.

Physical Flow

A-!4A*--.B

Chemical Reaction

r

Figure 1.4. Similarity of encrgy profiles of the paths of a chcmical

reaction system and a physical now process.

r
--------•• U

_k..

-k..

Shcaring

•
Figure 1.5. Energy profile for the path of a f1O\\-ing

molecule.
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If no velocity gradient exists 10 a liquid sample. the encrgy profile can be

expressed by the dashed curve in Fig. 1.5. A molccule will diffuse cqually ta the

right or ta the Icft at a rate. kl, having units of reciprocal time [7]:

k - C 7' -4EjkT
1- Ile (1.8)

\vhere T is the absolute temperature. k i5 the Boltzman constant. CI is a constant.

and .6E/1 is the activation energy for diffusion; there is no net tlow. If a shearing

force is applied ta the right. there will be a decrcasc in the activation energy of (JO

in the direction to the right. and an cqual increase in the opposite direction. The

rates of the f10w in each direction are:

The net velocity is then:

k -c 7' -(.JE,,-(fO)/kT_ k (fJ/kT
. - Il e - le

k - C 'T' - <.:lE" + ~)/ kT - k - (fa/ kT
• - l.Le - le

L111= il.(k . - k. )

(1.9)

(1.10)

(LIU

where À IS the distance bctween equilibrium positions In the direction of f1ow. The

viscosity is given by:

7)= (J
il11/il. 1 À(k . - k. )

(1.12)

where À 1 is the perpendicular distance bet \Vcen adjacent layers of molecules. By

combining Equations 1.9 ta 1.12, Equation 1.12 can be rcwrillen as:

(1.13)

•

Eyring [7] dcrived equations for Newtonian and non ~ewtonian Iiquids from

Equation 1.13. In the Newtonian case (J à <f:.kT. and aIl terms having higher powers

than the first in the Taylor series expansion of sinh( (J a/kT) arc negligible. and

sinh( (J ô!kT) is very close to (J à/kT. Equation 1.13 can then be simplified by

()) LI Eu is thc activation energy per molecule, and Eu is the activation cncrgy pcr molc. Sincc
k=R/N. LlEc/k =NLlEc/R =Ec/R.
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eliminating the stress term:

8

(1.14)

In the case of a non -Newtonian fluid, if (J ô is sufficiently large, the diffusion flow

ta the left can be neglected in camparisan with the flow in the shcaring direction,

and sinh( (J a/kT) can be approximated by e<1/1kT:

( l.15)

( 1.16)

Substituting Equation 1.8 into Equations 1.14 and LIS gi ves the following equations:

À1ke ilEa/ kT

7)= ÀôC
1

for Newtonian liquids

., k (dEa - f1Ô)/ kT
Gfl.l e

for non - Newtonian liquids ( 1.17)

. I:!l
Laidler and Eyring [8] derived the fol1owing cquation from Equallon 1.16 :

(
hN - .1S" R) .:Jlr / RT7)= --e 'e
V

(1.18)

where h is Planck's constant, lV is Avogadro's numbcr. \. is the malar volume. and

L1S· and .dE-{ are the entropy and cnthalpy for viscous no\\". Eyring assumes that

the malar volume varies little with tempcrature and Lhat dS" is alsa independcnt of

lemperaturc. The terms inside the brackcts in Equation 1.lH can thus be reduccd ta

a constant. and the equalion can be rcwritten as:

(1.19)

•

where En is the activation cncrgy for f1ow. and il is Cl constant. This kind of

relationship was praposed empirically by de Guzmân [Sl. da Andrade [9], and

Arrhenius [10] and was laler derived thearetically by Frenkcl [1!] and da Andrade

[l~l

Ewell and Eyring [13] introduced a pressure term by assummg that additianal

{2l Only the viscosity equations for Ncwtonian liquids will he discllssed furthcr, since the pressure
depcndence of the viscosity will he discusscd in terms of the zero-shear \"iscosity.
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(1.20)

work must be donc against extemal pressure in order to makc a hole in a liquid.

The additional work is a result of the additional activation energy necessary for a

molecule to overcomc the increased barrier to flo\v (Fig. (iL The quantity PV was

thus added to the activation energy:

B CE,,+PVJ/RT
7J= e

From Equation 1.16 Laidler and Eyring [x] also derived the following equation

involving a frce volume \vithout assuming it independent of T and p:

(1.21)

wherc m is the rnass of a molecule. and Yr is the frce n)lurnc. Howcver. this

equation is rarely used.

.-.
l· 'Î' ..~~. ~. ~ .- .. .. .. .. .. .. .. ..

PV

•

Figure 1.6. Incrcase of the activation encrgy

due to extcmal pressure.

1.2.2.1.2. The free volume thcory

Another approach to the thcory of the pressure and temperaturc dependence of

viscosity involves the change of free volume with temperalUrc and pressure. The

choicc of relationship between free volume and T or P leads to different predictions.

The idea that the fluidity of a liquid is due to the presence of free volume was

first advanced by Batschinski [14] and extensively dcvclopcd by Doolittle [15,16,17] .

Frce volume increases with increasing tcmperaturc and dccreasing pressure, and
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fluidity incrcases with incrcasing free volume. Batsehinski [W] proposed a direct

rclationship betwecn viscosity and Cree volume:

(1.22)

wherc !Jf IS the frec volume, 11 is the total specifie volume. and !J1l is the specifie

volume occupicd by molecules or the limiting specifie volume cxtrapolatcd to OK.

The free volume thcory as formulated at present is bascd on the observations of

Doolittle. who measured the viscosities of n -alkanes and round thcir dependcnce on

free volume. He proposed that specifie frec volume rather than tcmpcrature should

be the primary variable for viscosity. Such a rclationship is expressed by the

follo\ving equations. often called the Doolittlc equations:

(1.23)

(1.24)

whcre A. A'. and Bo arc constants. For the tempcraturc to be explicitly introduced

into Equation 1.23. the temperature dependence of the free volume is required.

vViIIiams. Landcl. and Ferry [l~] assumed Do is unity. and rcplaced 11 () with 11 since

!I r~!I and 1)::=!I 0:

(1.25)

They further suggestcd the foIlowing forro for the temperature dcpendency of the

free volume:

(1.26)

•

where TI! is the glass transition temperature. !lr.J! is the free volume at TI!. lIr is the

free volume at T. and an is the coefficient of thermal expansion of free volume.

The fol1owing equation is obtained by combining Equations 1.:Z5 and 1.26:

(1.27)

This equation IS valid when Til < T < TI! + IOOoe. It is usually assumed that when
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T < TI: the frce volume remains unchanged and equal to ~1:J.! due to the freczing of

the confonnationrl) of polymerie chains at tcmpcraturcs bclo\\" TJ.!. Thus. whcn T < TI:,

a change of volume oecurs only as a result of a change in the volume oecupied by

the moleeulcs. i.e. .d!l = .d!ll).

It is weIl known that the viscosities of ordinary liquids inerease at clevated pressures

[19], and the same effect has been observed for polyrners [:20). iVlatheson [21]

diseussed this behavior qualitatively in terms of the relation bel\Veen frcc volume.

temperature and pressure. He suggested that an increase of pressure at constant

temperature lcads to a dccrcase in !Il) and that the compressibility of a liquid has

the same mathematical form as that found by Bridgman [19] for solids:

p ")
110 = Yo( - aP+ bP) = 1Ir/( P) (1.28)

where !I,t is the limiting specifie volume of the liquicl at the pressure P. Nlatheson

showed that by substituting !I and !l0 with yP and v/ rcspectivc!y. Equation 1.27

can bc rewritten as:

(1.29)
lIof( P)

ln TJ= A' + Bo yP - yr/(P)

where !If> lS the specifie volume of the liquid al the pressure fJ.

1.2.2.2. Temperature and Pressure Shift Factor

Aeeording ta the time-temperature superposition princip!e. viscosity cquations ean

be modified to aecaunt for the effect of temperature by di\'icling the viscosity and

mt.:ltiplying the shear rate by a shift factor. aT( T) that is c1cfined as:

(1.30)

• (3) Confonnation and configuralion are uscd intcrchangcably ln mcan the spatial arrangcment of
atoms in a molccule. However. in this work lhese tenns havc differcnl meanings. A change of
confonnation requires rotation about a single bond. and a change in conlïguration requires breaking
a bond or refonning a bond.
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0.31)

whcre To is a refercnce temperature. p () is the densitr at 7~J. and p is the density

at T. Thus, a temperature independent flow curve can be obtained by plotting

T) ( r)/aT versus rQT, Sharda and Tschocgl [::..q have shO\\'n that {J r/ p should he

replaced by (p IV (J ) -: where E is a material paramclcr. Ho\\'ever. because the

difference bctween (p IV p) and (p n/ P r: is quile small. Equation 1.31 is assumed

to be valid. Sincc bT changes relatively little \Vith temperaturc in the usual range of

rheological measurements, an effective temperature shift factor is:

(1.32)

As long as the temperature is at least 100 oC above the glass transition tempcrature,

an exponential equation based on the absolutc rate thenry (Equation 1.19) can often

be used ta describe the temperature shift factor:

(1.33)

where En is the activation energy for flaw. From the glass transition tempcrature to

lcxre abovc the glass transition temperature, the \VLF cquation. based on the free

volume theory, provides a better fit lo data [l~]:

1 ( n - - Bo( T - To)
naT -

!li ll
[ !lIn _1 +CT-T)]

!I !I ao 0

0.34)

\vhere !J fil is the free volume at To. By usmg the fractional frcc volume, f ~ !JI! li,

Equation 1.34 can be rcwritten in the following weIl -known fonn:

free volume aL 1'0. and a 0 is the isobaric comprcssibilily of the free volume,

where Bo is an empirical constant usually Laken ta be unit)', f Til is the fractional•
- (Bo/fTJ( T- To)

InaT( n = -------
fT,) +( T- T)
ao 0

(1.35)
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\vhich equa!s (1/ u )( aU[1 aT)p.

By analogy, an effective pressure shift factor can be expresscd as:

13

(1.36)

Well above the melting temperature an exponentia! cquation. which can be derived

from Barns' exponential equation 0.6), can aften be usee! ta e!escribe the pressure

shift factor:

Inap(P) = CC P- Po} (1.37)

whcre C' is a constant often callcd the pressure coefficient. ;3 () and is given by:

130 = _1 (J!!!Jl)
1)0 dP T

(1.38)

The pressure coefficient is a function of molecular stnlcture but not of T. p. or r.
Ferry and Stratlon [:23] have suggested an analog of Equation 1.:35 tü describe the

pressure shift factor at temperatures near TJ!:

- (Bo/fr)(P- Po)
Inap(P) = f

;~ - (p- Po)
(1.39)

wherc f pll is the fractional free volume at Pil. and d,. IS the isothermal

comprcssibility of the free volume. (1/ li )( a1/ ri aP)T. which is independent of P.

This expression prcdicts qualitatively the wcll- known increase in viscosity and

relaxation lime \Vith prcssure. If it is quantitativcly applicable. a plot of (P - Po)/loga"

against (P- Po) will be linear. and the parameters can be dctermined from the slope

and intercept.

To take into account the effects of both temperature and pressure. the general

shift factors are defincd as:

•
1)o( T, P)

ar.p( T, P)= ) br. P1)o( Ta, Po
0.40)
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T ()
b (T P)= oPo
T.P, Tp

14

Cl.4l)

o 'where Po 1S the density at To and Po, However. the ratio br!' changes re1atively

little with temperature and pressure, and an effective lcmperalUre and pressure shift

factor is:

a T p( T, P) = 7Jo( T, P) (1.42)
7Jo( To, Po)

For fully moltcn polymers a general shift factor lS oflen described by the

combination of Equations 1.33 and 1.37:

aT.P( T, P) = exp [ .LJ; ( ~ - A)]exp [.8(P- Pli)] (1.43)

For other cases, the Fillers-wloonan-Tschoegl equation [~I.~J. based on the free

volume theory, \vas developcd to describe time-temperalUre -pressure superposition:

Bo aiP)[ T- Ta] -;3,( n[p- Po]
Inar.p(T,P)=--f- f· +a(P)[T-T]-;3{D[P-P]

ToPe, r,p" JO, 0
(1.44)

•

\vhere fTI.? is the fractional [ree volume al Til and Pli. a,( [J)is the thermal expansion

coefficient of the [ree volume as a function of P at To. and d/( T) is the isothermal

compressibility of the free volume at Po. This equation can be used ta prcdict the

viscosity at a given T and P and reduces to Equation L);) al P =Po and ta

Equation 1.39 at T =To.

