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ABSTRACT

Such processing variables as temperature and superposition of electro-
magnetic field can vary the molecular dynamics asreflected by the change
inrelaxation time. These material intrinsic propertieswere correlated with
the extrudate swell ratio by one quantitative model, which was used to
predict the variation in die swell due to temperature for phenophthalein
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poly (ether ether ketone), organobentonite-filled polypropylene
nanocomposite and the variation in die swell due to superposed magnetic
field for polystyrene melt. The good agreement of calculated values with
experimental data illustrated this idea fitful for polymer melts and their

composites. © 2011 Trade Sciencelnc. - INDIA

INTRODUCTION

Whenmolten polymer flowsthrough adie, molecular
chainsbecome oriented, uncoiled and disentangled due
totheapplied shear andtension. Asmeltleavesthedie,
molecular chainstend to recover intheflow direction
and grow inthenorma direction, leadingto dieswell.
Dieswell, aso called extrudate swell or the Barus ef-
fect, isanimportant phenomenon determining the shape/
szeand quality of theextrudate products. Importantly,
theextrudate swell can be used to assessthe e asticity
of the polymer upon mdt extrusion. Itisatopicinnon-
Newtonian fluid mechanicsand polymer rheol ogy!19,
To make quantitatively reliable prediction of the
extrudate swell behavior based on bulk flow properties
hasbeen aformidablechallenge.

Up to now, elastic recovery or effect of residence
time on theapplied stressesisusually regarded to be

themechanism and affect the degree of swelling of the
extrudate. The common technigue used to study rheo-
logical propertiesof polymer meltsiscapillary rhe-
ometry. Elastic recovery is affected by many factors,
such astheflow properties of polymer!*12 applied
shear rate/stress, temperature, L/D ratio, and the pres-
enceof fillerg?®14],

In quantifying the extrudate swell, work hasbeen
conducted either on the extrusion inlong capillary!*”
or in short capillary™*®. Thediscrepancy liesinwhether
theentry effect from reservoir to capillary tube can be
neglected. It isbelieved that the strong sheared chains
canfully relax inlong capillary whiletheforced state
remainsto affect the subsequent extrusion out of exit
in short capillary. Intheformer case, the most perti-
nent theory of extrudate swell of the polymeric melts
would bethat of Tanner and that of Song?>?2. Tan-
ner*7 established histheory from the K-BKZ consti-
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tutive equation and thefree recovery from Poiseuille
flow assuming the capillary isindefinite. Recently,
Song?? devel oped one swell model from the O-W-F
congtitutiveequation and themultipletrans ent-network
model aswell asthe doubl e rel axation dynamics of
reentangl ement-disentanglement trangition (RE-DT)
and recoil-uncoail transtion (RC-UCT) inthe Poiseuille
flow withthedifferent length-diameter ratio. Theswell
wasthought to evolvein three stages (instantaneous
swelling, delayed swellingand ultimateextrudate swell-
ing). A new set of swell equations asthe functions of
molecular parameters, operational parametersand
grow time under the steady and dynamic state were
developed. The Song’s model successfully described
thedieswdll through long capillary of linear polyethyl-
ene (HDPE) and linear polybutadiene (PBD) with the
different molecular weightsat different processing vari-
ables?. However, themodel was established on the
assumption that the chain e ongationincurred at entry
isfully relaxed. Thisisonly truefor extrusionin ad-
equately long capillary. For short capillary, theentry
effect exhibits prominently. Liang® obtained some
empiricd correlationsof swell ratio with material char-
acteristicsand operational parameters. The present
authorsdevel oped oneunified swell ratio equation by
generalizing the previous achievementsto apply to
polymer extrusionin both long and short capillary?4.
It was al so noticed that the quantitativetheory can be
used for particlefilled composites when the adopted
viscosity iscommon for both polymer melt and poly-
meric composites. Moreimportantly, the composite
dieswell ratio can bewritten asthe polymeric matrix
swell ratio multiplied by one concentration shift fac-
tor?4, whichisinturn thefunction of thefiller shape,
Size, dispersion, concentration, surface stateand stress
or shear rate of flow field?¥. Thedouble correlations
were successful in describing the extrudate swell be-
havior of severa kindsof composites.