However. Q'Reilly [:2fi] found that a plot of In(aT.p) versus [J \Vas linear \vhile

In(aT,p) versus T cxhibitcd considerable curvature as describcd br the \VLF cquation

(1.35). He proposed a general shift factor that is differenl from Equation 1.44 in

that it has no pressure tcrm in the denominator:

(1.45)

where a and b arc fitting constants, fo is the fractional free volume at a reference

state, and al is the isobaric compressibilily of the [ree volume. From this equation
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aT and ap are given by the foliowing equations:

15

(1.46)

(1.47)

where Cl. C'!" Ci, and Cl are constants. Equation 1.46 IS lhe \VLF equation, and

Equation 1.47 is the Barns' equation 0.6). Pressure and lemperal.ure are expected

to have an important effect on any charactcristic limes lhal describe the meIt' s

behavior. For exampIe, rcferring to the Cross model (Equation 1.~3), it is known that

the same shift factor lhat is u::iefui for viscosilY, a{J, aiso g~)Vcms the shift of the

shear rate. This can be expressed as follows.

A( T, P) = aT.p( T, P)A( To, Po)

Thus, the Cross modcl can be represented ln the following fonn:

( l.4S)

ne r, T. P)
a T p( T, P) - 1+ [A( To, Po)a T.P( T, P) Yi lU

(1.49)

•

\Ve sec from Equation 1.49 that if 1J ( r ,P,T)/aT, l' is ploltce! as a fllnclion of aT.? r ,
the resuiting curve will be independent of lempcrature and pressure. Such a

rcpresentation is callcd a master curve. Ta gencrale mélstcr Cllrves for other

rheoIogicai propertics, thc same shift factor can be uscd.

1.2.3. l\tlolecular Structure Dependency

The rhcoIogicai propcrtics of a polymcr vary with ils molecular structure, i.e., its

moiecular weight, molecular weight distribution, branching Icvcl, and branching

distributions. It is of interest ta know ho\\' thesc stnlcture parameters and

distributions affect rhcological properties.

1.2.3.1. Molccular wcight and molccular wcight distribution

Typical1y a synthctic polymer contains a mixture of chains with degrees of
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polymerization that can range from one ta millions. The molccular wcight

distribution is actually a discrete distribution. but it is usually represented as a

continuous function (Fig. 1.7). The polydispcrsity (or polydispersity index) describes

the breadth of the molecular weight distribution and is defined as the ratio of two

average moler.:ular weights; the weight average molecular weight. ~\In·. and the

number average molecular weight. llIn:

P 1 d' , Mf(' lo y lsperslty=~ ~
iVl ll

M = IMiWi(Mi) = IM;nrCM)
U' ~w.(M.) IMn ·(M·)r t 1 t 1

(1.50)

(1.51)

( 1.52)

where 1.'V[i is the molccular weight of i~mer. nie\-!,) is the mole fraction of l~mer.

and Wi(J\![/) (= J.llini(llIi» is the weight fraction of i -mer. The c1iscrcte functions, i\:l"

n; and Wi. are often expressed as continuous functions of molecular weight, AI, and

average molecular weights can then he expressed in telms of the continuous

molecular wcifXht distribution:

Jo 00 M'2n(Nf) dM

Jaco Mn(M)dM

Jo 00 Mn( l'vf)diV!

Mn = fooo n(M)dM

Jo co MW(N/)dM

Mu·= J
o

oo
w{MldM -

(1.53)

0.54}

•
l'vI/L' is the more appropriate average molecular weight when the contribution of high

molecular weight chains dominates a rheological propcrty.

The molecular weight dependence of the zero -shear viscosity of lînear.

monodisperse polymers is known to be:

(1.55)
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for M> Mc-

17

(1.56)

where [(1 and K'2 are proportionality' constants. ~\L is a critical molecular weight of

the polymer. 1.\1 is the molecular weight. and a is a po\\"cr la\\:" constant. The value

of Ale for polyethylene is about 3800 g/mol. At low molccular \veight TJo is

proportional to the length of the moleculcs. At molccular wcights above Ale. the

increase of 7Jll with kfl has been explained in terms of cntanglcment coupling by

Bueche [?i). Bueche found that a = 3.5. Berry and Fox [~K1 suggcstcd 3.4. and the

value of 3.6 was proposed for polyethylene by Raju el al. [:.~)] and Wood-Adams

and Dealy [3D). It was found that TJo for lincar polydispcrsc polymers depends

prirnarily on the weight average molecular wcight and only weakly on the

polydispersity [311:

"'"K'M(l1Jo= 2 /1'

for MlI'< Mc 0.57)

(1.58)

where K'l and [(''2 are proportionality constants.

w·1 ,~",
;1 \
Il Ai\! .\

~I"-' ,l, 1 :

:·······~~\~I /
.' 1 1/......... :

•
M1

Figure l.i. A typical molecular wcight distribulion

curve illustrating the actual discrete distribution and

ils continuous approximation.
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1.2.3.2. Long and Short Chain Branching

18

It has been generally believed that long chain branching (LeU) has an important

effect on the rheological properties of polymers but that short chain branching

(SeS) has very little effcct, oftcn of the order of 1~}() p~]. Due to entanglements of

the backbone as weIl as long branches at low shear rates. the zero- shear viscosity

of a branched polymer is higher than that of a lcss branched or linear polymer

having thc same bacl{bonc molecular wcight. Howe\·cr, at high shcar rates the

viscosity decrcascs \Vith increasing shear rate more shal1Jly than less branched or

linear polymers. Thc impact of LCB on rhcological properties depcnds on the

number of branch points and the branch length distribution P:11. It has been rcported

[34] that the presence of both SeB and LCB mcreases the zero shear viscosity

synergisticaIly. Thc nurnbcr of long chain branches call be dctermined by

subtracting the number of short chain branchcs from the total l1umbcr of branching

points, i.e., the nurnbcr of mcthine carbons (Fig. 1.8).

SeveraI rncthods have bccn used to dctcct the lcvel of branching: Temperature

nsmg elution fractionation (TREF) [:i;jl. crystallization analysis fractionation

(CRYSTAF) [3fi,371, gel permeation chrornatography (GPC) [:~l-':l. nuclear magnetic

resonance (:,\rrvIR) [39], and rheological data [-10]. Carbon l:~ \[::,\[H considcrs a branch

having marc than fi ve carbons to bc a long chain branch, because ::--.Jl\'[R can count

the number of carbons, up ta five. on a branch [11J~]. From a rhcological point of

vic\V, a long chain branch is a branch having a molecular weight higher than 2.5Llvlc

In this work "molecular weight" means the rnolccular weight of the backbone. It is

assumed that the length distribution of LCB is the same as the distribution of the

backbones in the sarne system. This assumption is based on \Vhat is known about

the branching mechanism during the synthcsis of the polyrners lIsed P:l].

• Il
-c-

I Figure 1.8. A methine carbon. which is a hranching point.
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1.3. Creep and Creep Recovery

19

While modified capillary rheometers have been used to deterrnine approximate

values of the viscosity at elevated pressures. these instnlments are not usefui for

the determination of viscoclastic propcrtics. The slicling plate rheometer IS

well-suited to such measurements. because the shear strain is lIniform throughout

the sample. and it can be easily programmed to gencratc any desired shcar strain

as a fllnction of time. In addition. by use of feedhack -control based on the signal

from the shear stress transducer. it is possible ta carry out experiments in which

the shear stress is the controlled variable. In particular. ereep and creep recovery

experiments can be carri'"2d out in this \Vay.

1.3.1. Creep

In a creep experiment the stress is increased sl1ddenly l'rom 0 to 60 at l = O.

and the strain is recorded as a function of lime. Polymerie liql1ids continue ta

deform as long as the stress is appliecl. approaehing a stcacly rate of strain. Data

are usually expressed in terms of J(O. the crecp compliancc. \\'hich is independent

of stress in the region of lincar viscoelasticity:

](l)-JiJl
60

At long times the compliancc of a melt becomes linear \\'ith time:

](t)= tJ. +-'Js 7)0

(1.59)

(1.60)

•

where t,l is the steady state compliancc that is detcrrnincd by extrapolation of the

limiting slope bacl< to t = O. Compliance has dimensions of reciprocal modulus. but it

IS not cqual ta the reciprocal of the relaxation modulus.

In the nonlinear region. i.e.. at sufficiently high stresses. the shear creep

compliance depcnds aiso on the stress:
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and at long limes:

J( t, 0-)=-.11j2-

20

(L.61>

(L.62)

where ].J d) is the steady state compliance for nonlincar \'iscoelastic behavior. With

increasing stress jet, (J) incrcases, and J.~( (J) decreascs [::11. Yc [-1-'1 has proposcd

that the limiting stress for linear behavior is about 10 Pa.

1.3.2. Creep Recovery

At t = to during a erccp test, if the stress is sudclcnly dccrcased lo zero, a

polymerie liquid recoils in the reverse direction. Figure l.~) shows the essential

features of crccp rccavcry. The recoil slrain and rccoil function (rccovered or

recoverable compliance) are defined respcetivcly as follows:

R(t-t t )= Yl'(t-to,to,a)
0, 0' a (J

(1.63)

(1.64)

If ln is sufficicntly long that the creep tesl has rcached stcady state, the reeoil

strain is independent of [o. The time at which the stress is rcnlovcd. lo, can then be

set equal ta zero. The recoil strain and recoil funclion then bccomc:

r/ t, a)=y(O) - y( t) (1.65)

(1.66)

The ullimale recoil and ultimate reeoil function are obwinccl al sufficiently long

times:

•
roo(o-)= lirnrl'(t,o-)

t -co
0.67)

(1.68)
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In the linear region the creep and creep rccovery functions are doscly related:

J( t) - _t = R( t)
1]0

~I
0'---------------

r
_._._.~-_._._._._._~-

1,.,(t-t".11) :?.lm
-V

o

J ~;;"~'.~;'·-·-rR.'m

o ' r

RI ·r
U .lm

0
fil

Figure 1.9. Essential fc~lturcs of ~trcss. ~train.

crœp and rccoil curvcs.

1.3.3. Temperature and Pressure Dependency

21

(1.69)

( 1.70)

The creep cornpliance increases with increasing temperature [-1:>] (Fig. LlO). but

the steady state cornpliance of a monodispersc. linear polymer dccreascs with

incrcasing tcrnpcraturc. The steady state cornpliance of an unentangled rnclt as a

function of j\ll and T is predictcd by the Rouse them"y [:H J lo be:

where IV!' c is a critical rnolecular weight. The 1\,pc of polyethylene is about 14400 g/mal.

The steady state cornpliance of a highly entangled polyrncr is found to be a

function only of T [31]:•
,0 = O.4M for M< Mr

Js pRT '
(1.71)
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1;= O.4Mc

pRT for M> M("

22

(1.72)

\Vagner and Laun [.Ili] reported that creep compliance and crccp rccavery curves at

various temperatures can be superposed onto a single curvc by a horizontal shift

along the time axis using aT. the temperaturc shift factor from viscosity

experiments:

(1.73)

(1.74)

Usually time-temperature shifting is carried out on a scmi log plot (-Ii). [f the J(t)

cllrves are plotted using logarithmic lime scales. changing the temperature has the

same effect as a horizontal shift by a distance. log[aT( T) J. l'hus. crcep compliance

data at a highcr temperature must be shiftcd by -log[aT( T)] ln construct a master

curve at the rcference tcmperaturc (Fig. 1.10L This approach is useful whcn the

extrapolation of the creep curve to short or long tinlcs is clcsircd.

J

o

1- IOJ:tl,{ T:)
--~~-=----7)/

~T~
logl

Figure 1.10. Horizontal shifts of crccp cllmpliancL'

curves at Tt and J~ onto the cun·c at the rdcrcncc

tcmpcraturc, 1'0 (TI.T!> 7;Jl.

Since it lS known that the effect of increasing the pressure is similar to that of

decreasing the temperature. the sarne analysis can be used. although there have

been very few creep experiments at high pressure:• y( ilap, <1, P)=y( i, a. Po) (1.75)
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(1.76)

1.3.4. J.\ilolecular Structure Dependency

The ereep eomplianec of a polymcr \Vith a molceular wcight highcr than a

entieal moleeular wcight, iYl'e. shows l \VO types of bcha\'ior dcpending on
1)

polydispersity. l\:[onodisperse polyrners show a plateau compliancc. I, followed by a

further inerease al longer times. while a polydispcrsc polyrncr dnes not have a

plateau eomplianec (Fig. 1.1U [31].

J

J •
\

Figure 1.11. Polydispcrsity effect on lhe

crœp compliance curves of high moiecular

wcight polymers.

It lS known that J../) of a branched polymer \Vith high molccular weight is higher

than that of a linear polyrner having the samc molecular wcight [:H J. i\Iorcovcr. a

branehed polymer has a higher zero-shcar viscasity than a lincar polymcr having

the sarne backbone molecular wcight. This trend holds for \'é1I;OUS branching levels,

as shawn in Fig, 1.12.

•
J

II~~__--!'----- _ Cr,,,,h""!:,j

..v Br.. nchinlt

Figure 1.12. The effect of branching Ic\'c1 on crecp.
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Chapter 2. High- Pressure Rheometers

There are many kinds of rheometer for atmospheric pressurc measurements but

only a few that are capable of operation at high pressurc. Two types of rheometer

have been used for high pressure studics: prcssure-drivcn rhcomcters. in which

flow is generated by a pressure drop, and drag flow rhcorneters. in which one

bounding wall maves relative to another ta generatc the shearing deformation. A

pressure-driven rheometer forces the sample through a capillaD' or slit, and the

resulting pressure drop is measured. Such a unit can be lIscd to measure the

appraximate viscosity at high shear rates. but becausc the pressure and shear rate

are neither unifonn nor independent, Lhcsc instruments arc not lIscful for

viscoelasticity stucties and arc not ideal for the study of the cffect of pressure on

viscosity. A drag flow rheometer, on the othcr hand. such as a concentric cylinder

rhcometer, generates a defonnation that is indcpendent of the applied pressure.

Ho\vever, sea1 friction. end effects. and flow inslability limit ils lIscfulness aL high

pressures and shcar rates, Table 2.1 lists the various high -pressure rheometers that

have been used in the past. Figure 2.1 shows the vclocity and the stress profiles in

the t\VO types of instrument.

The stress profiles are material-independenl, and these can be dcrived from

Cauchy' s equations:

-p Dv = - pgV h - V P + '1 . -;.
Dt

(2,U

For steady-state, ful1y-developed flow, Equations 2.1 can be reduced to the fal10wing

equations for pressure driven flow in a slit and for simple shear (drag) flow:

•
Slit flow

Simple shear flow

(2.2)

(2.3)
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Table 2.1. Summary of High-Prcssurc Rhcorneters.
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1

1 :1 Comrœnts
y 1 [J \[f! : T '. 1Type Feature Researchers carl (. a)1 "kll( ( l. ;; (s -1)

1 i ' 1 .) 3 "1

Stiding Plate 19991 D- 70
! .).):" fi' Hr' -5:,: 1(f

1

SST Koran & Dealy i -_.) X
1

1 1

Rotating Disk ~[ooney 193-11 Nr 1
UXI Nr x

Semjonow 19fi2! 0.1-1521 2(X)
, -1 .,
1 Il . [D . -5-: lCJ >.

!
Couette

1

Cogswell 19731 n.l -300 i :mo 0,;")-:5 ;-:

1
1 Laser ll3air et al. 19~:n1 0.1- HXX)I 21X) 'r- H1'

1

..

\ lagnedrive Khandare et al. 1 20(X)1 D.l - 7.l1 ! ;ïOO .:'\r ! "

1

Foltz et al. 11973 i n.1 - HXI ! 220 Nr
Falling sphere 1 1 : 1

1
\ [agnetic force :\ laltischek & Socczal\ 1 199/11 D.l - 100 1 iO Nr

1

i 1~}()11 0.[ -II.!. i
:

[ -2 ,-' Hil:213 · :2P Westover :lCXJ .... x

!19791 lU -;)(X)!
i

.:'\r-::J ': Hr213 · :2P Karl 2lXl y >:

2D · IN\" Driscoll & Bogue 1~l90! 0.1 -121 i ~r
1

.:'\r " >'

Capillary
213 Pin Baker & Thomas i 199:31 0.1 -20, i :~()() 'r-2.:1 -', Hi'· >: ;.c.

213 · 2P :\Tackler et al. 199;)1 (U -2;; i 1~)() 0.1 -:2 /. ln; x' 1 x

1

,1 1

! >: )., 11 [996! D.I - 1;;:2 : 1:2D Chakravorty et al. 2lXl \"r-'I"- 10
1 1

]'}-2.;) ,-' Icil 1 >: 1 x2D · IV l3inding et al. 1199HI 0.1 - 70 '.2:10

3PT Laun 1 19K~! 0.1 - 2(X) :'\r 0.1-1·-: Hi
1

.~ i

Slit 213 2P 3PT
Kadijk &

1199·,1 0.1 -I,~ :~m 'r -:~ ~: Id lx!\'an den Brule 1 1

1
9PT Lïngclaan 11~Nll Nr i ~r .-·il-:~EO

1 ~ 1 !

* Legend

B: barrel, p: piston, 0: die, ~V: necdlc valve, \r: valve. PT: pressure transduccr,

and SST: shcar stress transducer

1: Generates inhomogeneous flow

2: Requires end corrections

3: Requires edge corrections

4: Can be used to study viscoelasticity

Nr: Not reported
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where r~"X is the shear stress, (J. The above equations show that the shear stress

in a slit flow is a linear function of y. while that in a simple shear flow is

constant. Howcver, the vclocity profile for pressure flo\\' dcpends on the properties

of the sample, \vhile in simple shear flow it is independent of fluid properties.

Figure ~.l. The stress and the vc10city profiles of prcssurc-drin'n 110\\" and drag no\\'.

2.1. Pressure-driven Rheometers
A rheometer based on pressurc-driven flow consists of a heatcd barrel, a piston

or pressurization system, and a die. A capillary rheometer has a circlIlar dic, and in

a slit rhcorneler il is a thin rectangular slit. A moving piston or pressllrization

system generates flow in the die, and the rcsulting pressure drop is measurcd.

Figure 2.2. Geometry of a capillary rhcornetcr. Figure ~.3. Gcometry of a slil rheorneler.

Slil1:xun:1 piston S<UJl1h:
capillary

i ll
~__,...:L

'---T- :.J~.Do T

f----.:I ~v
~ 4

piston sat1?Plc
1 1
1 1

1 i

barrel

1•

•
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CapiIIary and sEt rheometers are popular for measuremcnts at high shear rates,

since they simulate to sorne degree flows occuning in plastics processing. However.

the shear stress and the shear rate must be inferred inclirectly from the driving

pressure and volumetrie flow rate. Since the prcssure and shear rate are

inhomageneous, the molecules ln a sample will havc \'arious pressure and

defonnation histories,

2.1.1. High Pressure Capillary Rheometer

A capillary rheometer consists of a barrel. a piston. ane! a capillary. Data from a

capillary rheometer arc usually reportcd in tcrms of the wall shcar stress, aIL', and

the wall shear rate, rIL'. However, sincc those Quantities can only he inferred from

the measured pressure drop and flow rate, several assumptions must be made in

the treatment of the raw data, The Bagley end correction [1] is often used to obtain

aIL', and the Rabinowitch correction [2] is usee! to estimale r/1. Figure 2.4 [3] shows

the pressure distribution in a capillary rheometer. \vhere Pd is the driving pressure,

Pa is the pressure at the exit, LI Pen! is the cntry pressure drop. Li Pcnp is pressure

drop in the capillary, and L1 Pex is the exit pressure drop, The t\\'0 excess pressure

drops, L1 Pent and L1 Pe.l:, are related ta the clastici ty 0 f the melt [l],

Distance from Entrance (in)

0.5o

Pd ----- --••.
---- -~~~!_--_: ~

P
~O,4

• Figure 2A. Pressure distribution in a capillary rhcomclcr 1:~1.
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The Bagley cnd correction 1S used to correct for the excess pressure drops. and

the truc wall shear stress is given by:

2(Lo/ R+ e)
(2.4)

where Lo lS the length of the capillary. R is Dn1'.2. and e is the Bagley cnd

correction. which is the intercept on the LiR axis of a Pd versus LfiR plot. i.e.. a

Bagley plot. The wall shear rate can be obtained from the apparent shear rate by

use of the Rabinowitch correction. The apparent shear rate is the shear rate that

would obtain for a ='Icwtonian fluid:

(2.5)

where Q is the flow rate. The Rabinowitch correction takes into account the shear

rate dependence of the viscosity and givcs the truc wall shear ra Le. Yu::

. (3+b).
'YU' = 4 'Y..l (2.6)

where

b= d( log 'Y~'1)
d( log CJ,J

(2.7)

High -pressure capillary rheometcrs arc similar in basic design ta standard

instruments. but do not cxhaust to the atmospherc. vVesto\'er [:iJ instaIlcd a second

barrel and piston at the exit of the capillary ta provide independent control of the

hydrostatic pressure and the pressure drop driving the tlO\\', The primaI)' piston

Figure 2.5. Schcmctic of the high-prcssurc capillary
rhcometer \Vith a double piston system ri11.

Barrel Piston Samplc Capillary Second piston Second barrel

//
.--...~.---r-~-

•
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pressunzes the sample. while the secondary piston \5 5lationary until the desired

pressure is reached. Bath pistons are mavcd at the same speed ln obtain the desired

flaw rate. Karl [fi] built a double-piston. high -pressure capillary rheometer with

pressure transducers installed at both ends of the capillary for mcasurements up to

500 lVrPa.

Driscoll and Bogue [7] used two dies: upstream and c10wnstrcam (Fig. 2.6), They

installed a ncedle valve bctween thenl to make thc dC)\\'nstream pressure

independent of Q. The pressure drop \Vas obtaincd from the pressure in the barrel

and the pressure measured by the pressure transduccr in the downstrcam chamber.

Barrel Piston Sample Upstrcam capillary o..mnstream capilJa~

~ \ i

----------.....1' =t", ,..,i q

Pressure transduccr Nccdlc vain:

Figure 2.6. Schemctic of the high -pressure capillary
rhcomctcr with two dies and a nccdlc \'ah'c [il.

Baker and Thamas [8] used t\Vo barrels but only OIlC piston and a spirally

grooved pin ta control the pressure lcvcl in the clic (Fig. ~.ÎL The pin partially

blocks the second barrel at the exit of the die. and the Icngth of the pin and the

groove size control the pressure level in the die by acljusting the rcsistance ta the

flow in the second barrel.

rvlackley et al. [9] developed a "lVlulti - pass Rheometer" able to pump melt in

either direction through a capillary. The basic configuration is similar to that of the

Westover rhcometer, but the two pistons are drivcn by indcpendent scrvo-hydraulic

• actuators, which can move separately or In umson. Fonvard, backward, and

oscillatory flows can thus be generated.
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Barrel Piston Samplc Capillar)' Second barrd Pin
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l

Pressure transduccr

Figure 2.ï. High-pressure capillary rhconleter with

t\\'o harrels. a piston. and a pin [HI.

Chakravorty et al. [10] used a second capillary to creale adclitional Flow rcsistance

(Fig. 2.8), Pressure transducers mountcd in the barrel and at the exit of the upper

capillary arc used to deterrnine the pressure drop in the upper capillary.

Barrel Piston Samplc Upper capillary I.ü\\cr capilla~

1
1

'1
il

\/~
Prcssure transduccr

•

Figure ~.8. Schemetic of the high -pressure Glpilbry

rhcometer with twa dies [101.

Binding et al. [11] used a rheornctcr similar to that of Baker and Thomas (Fig.

2.9), but thcy used a conical sccondary die and a conical \'alve instead of a pin to

control the bacl< pressure. A Teflonnl washcr \Vas usecl on the piston to eliminate

leakage.

2.1.2. High Pressure Slit Rheometer

The hydrostatic pressure varies along thc length of a capillary die, but it is

difficult tü determine precisely the local pressure gradient. which is nccessary for
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Barrel Pis[on Samplc Captllary S.:cond ch;lmh~r S~Cl1nrJ rJl~
i

:~\
"-

Tenon washcr Pressure IrJnsduccr V;Il\C

Figure 2.9. Schemctic of the higl1-pressure c;tpillary

rhcomcter \Vith a conical clic and \·ah·c [II J.

the detcrmination of the viscosity. If a slit die is L\sed. however. pressure

transducers can be instaIlcd directly ln the wall of the slit. and the pressure

distribution in the die can be determincd. However. a correclion for the wall shear

rate is still requircd.

The wall shear stress 1S given by:

( -t::.P)1L
6!l'= L 2 (2.8)

where L1 P 1S the pressure drop for a slit of length L. The wall shcar rate 1S given

by [12]:

where:

Y· = (--.6iL)( 2+8)
IL' h2w 3

(2.9)

(2.10)

•

Laun [13] used a pressurized slit rheorneter (Fig. :2.10) III which the pressure was

rneasured by three pressure transducers. ~o I3agley correction \Vas required.

Kadijk and Van den Brule [14] used a double barrel and piston system (Fig.

2.11). It is possible to generate a reverse flow and to carry out multiple experiments

on the same sample by controlling the two pistons indcpendently.

Langelaan et al. [15] developed a slit rheorneler (Fig. 2.12) \Vith nme pressure

transducers to investigale the nonlinearity of the pressure distribution in a slit die.

and they used an injection cylinder and extruder inslead of a piston.
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1

1
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i i
1 l

Pressure [ransducer

Figure 2.10. Schemetic (lf the

high-pressure slit rheometcr of Laun [\:)1.