Asfore-mentioned, the processing parametersin
flow field are very important. The present study is
aimed to explore the effects of temperature and su-
perposition of magneticfield onthedieswell of pure
polymer and composite. The following work first
briefly provide therelative equationsin section I1.
Section |11 teststhe theory using the published data of
extrudate swell.
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THEORETICAL MODEL

(1) Theeffect of temperatureon constitutive pa-
rameters

Inthe steady shear flow, the shear viscosity can be
described by eqg. (1).
n(7) = Mo /[1+ (t,7)°]" @
Thecoefficient of thefirst normal-stressdifference
v, inthesteady shear flow is

i) =2 i) e parret F @

From experimental data of n and y,(y), the mo-
lecular parameters of n , G°,, n and a can be deter-
minedi?3. However, flow conditions may affect their
values. For instance, the dependence of shear viscosity
ontemperature T obeystheArrhenius-Frenkel Eyring
expresson:

(T = (i) ep(as) ®

Thus,n_ andt, varieswith T inthesimilar way.

Muksingaet a. also found that the activation
energy (AE) decreased gradually with increasing shear
rateand increased withfiller concentration aboveacer-
tainlevel for thecomposites. Extrudate swell increases
non-linearly withincreasing shear rate. Itincreaseslin-
early withincreasing shear stressand/or decressingtem-
perature. Thelast phenomenawill befurther anayzed
inthefollowing.

(2) Extrudateswdl theory

Detallsof theevolutionsof theextrudate swe | theory
pleaserefer to?4. Here presented the expressions use-
ful inthispaper.

B= (_klM * (0% 141+ (L /D)W + 50084 (7)

B depends on mol ecul ar parameters and the op-
erational variables[L/D and y or t]. (1-w) isthe
fraction of the recoverable conformation on the en-
tangled polymeric chain (or at entangled state) inthe
flow. f  isone component showing the deviation of
the prediction from Song’s orginal model®?. k is
one composite coefficient effects of the entry from
reservoir, capillary length and the medium out of the
capillary.

Hn Tndéan g%wumé
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Figurel: Viscosty versusshear ratefor PEK-C at (a) T=310C,
(b)T=320°C, (c)T 330°C,(d)T=340°C
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Figure3: Dieswell ratiovs. shear ratefor PEK-C at different
temperaturesat L/D =20

VERIFICATION OFDIE SWELL THEORY
USINGTHE EXPERIMENTAL DATA

Experimental

Thefird set of dieswd| experimentd datawasfrom
Ref 28, The polymer,phenophthal ein poly(ether ether
ketone), briefly called PEK-C, was one amorphous
engineering thermoplasticswith Tg=220°C. The PEK-
Cwasfrom Xuzhou Engineering PlagticsCo. intheform
of powder with the reduced viscosity of 0.49dl/gin
chloroform at 25°C. Melt rheology has been investi-
gated at low shear rates by a rotational rheometer,
Rheometrics RDSII, equipped with acone-and-plate
geometry (D=25mm and cone angle 0.1rad). At the
higher shear rates, a capillary rheometer, Ceast
Rheoscope 1000 was used with flat dies of D=1mm
and length-to-diameter ratiosfrom 5to 20. In both ex-
perimental temperatures of 310, 320,330 and 340°C
wereused. Die swell wasinvestigated using the capil-
lary rheometer, quenching theextrudatesinair after they
wereextruded from the capillary and then measuring
their diametersat aconstant distance of 2cmfrom the
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Figure2: Dieswell ratiovs. shear ratefor PEK-C calculated
and measur ed for different L/D at T=320°C
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Figure4: Theconstitutivevaluesfor the 5wt% nanocom-
positesat different temperatures

exit of the capillary at room temperature using ami-
crometer. Theratio of the extrudate diameter to the
capillary diameter isdefined asthedieswell ratio.