Barrel Piston Sam pie Slil

1

!

PISlUn Aarrel

.
-.---~ -- ---
.. ;

Pressure [ransducer

Figure 2.\\. Schcmetic of the high -pressure slit
rheomcter \Vith a double piston system [\-11.

•

Extruder Injection
Cylindcr

~I 11111

Il 1U u

Pressure transducers

Figure 2.12. Schcmetic of the high-pressurc slit
rhcomcter \Vith nine pressure transduccr [\;-)1.
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2.2. Drag Flow Rheometers
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The advantage of drag flow rheometers IS that the hyclrostatic pressure is

independent of the force driving the deformation. and the shear rate and hydrostatic

pressure can thus be controlled independently. The pressure is uniform throughout

the sarnple. bu t corrections may be requircd for sorne geometries.

2.2.1. High Pressure Couette Flo\v Rheometer

A conccntric cylinder (Couette) rhcometer consists of two concentric cylinders. a

rotational drive. and a torque measuring device. The sample tïlls the gap bctween

the two cylinders. and one cylinder 1S rotated. The shear rate is obtained from the

rotational speed. while the torque IS usee! to calculate the shear stress. Stress

relaxation experirnents can also be carried out.

rvlooney [lf>] devcloped a "Plastometer" to characterize ra\\' rubbers (Fig. 2.13).

The upper platcn is removed. and a rubber sample is placee! arouncl the rotor. After

the platen is replaced. the sample is heated. Applying hyclrostatic pressure to the

cavity allows high -pressure measurements to be made. This instnlment is usee! to

determine the "LVlooney viscosity". which is proportional to the torque rotation after

a certain time has passee! (li).

Upper plalen

Sampie ---C=======d~~:t3E:m
Rotor 1.,-----'

Spindlc --------

Figure 2.13. Schernetic of a rotating disk or :\Iooney
viscorneter [16].•

t
Torque Guagc

t
Ilorrizont:ll shali
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Sernjonow [lH] used a a pressurized Couette rhcornctcr (Fig. ~.14L A sample IS

pumped into the gap between the two cylinders. and the desircd pressure IS

generated by rneans of a ram. The drive rotates the outer cylinefer. and the the

torque on the inner cylinder is rneasured. Howevcr. Hi~hgatc anef \Nhorlaw [19]

have shown that end effects make a substantial contribution to the measured torque

in such a device. They defined the end effect in tcrms of an incrcase in the

effective cylinder length duc to the ends and suggestcd several methods ta avoid or

minimize end effects.

Cogswell [20J used a Couette flow viscomctcr similar ln that of Sornjono\V and

pointcd out that there are substantial effects of secondary fIo\\". but he argued that

the rhearnetcr was useful even with end effects and seconclary fIo\\".

----- Torque rneaslIring. dt:\'icc

---+-- Sarnple

__--+--- (nnt:r Cylindt:r

I~~~+---OutcrCylindcr

+-t---Rotating dcvicc

PrcsslIrizing rarn

Figure 2.14. Schemelic or the Semjono\\"
high -pressure conccntric cylindl'r

rhcometer [181.

BaÏr et al. [21] used a Couette viscorncter to stuefy the rheological properties of

lubricants at high pressure (Fig. 2.15). They visualizccl the liquid flow aL high

pressure by rneans of a "High Pressure Flo\v Visualization Ccll'/. I3air et al. (22J

deve10ped another high -pressure Couette viscorneter in which a laser was used to

mcasure the torque more precisely than is possibile \Vith mechanical or clectrical

sensors. While the high pressure may deform the windows. and the deformation
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might affect the laser beam and torque measurements. the~e po~sibilities \Vere not

discussed in the paper.

Recently, Khandare et al. [23] dcvclopcd a Couclle type "High ~temperature

High -pressure Rheometer" for the rheological investigation of pitch (Fig. 2.16), The

most remarkable feature of this rheometer lS a magnetic rotational drive system.

The motor generates the torque, which lS transmiltcd to the spindle by a

"lVlagnedrive". Lcak-proof rotation of the spindle at high pre~sllre is thus possibile.

Taylor instability \Vas not a problem, becausc the maximum Taylor number was

fifty times smaller than the Taylor number for instability. ~[acosko [:21) argued that

the Weissenbcrg number. ~Vicr, is more important for instability in the case of a

viscoelastic fluid. but Khandare et al. did not discuss the role of this paramcter.

Saml'Ic

----~-- lnn~r ~,llnder

..----- OUler .,!lnder

---- ,,- PrC'ssunLtng ,uurcc

Figure 2.15. Schemctic of thl'
high -pressure conccntric crlinder
rheometer with a laser tool (~l J.

force IrOlnsUlIco:r

r--.JL....II~=;-- M Oll!ncdnve

iI--+--- Samplc

__-+-- Spinuile (Inner Cyllnderl

.-+--Cup (Oliler Cylinder)

Figure 2.16. Schemetic of the high-pre~sure

concentric crlinder rhcometcr with a magnedri\"l' 1~~n
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2.2.2. High Pressure Falling Sphere Viscometer

38

•

Falling sphere viscometers have been used for the measurement of the pressure

dcpcndence of the zcro-shear viscosity. which is determined br mcasunng the

terminal velocity of a sphere falling ln prcssurized melt. ~() c1rnamic seals are

rcquired. and the apparatus is easy ta construct and operate. A falling sphere

viscornetcr is nat suitable for the study of viscoclasticitr. but it can be used ta

deterinine the very important rheological property. 770. at high pressure.

Foltz et al. [2;] used a falling spherc viscometcr III which the driving force is

gravity. The cxperiments take al lcast one day. during \\"hich time the sample may

degrade due to the long exposure to high lcmpcrature.

Mctal gaskct

1.27-cm sampIc roll
Sphcrc

O.64-cm samplc roll

INHI---.,f---- Sampic pc1lets

+t---- Piston

Figure ~.17. Schcmctic of the high -pressure
falling spherc viscomcter [~;jl.

Sobczak [20] develüpcd a falling spherc viscomcter ln which the driving force is

a magnetic field. A laser beam is uscd tü measure the clisplacement of the sphere.

The magnctic force generates faster movemcnt of the sphcre than is possible using

only gravity and reduccs the time requircd for a mcasuremenl. Thermal dcgradation

is thus avoided. Gahleitner and Sobczak [2ï] used a falling spherc viscometer to

determine and investigated the shear rate dcpcndencc of the viscosity. They also

used the start-up behavior of the zero-shear viscosity ln apply the principlc of

Gleisslc' s mirror relation [28]:
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for y= 1/ t (2.1U

where TJ o· (t) is the start -up zero-shear viscosity function until the vclocity of the

sphere reaches the terminal velocity. Hermann and Sobczak [:.!!l] uscd an inductive

detection system in a falling sphere viscometer (Fig. 2.1HL [n contrast to the laser

method. windo\vs are not required. lVlattischck and Sobczak [:ml dcvclopcd a high

pressure cclI for use with this viscamcter (Fig. ~.19L The pressure generator

consists of two parts: a dynamic scal and a pressunZll1g screw. l\[attischck and

Sobczak [31] developed anothcr falling spherc viscometer. which was capable of

achicving temperatures of up ta 250 oC. and has a built· in pressure sensor at the

bottom of the samplc chamber.

Figure ~.lR Optical and inductive measuring principles [~91.

Figure 2.19. High pressure ccII of the high-prcssurc f:llling sphere
viscomctcr [311.

Thn:au ti.lr the rntating socket

---- Lockin1! sc.:n.:\\
& (iask~ct

1(eating clement
!"=N-lt--- Thennocouplc

r-o--=-_
Detection coils

1h:ating dcrnel1l

Thread lor the rntaling sockct

Samplc charnbcr
Iron sphcrc

Pressure Piston
generating lscrw

~v rltJ~~~
. "

•
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Chapter 3. The High Pressure Stirling Plate Rheometer

Giacomin and Dealy [1-:>] developed a sliding plate rheorneter (SPR) incorporating

a shear stress transducer, which has significant advantages over the types of

rheorneter discussed in the prcvious chapter. The paralld plate geornetrv and drag

flo\v allow the direct measurement of shear strain, and the shcar stress transducer

measures stress with no end or edge effects. Giacomin [1 J describes the sliding

plate rhcorneter in detail in his doctoral thcsis. Koran and Dcalr [-1) dcveloped a

high -pressure version of the sliding plate rhcometcr to stucly the cffect of pressure

on the rheological properties of molten polymcrs.

3.1. The Stirling Plate Rheometer
Figure 3.1 shows the basic fcatures of a sliding plate rhcometer. The rheomctcr

.r
<~,

Figure 3.1. Basic clements of sliding plélte flo\\".
An edge is a frcp surface parallcl to the mo\·ing
direction, and an cnd is normal to the direction.

gcneratcs a shcar deiormation by moving one plate rclati ve to the other. The basic

rheological quantitics, stress and strain, are rclatcd to the mcasured quanti tics as

•
follows:

~=F/A

y=X/h

(3.1)

(3.2)
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(3.3)

where F is the shear force, .\ is the displacement of the movmg plate, V IS its

velocity, and h is the gap between the two plates.

The sliding plate rheometer has sorne limitations. The length of the rheometcr

limits the total strain and shear rate, and eclge and end effects induce

inhomogeneity in the dcfonnation of elastic matl'rials. Thl'se l'rfeets arise from a

stress mismatch at the free surfaces UiJ. Samplc degradation is much less severe

than in a parallel disk or cone-plate rheometer. sinee the maximum torque is

obtained at the edge in the latter instruments where the sampll' is cxposed ta the

cnvironment. Sccondary flow in the sliding plate rheomelcr arises from the normal

stress differences [H]:

(4.4)

(4.5)

•

Since the shape of the wetted area of a sliding plate rheonleter is not preciscly

controlled. it is difficult ta cstablish this area. [t is thus difficult lo obtain the true

stress by measuring the total force on one of the plates.

To eliminate the surface area problem and edge/encl el'l'cels. the shear stress

transducer (SST) was developed by Dealy [il and used by (~iacomin and Dealy

[l-3] in the SPR. Figure 3.2 [8] shows the esscntial features of the rheometcr. The

stress is rneasured in the center of the sample by means of lhe SST, and the

measurernent is frec from the [rce-surface phenomena and c1egradation al the edges

of the sample. The arca over which the shear force is l'quaI to that of the SST

active face, and there is no problem arising from the uncertainty about the total

wetted area. Figure 3.3 shows the SST and the beam that cleflects in response ta a

shear force on the active face. This SST is called a "disc spring transducer",

because the c1astic mcmber IS a steel diaphragm [9]. Figure :3.4 shows the basic

dimensions of the SST.
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Figure 3.~. Cross section showing the esscntial
clements of the SPR incorporating a ciisk-spring-typc
shcar stress transdllcer. 1 si.lmplc; :2 moving plate; 3
back support: -t stationary plate; ;) cnd frame: 6 gap
spacer; 7 shear stress transc!lIccr incorporating a rigid
beam supported br a steal c1iaphragm disk spring; 8
Iinear actllator: and 9 m·cn [xl.

Active face Ground Calibration hoIe Ground Capacitance probe

Disk Spring

(a) (b) (c)

Figure 3.3. SST and beam (a) Left-Lop vic\\" of thc SST. (hl ClI1till'n-'r beam ln the
SST. (c) Right-top view.

Figure 3.4. Dimensions of the SST of the SPH.•

Capacilancc probe

head j
Target Calibralion hole

1
Disk spring

1

1

:\l:tin:lilCL:
1•
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The capacitance proximity probe providcs a signal rdated tn the distance

between the probe tip and the target. A shear stress causes c!eflection of the beam

and a change in the probe signal. A CapacitecR signal conc!itioner and amplifier

(Fig. 3.5) provide a signal that is proportional to stress. and an A/O convertor

provides a digital output.

Figure 3.;). Capacitec R amplifier.

•

Uscr-defined deformation histories can be gcneratee! by means of the

servohydraulic linear actuator \Vith computer control. Il is possible, for example. ta

generate the following histories: steady shear. single or muIti step strains, start -up

and cessation of steady shear, interrupted shear. large amplitude oscillatory shear,

exponential shear. and creep and creep recovery. :\ precision lincar bearing table

supports the movement of the moving plate. High -temperature lubricant is required

ln the bearing system to kecp the movernent srnoolh.

In controllcd strain experiments. the cornmane! displacernetlt IS compared \Vith the

actual displacernent of the moving plate. and a feccIback loop controls the

displacement of the movmg plate. In controlled stress cxpcrirncnts, a command

stress is compared \Vith the stress sensed br the 5S1'. and a fcccIbélck loop controls

the displacement of the moving plate. This latter type of cxpcrimcnt requires very

careful tuning of the contro lIer.

3.2. The High Pressure Sliding Plate Rheometer
The high-pressure sliding platc rheometer (HPSPR) [.1.\0] c1evcloped at lVkGill

University can gcncrate controlled, homogeneous shearing dcformations rit uniform

pressure. This rhcometer can be used ta determine the l'ffcets of pressure, temperature
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•

and shear defonnations on the rheological behavinr of elastomers and molten

thennoplastics. Koran [10] describes this rheometer in etetai[ in his doctoral thesis.

3.2.1. Basic Features

The HPSPR has been used to study several materials. é1l1d its capabilities and

limitations have been explored. Figures ~3.6 to ~3.~ sh()\\' the HPSPR system. It

operates over a temperaturc range from 25 tn :z~st·, and under a vacuum or at

pressures up to 70 l'vIPa. It can gcncrate shcar rates of lCr:i tn 500 s -1 and can

measure shear stresses o'ler a range from 0.146 tn :300 kPa. The HPSPR is similar

in basic design ta the carlier ambient -pressure SPR. but its design required a

special housing and SST due to the high -pressures inn}l\·ccl. A vessel able to

withstand an operating pressure of ïO l'vIra at a tempcrature of ~~5 t' encases the

t\vo parallcl plates and most parts of the shcar stress transcfuccr. One pan of the

vessel consists of the cover plate, which swings open for sample loading. It is fixed

ta the main body of the pressure vessel br sixteen 7'~ in bolts, which are

tightened by an air-powered torque wrench. Openings at the top and bottom of the

rheometer allow actuation rods to translate, so that the \"(>Iume insidc the vessel

remams constant.

Thc rheometer 1S pressurized by a hand pump macle by Enerpac. The

pressunzlng medium is Krytox General Purpose Oil 10ï macle br Dupont. This oil

is thcnnally stable. nonflammable, non -volatile. a good lubricant and does not swell

eithcr polar or nonpolar materials. Koran [·'l found that there \Vas no rheological

effect of this oil on Dowlcxnl 2049 Iincar low density polyethylene. After filling the

HPSPR with Kry·tox ail, the approximatc desired pressure is obtained by means of

the hand pump. The pressure is then adjustcd prccisely by the piston pump. A

Dynisco pressure transducer is used to determinc the pressure in the HPSPR. The

transducer is calibrated by mcans of a dead weight tester. The most convenient

mcthod of sample preparation is by compression molcling. which produces a
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0 O.

I\.~lox 1'1sllln
r~SCl"\()lr purnr

rectangular sheet. Using this methad the samp!e can he preparec! quickly in arder ta

nlinimize strain and thermal histary. Detailed cxperimenw! procedures arc described

in the Appendix.
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Figure :Hi Overall system of lhe [[PSPlt

•
Figure 3.ï. The side view of HPSPR:

1 Actuating Rad: :z Fixcd Plate; 3 Moving

Plate: 4 Camage; 5 SST; () Pressurizing

Oil; 7 Pressure Vessel; 8 Q-ring: 9 Cup

senl: and 10. Filling ports [101.

Figure :U( Top \'iew of the HPSPR: 1

main body of pressure vesscl: :2 bcaring

plate; :1 moving plate carriage: 4

spacers: :J moving plate: fi O-ring: ï

SST active face head: ~ fixed plate: 9

cavcr plale of pressure \'cssel: and 10

SST 1I0/'
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3.2.2. Shear Stress Transducer

Figures 3.9 and 3.10 sho\v the details and method of installation of the SST.

48

Figure ~3.9. Schematic of SST in the [[PSPR: l

thermocouple; 2 CapacÎtance probe; 3 SST

active face hcad; -1 fixed plate: and :) Cover

plate of pressure vesse! [10 1.

Torsion barGroovc Active face head

\/
d=9m.;:[ :..-..-+- ~

i
1_ [".= 58 mm i
,fud---~~I

j L, = 60 mm .

Figure 3.10. Dimensions of SST of IIPSPR.

3.2.2.1. Calibration of SST

Target Capucilunce probe

..

•
Calibration is perfonned by suspending masses from the SST active face head

(Fig. 3.11). The linearity of the calibration is confirmed by lise of a series of

masses (Fig. 3.12). This calibration can he perfarrned at any tempcrature but only

at atmospheric pressure, since the caver plate of the pressure vesscl must be open
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for calibration.
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Because a mass cannat be suspendcd From the surface of the active face. it is

hung instead From a groove in the head by a length of \\·ire. This groove is locatcd

2.5 mm from the active face (Fig. 3.10). The stress corresponcling tn a given mass

is given by:

(3.6)

where Ale is the mass suspcnded from the groovc.

Figure :1.1~. Confirmation of the lincarity of

the calibration linc.

Figure 3.11. Suspended

mass calibration at

atmospheric pressure [1 () J.

150 1

!
Cù i
a.. 1

~
1

(1) 100 1

(1)

~ iûî
!

'U 1

~ 1

::J
50 !(1)

m
lU
:E

0

0 200

y = 0 15372x

R2 =099997

400 600 800

Mass (g)
1000

•

3.2.2.2. Temperature dcpcndencc of SST

Figure 3.13 shows the tcmpcraturc dcpcndcnce of the SST rcsponse. The

calibration was perforrned at 170 GC. and the responses at three other temperatures

\Vere also obtained. The nominal shear stress \Vas calclllatccl using Equation 3.6.

Eight masses were used at each temperalure. The linearity is qllite good. The slope

of the lines varies little. but the offset (interccpU. \vhich is the SST rcsponsc for

the zero-mass, varies dramatically. Figure 3.14 sho\Vs the change of the slope with
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(3.ï)

(3.8)

temperature, and Fig. 3.15 shows the change of the offset. The relations bet\veen T

and the slope and the offset are given by:

5(1')=-1.894 xl0- sr+7.635:< 10-:lT+0.249

0( T) = 0.0515 y2 - 19.826 T - 1881.040

whcre T is in oC, S is the slope of the calibration linc. and () is the offset in kPa.

The change of the offset can be eliminated by zeroing the SST at the operating

temperature in the software before starting a fun. To accollnt for the change of

slopc, separatc calibration at each tcmpcrature is rCC[lIirecl. However. tcmperature

variation during a mn can still cause a variation in the mcaslIrcd stress. AEter the

SST is calibrated at T, its rcsponse at another tcmperaturc is givcn by Equations

3.7 and 3.8:

(5= 5( nf5" + O( n (3.9)

where (J n is the nominal stress. The normal temperature fluctuation dllring a run

al 170
0

e is ±O.03°e, and the calibration line at 170.0:rC is:

f5= 1.000036(5" +0.0067 (3.10)

•

and the response of the SST for a stress of 100 kPa ~lt 1ïO.Œ3t is 100.07 kPa.

Since the minimum measured stress is 0.146 kPa, the \'ariatioll of measurcd stress

duc to a temperature change of 0.03·C is negligible. The SST rcsIJonse at 171·C for

100 kPa is 102.37 kPa, but the rcsponse change due ln a slope change is 0.11ï kPa,

which is negligible, while 2.25 kPa is due to the offset change. ..-\S long as the SST

is zeroed at the beginning of each nm, a temperatllre variation of 1oC has very

Iittle effccl on the SST rcsponse. However, Fig. 3.1.:.1 shows therc is about l?b

differencc in slope between lÎO and 180·C, and rccalibration is thlls rcquircd for

cxperiments at an operating temperatll re much higher than the calibration

temperatllre.
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3.2.2.3. Pressure dcpcndcncc of SST response

52

The response of the SST also depends on pressure. The pressure \Vas increased

from atmospheric ta 70 IVIPa, and the resulting offset values are she)\vn in Fig. 3.16.

As in the case of the ternperature dependence. the variation in the offset can be

compensated by zeroing the SST at each pressure.

The dependence of the slope on pressure was determined by lise of a spnng.

One end of the spring is fixed ta the SST active face hcacl. and the other ta the

rnoving plate carriage (Fig. 3.17). The actuator pulls clown the carriage ta produce

the desired displaccment of the spring. The resulting force appIied ta the SST is

glve by Hooke' s Ia\v:

F=-k)( (3.11 )

where k is the spring constant, and .\" is the displacerncnt of the spnng. Forces

corresponding ta eighteen displacernents arc imposed. and the stress signaIs are

Figure 11 Î .

Spring calibration mcthod. 1

SST hcad: :2 Spring; 3

conncction: and 4 Carriage [10].•

ro
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Figure 3.16. Pressure dependence of the

offset of SST response.
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•

recorded. Calibration is first carried out at atmospheric pressure. Another test was

pcrformed at 69 l'vIPa, keeping the calibration at atmospheric pressure. but the signal

\Vas zeroed at 69 l\'1Pa. The variation of the offset with pressure in the range from

0.1 to 70 l'-IPa is around 500 kPa, which is well above the normal measurement

range. ± 300 kPa. Figure 3.18 shows that there is a l.:~0i> \·é1riation between the

slopes at 1 atm and 69 lVIPa. which is negligible. The calibration constant for

atmospheric pressure can thus be uscd at ail pressures.

200 .--------------~

_ 150
nl
a.
~
rn
rn
~

U5 100
"C
~
~
rn
nl
QJ

~ 50

4 8 12 16 20 24 28 32 36

Displacement (mm)

Figure 3.18. Pressure dependencl' of the

slopc of the calibration lines.

3.2.3. Sealing

Both dynamie and stalie scals arc rcquircd. Cup seals pre\'ent oil Ieaks around

the actuating rods during thcir linear motion. and an 0 ring prcvcnts ail leaks

through the gap betwcen the two plates of the pressure vessel.

3.2.3.1. eup-scals

A cup-seal eonsists of two parts: a graphitc-fillcd Tenon'~1 cup and a metal

spring. Aceording ta the specifications, the cup-seals used are supposed to
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withstand a pressure of 70 NlPa at 250°('. but Koran [10] round that pressurization

needed to start at a tempcrature below 180°(' to avoid leakage past the cup-sea1s

abave the follo\ving critical pressures: 20.6 l'dPa at 1~0 (' tn :2.06 l'vIPa at 200 oC.

iVIcGlashan [Il] used modified cup-sca1s to cIiminate this problem. as sho\vn in Fig.

3.19. Howcver. twa new problcms arasc. An oil lcak arouncl the top actuating rod

seal was observed at shear rates above 100 S-l at 70 \[Pa and 170"C. and a new

cup left dark matcrial when il was rubbed on white paper. indicating that it may

have bcen craded.

Figure 3.20 sho\vs the way cup-seals \Vorle \Vhen there is no pressure, there is

a small gap bctwcen thc cup-seal and the actuating rod. Pressure. which is applied

by rneans of the pressurizing oil. pushes thc cup \vall out \\'arci, closing the gap and

sealing the rod.

Figure 3.19. Left: old cup-scats and
right: ncw cup-scals, (al Side view (bl
Tap-vic\\' (cl Top-view of springs (dl
Bollom-vicw of springs.

l'

"

M;\In platt: of pressurc "csselActualmg rnd

Gap

Figure 3.~O. SealinJ..! mechanism of a cup-scal araund

thc actuating rod al the boltom.

(b)

(c)

(a)

(d)

~;>:J ~ :: ::1
~ I~:.---~.·Li..

•
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3.2.4. a-ring

55

There is a graave on the inner surface of the caver plate of the pressure vesse!

ta take the Viton
n,

Q-ring that prcvents ail leakage through the gap bctwecn thc

mam body and cover platc of the pressure vesse!. Howe\·er. if the sixteen. 7/8-inch

balts are nat tightened sufficiently, the 0 -ring \vill bc damagcd as shawn in Fig.

3.21, even if the pressure holds. The torque on the tightcning boIts is controlled by

adjusting the air pressure on the Qix i\Iodular FRL combination reguIator (Fig.

3.22), Table 3.1 shows the values used at various test pressures.

Coalescing Filter Regulator Lubricator•

(a)

Air --+
(700 kPa)

(b)

Figurc :1.~1. Ddeclin~ ()-ring clue lo wcak tightcning.
(al thc c1cfecli\"c O-ling 011 the co\"cr plate (b) cnlargcd

dcfccti\"e part.

'.:.:..--....... Torque
---.,...- Wrench

Figure 3.22. Rcgulator combination.
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Table 3. [. Torques for bolt-tightening.

Test Pressure Required torque for the wrench 1 :\ir Pressure or the regulator
(:VIPa) (Nm) ! (psi) (kPa)

- 35 310
1

]] :230

- 52
1

465
1 -,) 360
1

:L

- 69 615 i (}~) -\80

3.2.5. Pressurizing System

56

•

The pressure inside the HPSPR is increased by a hétncf pump after filling the

rheometer with Krytox oil, which 1S storcd in a rcscrvoir (Fig. ~L~3L Fine tuning of

the pressure lcvcl is carried out by a piston pump. and the resulting pressure lS

rneasured by the Dynisco pressure transducer.

Figure 3.23. Disasscmblcd Krytox

rcservoir.

3.2.5.1. Pressure transduccr

A Dynisco pressure transducer l'vlodcl 830 (Fig. 3.:2-1) \\"é1S used to rneasure the

pressure inside the HPSPR. The opcrating range of this transclucer l5 -54 to 120°C

and 0 ta 70 lVIPa. The spccified effect of tcmperature on span lS i.:0.036?-6 full scale

per oC. and the nominal accuracy is ±O.5?'ti. A Dynisco i\Iodcl 1290 Strain Gauge

Input Indicator is used to display the pressure value. The indicator \Vas calibrated

al the factory, but the calibration was verified by use of a dead wcight tcster (Fig.

3.25). The calibration line (Fig. 3.26) was obtaincd by rccording the indicated
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pressure values for the weights on the tester, and iL cxhibited ~ood linearity but a

-1.159'6 deviation From the applied pressure. Table 3.~ shows the indicated pressure

values for various applied pressures.

Figure 3.:24.

Pressure transduccr.

70

ii
60

D.
!. 50

!
~ 40CIl
CIl

!
D. 30
'l:'
.!
ce 20u
ï3
.E 10

0
0

Figure 3.:25. Dead \\"cight tester.

y =O.9885x + 1.5445
R2 = 1 '

10 20 30 40 50 60 70

Applied Pressure (MPa)

•

Figure 3.26. Calibration line of the pressure

transducer.

Table 3.2. Indicated pressures al yanous applied
pressures.

Applied Pressure Indicated Pressure 1

1

(l\:lPa) (psia) (psig)
i

1

1

0.1 15 0 i

23.0 3330 3280 !
1

45.9 6660 6570

68.9 10000 9870
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3.2.5.2. Hand pump

The pump used ta pressurize the HPSPR \vas an Enerpac P- :2282 hand pump

(Fig. 3.27), which can generate pressures up 275 l'IPa. The hand pump provides

two-speed operation for faster filling. It takes about 30 minutes ta increase the

pressure ta 70 i\:IPa. Table 3.3 shows the specifications of the hand pump. vVhen

the high pressure is released. the releasc valve must be openccl Cl liulc. If the valve

is tumed by more than 30° at 70 lVIPa. the sealing system of the pump will he

damaged. It is recommended that thc valve bc opened br ;} and incrcased

gradually with decreasing pressure.

Table 3.3. Basic features of the Enerpac hand pump P-2~H:2.

Oil Capacil~' Pressure Raling (l\IPa) Oil Displacement per Stroke (m,')
1

Piston Stroke
( ~ ) Ist Stage 1 ~nd Stage ISl Stage 1 :2nd Stage !

(cm)
1

1 i 1.4 1
<)-- 10 i O.!) 1 :2.5-1~,';)

1 1

Figure :1.:2R \Vorm-drive

piston pllmp. (a) whole pump

(hl c1isassemblcd pllmp.

(b)(a)

Figure 3.27. Enerpac hand pump P-2282.

3.2.5.3. Piston pump

•
Since one stroke of the hand pump incrcases thc prcssure by 2 to 7 lVIPa. an

additional system was required ta sct the desired pressurc. :-\ worm -drive piston

pump (Fig. 3.28) makes it possible ta incrcasc the pressure by 0.02 l'vIPa for each

revolution of the pump handle. Revolving the handle causcs a linear displacerncnt of

the piston in the piston pump housing.
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Chapter 4. Materials Studied

Polyethylene (PE) has the simplest basic structure of any polymer and is widely

uscd due to its low cast, chemical resistance. good processibility, toughncss, and

flexibility. Three polyethylenes, with similar molecular weights but varymg

molecular structures, were choscn for this work. The rheological propcrties of these

PEs are weil known. sincc they have been studiecl by Koran [!J. Heuzey [:~l.

Hatzikiriakos et al. Pl Hatzikiriakos and Roscnbaum [-Il \Vooci :-\c1am~ [:'5], and Kim (fll

4.1. Linear Low Density Polyethylene and Metallocene

Polyethylenes

Dowlex 2049AC is a commerciaL linear, low -cicnsit~· polyethylene (LLDPE)

manufactured by Dow Chcmical Company. It is manufélclurccl b~· a solution process

\Vith octene comonomer and has a polydispersity of :~.K. It has been previously

charactcrizcd at ~\'IcGill and has good stability over a long pcrioci.

l\Ietallocene polyethylene is a new polymer class lhat is ciistinguishcd [rom

traditional PEs, including LLDPE, la\\' dcnsily )Joh'cthylcne (LDPE). and high

dcnsity polyethylene (HDPEL rvlctallocenc polyethylene. or mllE. is produccd using

mctalloccne catalysts that have a single active site. \\'hile %iegler- ~atta catalysts,

\Vhich are uscd to produce traditional linear polymers. h~IVC multiple active sites.

rvJetalaccne PEs are interesting not only as commercial polymers duc ta thcir

praccssability and good physical properties, bUl also as experimenlal materials

bccause of thcir weil controlled structure. They have higher toughness. bcttcr optical

prapertics and beltcr hcat -scaling characterislics lhan lr~dilional PEso There are l\Vo

subclasses of mPE: Iincar mPE (LmPE), which has short chain branching (SeS) or

no branching, and branched mPE (BmPE), which has low levcls of LCS. Exact
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3025. which is made by Exxon, is a LmPE \viLh a polyclispersity of 2.3. butene

comonomer. and no LCB. One BmPE made by Dow Chemical Company was also

used. It has a low level of LCB and a polydispersity of :2.:t~.

In Fig. 4.1 the molecular structures of the materials stlldied arc sketched. 8roüd

ses distributions are present in the LLDPE. Br comparison. the mPEs exhibit

narrow and weIl controlled SCB and molecular weight distributions.

LLDPE: Do\vlex 2ü49AC

LmPE: Exact3ü15

BmPE

•

figure .1.1. Schcmatic of molccular structures of the P()[~'l'lh~:k'nl's sludicd.

4.2. Physical Properties of the PEs
To determîne the effect of polydispcrsity on the pressure sensitivity of the

rheological properties. the results for the LLDPE and the LmPE. which have a

similar lV/IV and no LCI3 but different polydispersities, \Vere compared. Ta determine

the cffect of LeS, the results of the LmPE and the DmPE, which have a sirnilar

l'vIII: and polydispersity but different levels of LCI3, \Vere used. Table 4.1 lists sorne

physîcal and rheological propcrties of the polyrners stuclied.

The zcro-shear viscosity, TJo, was determincd from creep compliance experirnents

at 17DoC and atrnospheric pressure using an SR5000 controllcd stress rheorneter
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•

made by Rhcometric Scientific. This instrument was operatcd in the parallel plate

configuration (255 mm diameter) with a gap of 1 mm. The stress value \Vas 10 Pa.

\vhich \vas thought to be the limiting stress for lincar beha\'ior Pl The melting

temperatures were detennined by Kim [Ii] using a differential scanning calorimeter

(DSC) with a hcating rate of 10°C/min. Two melting tcmpcraturcs \vere identificd.

one (Tm.h) from the minimum in the endothcrmic curve. and the othcr T m•e from the

end of the peak (Fig. 4.2). The dcnsity. molccular weight. ~ll1d the polydispersity

\Vere providcd by Kim [fiJ.

Table 4.1. Physical propcrtics of the matcrials studiccl, 1 atm.

, l') Il (J 70'C ) 1 r

1

.\1" i Leu/ WiCTm (L) [El 1 Dcnsil\' i J/" .\1, [SI
Rcsin Comonomcr 1

1
1 (g,:cn)

- 1 1

1 Hhcnl. 1(kPa.s) Tm.h Tm. 1.'
[fil !(g ~1) !Ii!i Ilil GPC1

LLDPE 1 Octcnc 13.0 126 ]38-1,10 o.~)~]
! Il ~l.IiOO :t~

1 0 0
: 1

1
LmPE Butcnc H.l 105 112- 117 1 0.910 i 10H,HOO .) '1

i 0 0i _.. )

BmPE Octenc ~\fi.l 10'1 1]3 O.~)()H ,...,~). Ion ., .,.)
! O.OS3 0.06

1
_..)-

i

Temperature (OC)

Figure 4.2. Schematic cndothcrrnic DSC clIn-c.

Wood - Adams and Dealy [8,9] developed a technique ta determine the level of

LeB. Il is based on rheologicaI and Gre data [10] . The result is the number of
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LCB per 1,000 carbons in the back-bone. Carbon ~ r3 :--'E\IH could not be used ta

determine the LCB level of the BmPE, since it cannot c1istinguish SCB \vith 6

carbon branches, which arise from the use of octene comonomcr. and much longer

branches.

4.2.1. Effect of Pressure on Tm and Til

Sînce the melting point, Tm, and the glass transition tcmperature. T}!. increase

with pressure. to prevent pressure induced crystallizalion. the high -pressure

measurements must be camed out at temperalures abovc lhe c1evated Tm and the

elevated TJ!. The pressure dependencies of TI: and Tm arc lhus rcquired ta establish

the minimum operating temperature.

Heuzey [2] obtained pressure-volume-tempcralure (P\·Tl data for the LLDPE

using a PVT~Gnomix apparatus. The measurements were carricd out at constant

pressures of lO, 60, an 120 rvIPa over a tcmperalure range from 220 to 70 ee at a

scanning rate of -3
a

C/min. She proposee! the following expression lo describe the

effect of pressure on the crystallization tcmpcralurc (TJ:

LlTc = O.281P (4.1)

•

where P is in i\rIPa, and Tc is in oC. A pressure incrcasc of 70 l\ IPa. which is the

maximum operating pressure of the HPSPR. rcsults in a ~O"(.· increase in Tc. Since

the Tm.e of LLDPE is around 140 a

C, the opcraling tempcralure must be above 160
a

C.

The value of 170°C was chosen as the opcrating tcmperature for this study.

Nielscn [11] proposed that the T)! of PE is ~ 120 oC. Shen and Eiscnberg [12]

reviewed glass transitions in polymers and showcd that values of aTJ!/ aP are in

the range of 0.1 ta 0.3°C/MPa. A pressure increasc of 70 l'Ira will thus cause an

increasc of TI: in the range of 7 ta 21°C, but cven after such an incrcase, the

opcrating temperature of 170 oC is weil abovc the increased 7::.
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4.3. Smal} Amplitude Oscillatory Shear

Small amplitude oscillatory shear (SAOS) experimenls arc usually used to

determine the linear viscoelastic (LVE) properties of mollen polyrners. In this test, a

sinusoidal strain is imposcd on a sample:

r<. t) = ra sin (wt) (4.2)

whcre Yo is the strain amplitude, and (JJ is the frequency. [f 711 is sutficicntly small,

the resulting stress is alsa sinusoidal \Vith a phase angle n:

a( t) = 0"0 sin (wt+ ô) (4.3)

where a IS the loss angle In radians. The absolute value of the complex viscosity

is:

and can be obtained from the storage (C') and loss «(;") mocluIi:

T/ = c"/(J) = Cdcos (ô)/ w

7/' = CI (J) = Cdsin (ô) / (J)

(4.4)

(4.5)

(4.6)

•

Gcl is called the amplitude ratio. In this thesis "campIex viscosity" is usecl ta mean

the absolute value of the complex viscosity. Figure ~":3 sho\\"s 1Tl °1 versus (J) at 170°C

for the three PEs [6]. The LmPE data approach a plateau al low frequcncy, while

the BmPE daes not have such a region within the accessible frequency range.

lVlorcover, it is obvious that it has a much highcr Tl () th,ln the LmPE. LCI3 narrows

the plateau rcgion and increases 7) (J. The LLDPE curve sho\\'s lhat polydispersity

has an effect similar to that of LCB.

Cox and l\tlerz [13] notcd that there is a close rc1ationship between the complex

viscosity and that measured in steady shear for Iincar flexible polymers:

17/(CtJ)1 :: 7]( r) where (J) = r (4.7)

This is called the Cox -lVlerz ruIe, and the validity of the nlle \vill he discussed in

the ncxt chapter.



• Chapter 4. lVIaterials Studied

100

Ci)' •••
m
a..
~

::::: 10 - 0 a 0 0 0

• • 1 • • .1. 1 1 1

t:'-
o 0 a •
1 • 1 • r 1 ~I •

I~ 1 c;1

•

• BmPE
: LLDPE
1 LmPE

1,:; • 1

• 0 1

•. ~ .. : •

65

1

0.01 0.1 1 10

(ù(rad/s)

•
--.- O-c-~

100 1000

•

Figurc 4.3. Complex viscosity with frequency for the PEs at 170·C. Ln

parallc1 platc (25 mm diamcter) configuration \vith a gap of 1 mm [6].

4.4. Degradation
A polyrner cxposed to oxygen and/or hcat ovcr a perioc! of lime will be degraded

either by chain scission or cross - Iinking, Sincc c!egrac!atiol1 affccts rheological

propcrtics. the experîrnental time must be [(cpt \\'ithin a strict limit. The

mcchanisms of dcgradation have been thoroughly studicc! [1 j 1.

At relativcly low tcmpcratures or at the beginning of degradation. PE undergoes

branching. which causes an increase in the viscosity. \\'hilc polypropylene (PP)

undergoes chain scission, which results in a decrease in the viscosit.y. I3y rncasuring

the change of viscosity with time, the dcgrcc of dcgradation can bc in fcITcd,

To confinn the effect of the degradation on the con1plex \'iscosity. timc sweep

SAOS experiments were carried out at 170 OC \Vith j'II = 0.:2 and ûJ =0,1 radis for

four hours for the LLDPE and the LmPE and for fi vc hours for the BmPE. The

latter requires more experirnental time than the linear sampies. since a branched PE

has a longer relaxation time than linear PEs having the same bacI< banc lcngth. AIl

tests were carried out ln a nitrogen environment ln protcct the sampie from

external O:!. Figures 4.4 ta 4.6 show the complex viscosilY variation with time for
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the three PEso The overall trend line \Vas obtaincd by the Icast squares method. and

the increasc in the complex viscosity for cach PE was found to be below 19'6,

\Vhich \Vas considered acceptable.

9.2 12.6
Y=O.001836x + 9.047090 y =O.028888x + 12.323595•• •• •• ••• • •- - - 12.5 •• • --- • <•- 9.1 • • , - -••• •ctS • • • , • • ca •a.. • • .- ~ • •• • • : ~ •~ - - , - - 12.4 •- .. -- • • • .,
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Chapter 5. Results and Discussion

5.1. Controlled Strain Experiments

5.1.1. Verification of HPSPR Data

The performance of the HPSPR \Vas evaluated by COn1péll1ng it with the SPR.

However. the verification was problemalic of the gap between the plales in the

HPSPR al high temperaturc. since this gap is only crcated \\'hen the pressure vessel

is closed. and a gaugc is thus not useful. Lcad or another plastic material is

commonly used to dctermine the gap in such LI situatioll. :\ small piece of the

material some\vhat thickcr than the gap is placed on one plate. and the vesscl is

closcd squeezing the material between the plales. The vessel is lhen opened and the

thickness of the material is measured and takcn Ln !Je the gap. However. this

method is uscful only at room temperaturc. since the m;lterial is squeezed at high

temperature Dut has cooled down when it is rCnloved and measurcd, The gap

indicated by this mcthod was 1 mm. which was the nominal '"alue, However. a

comparison of viscositics mcasured on the HPSPR and the SPR indicated él

systematic bias.

The viscosity curves. calculated using the nominal gap. \'·cre obtained at lïO°C

and atmospheric pressure in bolh the SPR and the HPSPH. Se"cn tests were

perfom1cd, and the maximum relative standard deviation was -lOi) for each sample in

a given instrument. Figure 5.1 shows the diffcrencc bclwcen thc lwo instruments. Il

\Vas concluded that the nominal gap of 1 mm \Vas nol the truc gap in the HP5PR.

Based on comparison of data from the SPR \Vith thosc from other rheometers, il

had been cSlablished that data from the spa arc (Juite rdiable. Further il was

found lhat if a value of 0.95 mm was taken ta be the tnlc gap in the HPSPR al
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the operating temperature. data from the HPSPR were found ln be in excellent

agreement with these from the SPR. Therefore a lnle gap \Oalue of 0.95 mm was

assumed in this work.

, â. 1\

-.rr ~ ~

~~

~t
t

•Cl

• SPR

Cl HPSPR (Gap correction)

AH PSPR (N 0 gap correctionj
..

20

10

1

0.1 1 10 100

•

Figure 5.1. Gap correction and comparison with ~I'H for U.DPE at

[ïGl'o

5.1.2. Test of the Cox-Merz Rule

As shown in Figures 5.2 to 5.4 the values of lhe viscosit~· and the complex

viscosity do not agree perfectly, although the shapes of the t \\°0 cUP/cs arc quitc

similar. The viscosity curves are flatter at low shear rales and more sloped at high

shear rates relative to the complex viscosity curvcs. The LLDPE and the BmPE

exhibit crossing points duc to the difference in curvaturc. while the LmPE has no

crossing point within the range of the mcasurernents. Howevcr, based on the trend

in the LmPE curve, a crossover at a shcar rate of about 50 s -1 is expccted. The

maximum deviation of the complex viscosity is greatcr than the standard deviation
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of the HPSPR data. but severai data points of the complL'x \'iscosity are very close

ta the viscosity curve. It is thus difficult ta dccide whcthL'r the Cox -l\'Ierz rule is

val id.
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Figure 5.2. \ïscosity curvcs of LLDPE ;It l,Cre.
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Figure 5.·1. \ïscosity curves of the BmPE al 1iO 1" .

Kim (l] compared the complex viscosity curves of the same matcrials at low

shear rates \Vith viscosity curves obtained using a capillary rheometer at high shear

rates. He found in most cases that the viscosity \\"as [o\\"cr than the complex

viscosity (Figures 5.5 and 5.6). This is opposite to \\"hat \\'as observed in the

present \vorl<, and the reason for this arc not fully unclerstoocl at present.
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C by Kim [1].•
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5.1.3. The Effect of Pressure on Viscosiiy
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To determine the effect of pressure on viscositr. stcacl~· shear cxperiments were

carried out for each polymer at 170
e

C at four pressures. E\'cry experirnent was

carried out over a range of shear rates that started weil aiJo\'c the lower limit of

the SST but ended bclow the critical value for f1()\V instabilities. Experiments were

repeated four limes at each pressure for cach material. The maximum relative

standard deviation \Vas 5?-6 for cach pressure and matcrial. l'hl' Cross model was

used ta fit the data (solid lines in the figures):

(1.3)

Figures 5.7 ta 5.9 show viscosity curves for pressures ran~lI1g From 0.1 ta 69

l\lPa. Figures 5.7 and 5.8 show that the viscositics of the LLDPE and LmPE have

similar pressure dcpcndencies, \vhilc in Fig, ;).9 the I3mPE shows a stronger

dependency. A quantitative analysis of the pressure depenclencl' was performed by

means of a pressure shift factor. Ta obtain pressure shift factors that could he used

ta construct master curves. two methods were used. One \\'as bascd on the shift

factor dcfined by Equation 1.37. The second method was tn shift only along the

horizontaL shear~rate axis a plot of stress versus shear rate. This is based on the

following relationship, in which bp is neglectcd as explélined in Chapter 1.

(5.1 )

•

The curve fiUing \Vas carried out using the Cross model. Equation 1.-19. where m

was determincd From the atmosphenc pressure data and \\';\S assumed independent of

pressure, whilc ap(P) was determined by shifting the \'iscosity curvc for cach

pressure. Tables 5.1 ta 5.3 show the rcsulting values of the paramctcrs. Table 5.4

compares the zero-shcar viscosities [rom the shear cxpenmcnts \Vith those [rom creep

expenments.
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Figure 5.9. Flow curve of the OmPE at 170l' and at
four pressures.

•

Table S.l. Filtin~ pararneters for LLDPE

fittcd with the Cross :-dodcl with m=(HiO.

P (l'vIra) 1 Tl 0 (kPa) À (s) Qp !
1

0.1 11.44 0.15 1.00

23 18.19 0.22 1.58

46 23.30 0.30 2.47

69 42.88 0.56 3.74 1

Table 5.3. Filting pararneters for LmPE

fincd with the Cross :\lodcI \vith m =007.

P OVIPa) Tl 0 (kPa) À (s) Qp

0.1 8.30 0.026 1.00

23 13.48 0.041 1.62

46 20.34 0.062 2.45

69 30.13 0.099 3.87

Table ;).~. Filting paramL'lers for BmPE

tïltcd with thL' Cro~~ .\lodl'l with m=O.;).1.

c Il \. c

1

1i
0.1 ;):~.~O 7.85 1.00

1 :Z3
1

101.HH 15.04 1 1.92i
1

1
·:tG lï~.HI 25.51 1 3.25

i
()9 i

:~lO.17 ·15.79
1

5.83: 1
1

Table 5.·1. Cornp;lriso!1 of the zero-shear \'iscositr

from steady shcar and LTCCp expcriments.

r Tl 0 (kPa.s) ~"Ikl'a.s) 1011
Resin from shear

• 1 erence
trom. creep (%)

cxpcriments expcnmcnts
1

LLDPE 1l.4 i 1:i.O 12.3

LmPE H.:~
1

RI 2.4

BmPE :13.~ 46.1 15.4
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The second method involved plots of stress versus shl'ar rate. where the shift

was canied out only along the shear rate axis. Figures =1.10 to :J.1=1 sho\v the stress

versus shear rate plots and the pressure -shifted plots. The l\mOunt of shift \Vas

determined by visual inspection. The results of the two methods \Vere cssentially

the same.

Figures 5.16 to 5.18 are master curves obtaincd usmg the pressure shift factors,

and Fig. 5.19 sho\vs the shifted results for aIl threc matcrillls on one plot. Figure

5.20 shows the pressure sensitivity of cach PE, Long chain hrllllched PE shows a

larger pressure sellsitivity than the linear PEso Polrdispersit~· hl\S liule effcct. This

trend is similar ta that observed in the tcmperature sensiLi\'itr of \·iscosity. vVe note

that ln(a/J is linear with (P- Po). This is in agreement \\'ith the Ganls equation:

A pressure coefficient. J3 o. can be defined as follows:

13
0
=_1 ( a7)n )

7)0 ap T

This coefficient is the slope of the curve of ln(a/J} versus (p {)II).

<;].2)

( l.38)

Sorne reports of the pressure -depcndellcc of \'iscosity rnake use of a

shear-rate -dependent pressure coefficient. For cxarnple. \'an Kre\'elen [~] and

Goubert el al. [:3] define this pararneter as fo11o\\'s:

. _ 1 (-.lJL)
!3( r) = -;; aP J T.';

(5.3)

•

This quantity can be obtained by a vertical shift of the viscosity versus shear-rate

plot as shown in Fig. 5.21. Obviously this 13 is dcpendent on shear rate as shawn

in Fig. 5.22. Figure 5.23 shows graphically the relationship bet \Veen J3 ( y) and /3 O,

The solid line represents the viscosity curve \vhosc slope is do. The shear-ratc

independent shift factor, /3 o. is a material constant and should be used whenever

possible ta describe the pressure-dependency of rheological properties.



• Chapter 5. Resuf ts and Discussion

100 • • • •
••••

• • • •
• • • •

••••

76

• • A •

• • • •

1

0.01

• • • •
•• A •

•• A •

.69 MPa

.46 MPa

.23 MPa

.0.1 MPa

10 100

Figure 5.10. Stress \Vith shcar rate plot of the
LLDPE at 170·C and at four pressures.
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Figure 5.11. Stress with shiftcd shear rate plot of
the LLDPE at 170·C and at four pressures.
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Figure 5.13. Stress with shifted shear rate plot oC
the LmPE at 170·C and at four pressures.•
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Figure 5.14. Stress with shcar rate plot of the BmPE
at 170'C and at four pressures.
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5.1.4. The Effect of Pressure on the Stress C;ro\\'th Function

83

•

Figures 5.24 ta 5.26 show the effeet of pressure on the stress transient at the

start -up of steady shear. Figure 5.24 shows the results at a shear rate of O.2ï s-\

for BmPE. These curves exhibit an overshoot and a plateau. The \·iseosity can be

obtaincd from the plateau (steady-state) value. The atmospheric pressure eurve does

not exhibit an overshoot, and pressure clearly amplifies the o\·ershoot. \vhich is a

nonlinear effeel. Figure 5.25 shows that al a shcar rate of l.ï-l S-I the LmPE

exhibits hardly any overshoot l'ven at the higher shear ratc. [t C~1l1 thus he inferred

that LeB inereascs the maximum of the stress gro\\'lh funcLÏol1 and the lime to

steady state. Figure 5.26 shows stress growth functions for LLDPE at a shear rate

of l.ï4 s -l, \vhere the stress values arc similar to thosc for LmPE. :-\ longer time is

required for steady statc, and thcre is a larger overshoot tl1,111 for LmPE, but there

is littIe differenec betwcen the curves for LLDPE and LmPE. The normalized stress

growth functions \Vere obtained br dividing the stress gro\\·th function by the

stcady state stress, (J-;s, and it can be used for a direct comparison bet\Vcen the

overshoots \Vith P (Fig. 5.2ï)'

20
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Figure 5.24. Pressure depcndcncc of the stress growth
function of I3mPE \Vith time at shcar rate of 0.:27 s - t.
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Figure 5.27. Pressure depcndence of the nomla[iz~c1 ~tr~ss

growth of BmPE at shear rate of O.2ï s -1.

5.2. Controlled Stress Experiments

5.2.1. Comparison between Linear and Nonlinear Creep Compliance

To compare the linear and nonlincar crccp. cxpcriments first \\"ere camed out at

atmospheric pressure. Nonlinear creep cxperirnents were perfolmeC! L1sing the HPSPR

at 1 atm. and linear creep experiments were pefonned L1sing an SR5000 controlled

stress rheometer. This instrument \Vas operatcd in the parallel plate configuration

(25 mm diameter) \Vith a gap of 1 mm. The stress \Vas la Pél. and the experiments

\Vere perfonned for longer lime than the nonlinear creep expcriments since it

•
requires more lime to reach the steady statc.

Figure 5.28 shows a differencc betwcen the linear and nonlinear creep

compliances. The larger a stress is, the more slopcd the clIrve is. but the curves in

Fig. 5.28 exhibit this in the reverse arder. Howevcr. aftcr the clIrvcs of 5 kPa and
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3 kPa cxhibit a crossmg point about 24 second. the order IS changed. This results

from the time required for reaching a steady statc. The smaller a stress IS, the

slower the steady statc is rcached, and the linear crecp curYc at 10 Pa is not in the

steady state yet in the range, and it is still curving while llolllinear curvcs are in

the steady state. At longer time, there will he crossing points bet \Veen thc curves

of 5 kPa and 10 Pa and then between curves at :3 kPa and 10 Pa. Eventually 5 kPa

curve will he the mast slaped. and 10 Pa will he the lcast slopcd.

Figures 5.29 ta 5.34 show the effect of LCn and polydispersit)· on the crcep and

recoil curvcs. The BmPE requires marc time tü reach steady staLc and cxhibits

302520
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• HPSPR; stress=5 kPa
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Figure 5.28. Comparison between linear and nonlincar crccp cnmpliances of

BmPE at 0.1 MPa.•
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larger recoil than the LmPE al the stress of :~ kPa. Polyc!ispersity has a similar

cffect. Bath of lincar and nonlinear crecps cxhibit thcse effccts. Figure 5.35 shows

that 3 kPa is near the linear region of viscositJ'" -stress plots for LmPE but not for

BmPE. There is thus no significant differencc bctwccn lincar and nonlinear creep

curve for LmPE in tcnns of slope (Fig. 5.30), while the creep curvcs for BmPE

show a diffcrencc (Fig. 5.3-'-0.
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Figure 5.29. Linear crcep and rccovcry of

LmPE at 1 atm using SR5000.

Figure ;).:30. C()lllp~.Iris()n bet\\'cen linear

and nonlinear creep 01" LmPE at 1 atm.

Figure 5.31. Linear creep and rccovery of

LLDPE at 1 atm using SR5000.
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5.2.2. The Effect of Pressure on Creep Compliance

To determine the effect of pressure on the crcep compliance. expcrimcnts were

carried out at a constant stress of 3 kPa at four pressures and lïO"C for each PE.

An instantancous application of the stress is physically impossiblc. and the stress

\Vas increased at a rate of 90 kPa/s. Rates faster than this made the system highly

unstable and impossible to control. At 30 s the stress \Vas decrcascd to 0 kPa, and

the creep recovery was rccorded up to GO s. The viscosity \'alucs were obtained

from the reciprocaI of the slope of the crccp compliance bet \\'een ~~ and 30 s. Bascd

on these viscosities. pressure shift factors were obtainecl aile! compared with those

obtained in constant shear rate experiments.

Figures 5.36 to 5.38 show the effect of pressure on crcep and rccoil. Pressure

decreases the value of the creep complianc'~ and the sIope of the crecp curve.

implying an increase in viscosity. The pressure shift factors \\"ere obtained from thc

viscosities, and Fig, 5.39 shows the shift factors as fUllctions of prcssure, This plot

is similar to Fig. 5.20. which \Vas obtaincd from the viscosilY mcasurements. There is

a 1 ta 69'6 diffcrence between thc t \vo shi ft factors at Cé.lch pressure, which is not

deemcd significanl.

Creep curves at high -pressure can he shifted on to the atmospheric curve by a

fact.or of afJ. Figure 5.40 shows the shifted crccp curvcs. and these reveaI that

pressure retards the time-response of a crccp curvc. It suggests that the

zero-stress imposing lime. lo(P}, necds ta be lo(Po)a'l for a precise investigation of

pressure effcct on the rccoil.

It is very difficult ta tune the actuator controller for operation ln the controIIed

strcss mode due ta the sensitivity and noise of the SST responsc, and another set

of tuning paramcters nccd ta be entcrcd at tu ta obtain rccoils. I-Iowcvcr, this tuning

1S cssential for the dctermination of the carly part of the crcep curve and the

stcady state compliance, The somewhat crralic behavior sccn in Figures 5.41 and

5.42 results fram the 110n-ideal performance of the controller. Tuning the controller
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for BmPE \Vas found to be more difficult than for the linear PEso This 1S thought

to he dUè to the enhanced clasticity of the branched matcrial.
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Figure 5.36. Pressure dcpendcnce of the crcep of Bml'E.
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• Figure 5.37. Pressure dcpcndence of the crecp of I.mPE.
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Chapter 6. Conclusions and Recommendations

6.1. Conclusions
1. The HPSPR can be uscd ta determine the l'ffcel of pressure on lhe viscasity of

molten plastics at pressures up ta 70 l\lPa and tempcratures up ta at least 170 oC.

2. The viscosities of the PEs stlldied increase exponentially \\'ith pressure.

3. Long chain branching increases the pressure sensiti \'ity of viscosity in the

polymers stlldied.

4. Polydispcrsity has no significant effcel on the pressure sensitivity of viscosity

6. The HPSPR can be uscd ta study the effcet of pressure on crcep and rccoil at

pressures up ta 70 fvIPa and temperatures up ta at least 170 "C.

7. Increasing the pressure dccreases the creep compliancc.

8. LCS polymer shows a longer lime for steady statc and a larger rl'coil lhan linear polyrncr

al a stress of 3 kPa.

9. Palydispersity has a similar effcet la LCI3 for crecp at a stress of ] kPa.

la. Pressure shift factors from the creep expenmcnts are similar lo thase abtaincd

From constant shear-rate cxperiments.

Il. Careful tuning of the controller in the stress control mode IS rcquired ta study

creep behavior.

6.2. Recommendations for Future Work
1. Devclap a procedure for SST calibration at high pressure.

2. Develap an improved procedure far tllning the cantraller for cantralled stress

experiments.

3. Detennine bath the pressure and temperature depcndency of the viscosity.

4. Carry out experirncnts using a series of long chain branchcd palyrners ta determine

the effeet of the level of LeB on the pressure scnsitivity of viscosity.
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Appendix. Experimental Procedures

1. Preliminary Checking

(1) The following items need to be inspected ta verify that they are clean and

oil-free:

a) Fixed and moving plates

b) SST active face head

c) lVlating surfaces

d) Actuating rods

e) Set screws

(2) The fol1owing items need ta be checked la sec that thcy are clcan and weil

lubricated:

a) ü-ring groovc on the cover plate of the pressure vesscl:

b) Q-ring

c) 7/8-inch bolts

(3) The fol1awing items nced ta be chcckcd ta scc that they are cannected

correctly:

a) Servo-valve and shear stress cables ta the conlroller cards on the

computer

b) SST capacitance probe line ta Capacitec ll ampli fier

c) Thermocouple ta the temperaturc rcadout (Fig. A.1)

d) Position of the rheometer selector of hydraulic pump oil (Fig. A.2)

Figure A.l. Temperature readout.
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1
i

:
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~ IIP51'R SI'R"+

SI'R

A.2

Figure A.2. Rhcometer sclcctor for

hydraulic ail.

(4) Wanning-up and tuning

a) Warm -up the actuator by sinusoidal lincar movcmcnl.

b) Tune the control parameters (PIDO).

(5) Heating

a) Close the aven.

b) Tum on the heater (Figure A.3L

c) Set the temperature at the test tempcraturc plus :ZO 'c.

Figure A.3. Hcating controllcr panel.

•
2. Adjusting the Control Parameters

The Proportional, Integral, Differentiai, and Offset (PIDO) parameters of the

operating software, QUIKTEST, are adjusted to obtain a good match between
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command and feedhack. A triangular mode of displacernent can be uscd to adjust

the controller pararneters. The general procedure for adjusting the PIDa for

controlled strain is as follows:

(1) After loading a durnrny sample or without a sample. impose an appropriate

frequency and amplitude for a triangular displacement.

(2) Set the 1. D, and 0 parameters ta zero.

(3) P govems the differcncc between the maximum and minimum values of the

triangular displacement (Fig. A.5L Start the test. Adjust r until the desired

response is achievcd. and the differcnce bet\Veen the maximum and

minimum of the command and that of the fcedhack will the sarne.

(4) Adjust 1 ta match the maximum and minimum of the command and those of

the feedhack (Fig. A.5L

(5) Adjust D ta eliminate an ovcrshoots when P is high. (usually zero).

(6) After stopping the test and tuming off the 1 and 0 tcrms. adjust 0 to match

the feedhack and the command (Fig. A.6L

x

By P

J--=--_
1

Command

1

•
Figure A.4. Triangular displaccmcnt and effect of P

paramctcr.
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l By 1
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Figure A.5. Triangular displacemcnt and effcet of [

parameter.

x

Feedback

l
--~--------------------------

ByO

i
Command

•

Figure A.fi. Ambient command and L'ffeet of

o paramcter.

The procedure for adjusting the PIDa pararnctcrs for Cl controllcd stress run is

much more difficult and cannat be perfarrned using a triangular displacement. The

pararncters can be adjustcd using a rarnp displaccrncnt. but this is a very

laborious trial-and -errar procedure, and control can casily bc lost. If a large

dcforrnation occurs, for example 40 mm, the samplc might fracture, and the

cantroller will continue ta try ta achieve the set point stress.

3. Asscmbly and Samplc Loading

a) Turn off the heater.

b) Install the maving plate.
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c) 1nstall the SST active face head.

d) 1nstall the fixed plate.

e) Locate a sample of IX 8 cm at the center of the fixed plate.

f) losert the ü-ring in the groove.

4. Closing the HPSPR

a) Close the caver plate.

b) 1nsert the 7/8-inch bolts into the threaded hales.

c) Change the air inlet value to torque wrench mode.

d) Set the pressure value of the air regulator for the torque wrench.

d) Turn on air inlet.

f) Tighten the holts with the torque wrench.

g) Close the aven.

h) Turn on the heater and set a test temperature.

5. Prcssurizing

a) Change the air inlet value ta oil-- filling mode.

b) Turn on air inlet ta fill HPSPR \Vith Krytox ail.

c) Close evcry valve after the filling is finished.

d) Pressurize HPSPR with the hand pump unlil the desired pressure is

reached.

A.5

•

6. Opcrating

Usually the set-point temperature can he reached one hour after loading the

sample. Two hours after loading the sample, a run can he carricd out.

6.1. Controlled Stress Mode

(1) Enter a value of the speed of stress change ta reach a desired stress under
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,rate' in the Quiktest operating software.

(2) Enter a value for the desired stress under ' level' .

(3) Press ' start'.

A.6

•

6.2. Controlled Strain Mode

T\vo ramp displacements, one upward and the other return. al constant speed are

required ta determine the viscosity.

(1) Enter a value of the desired speed of the moving plate under ' rate'.

(2) Enter a value of the desired total displacement under ' Ic\'cI' .

(3) Press 'start'.

7. Deprcssurizing

a)Turn off the heater

b) Open the release valve ta 50 on the hand pump.

c) Close every valve connected to the hand pump.

d) Change air inlet value ta oil-emptying mode.

e) Turn on air inlet ta push ail out of the HPSPR.

8. Opcning the HPSPR

a) Change air inlet value ta torque wrench mode.

b) Open the aven.

c) Turn on air inlet.

d) Untighten the bolts with the torque wrench.

e) Remove 7/8-inch bolts.

f) Close the cover plate.

9. Disassembly and Sample Removal

a) Remove and clean the Q-ring.
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b) Remove the sample with an aluminium bar.

c) Remove the fixed plate

d) Remove the SST active face head

e) Remove the moving plate

A.7

•

10. Clcaning

a) Wipe out the inside of the HPSPR.

b) Cool down the plates and the SST active face head

c) Clean the plates and the SST active face heacl \Vith Easy-offR oven

cleaner.

d) Rinse off Easy-offR completely ta prcvent the corrosion of metal parts

that are not made of stainlcss steel. such as the SST beam. Warm.

around 60 Ge • xylene can be used to clean the plates and the SST

head. It is a good solvent for polyethylene élncl cIoes not corrode any

metal. A ventilation system is requircd to lise xylene since it is

volatile and taxic.