The second set of experimental data is for
organobentonite-filled polypropylene nanocomposite
from Ref.[®!, The used resin was polypropylene
(MoplenHPS50R, HM C Polymers Co. Ltd., Thailand)
with MFI 22g/min. Polypropylene-grafted maleic an-
hydride (PP-g-MA, 1wt% MA grafted level) wasused
asthecompatibilizer a theweight percent of 15%. Na
Bentonite (Mac-Gel, Grade SAC) was modified with
hexadecyltrimethylammonium[C H,N+(CH,),] bro-
mide salt asbefore being mixed intoresin at different
contents. .Melt rheology and extrudate swell for the
nanocompositeswere carried out by usingaCEAST
Rheologic 500 twin borecapillary rheometer. Thelength-
to-inner diameter (L/D) of the circular diewas 20/1.
Studieswere done at three test temperatures of 190,
200, and 210°C and the apparent shear ratewasvar-
ied from 50 to 8000s™.

Thethird experiment was on polystyrenemelt from
an dectro-magnetized capillary dieinanextrusonrhe-
ometer'?], Themagneticflux density wasvariedas 1.51,
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Figure5: Dieswell ratiovs. shear ratefor 5wt% nanocom-
positeat different temperatures
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Figure7 : Shear viscosity of PSin capillary with different
magnetic flux density

1.74,1.92, 2.04 and 2.11T. All tests used PS (Styron
656D 267) in granular form supplied by Siam Polysty-
rene Co., Ltd (Bangkok, Thailand). Itsmelt flow index
was 7(BS2782 Method 720A, 1979). The employed
congtant shear rate capillary diewasmade of mild stedl
(Grade 1020), 60mm long and 6mm in diameter. The
extrudate diameter was dependent onitssizewhenfully
swollen, thisbeingabout 1-2 inch away from the die exit.

COMPARISON OF THE PREDICTED
VALUESWITH THE EXPERIMENTAL DATA

Verification for phenophthalein poly (Ether Ether
Ketone)

Some thermoplastics as PEK-C are sensitive to
temperature. Theflow behavior was quantified to de-
termine appropriate process ng conditiong?d. The con-
stitutive parameterswere obtained and listed by fitting
theviscosity at four temperaturesasshowninfigure 1.
Increment of temperaturegrestly reduced theviscosity
at the same shear rate.
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Figure6: The effectsof shear rate on temper atur e coeffi-
cientsfor 5wt% nanocomposite
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Figure8: Dieswell ratio vs. shear ratefor PSat different
magnetic flux density around capillary die

Eq. (7) presented the predict extrudate swell for
PEK-C at T=320°C to be compared with the experi-
mental datainfigure?2. It showsthat the swell reduced
when polymer melt was extruded from longer capillary,
inwhich more of polymer chainswerewell relaxed.
Thiswasillustrated by smdler swell ratio together with
smdler k andlarger 1-w. Smdler kimplied moreof the
entry effect wasremoved whilelarger 1-w represented
moreof easticrecovery incapillary.

For theextrusonout of capillary withthesamelength
asL/D=20, theswel| retio reduced withincreasing tem-
peratureasillustrated in figure 3. It wasfound that k
became smaller while 1-w waslarger. Intheshear fied
with higher temperature, the uncoiled or disentangled
chainsin entry region from reservoir wereeasy to re-
coil or re-entangled inthecapillary.

Verification of theswell equationsfor PP/or gano-
bentonitecomposite

Theviscosity for the nanocomposite, polypropy-
lene/5% [C H_,N+(CH,),] bromide modified Na-
bentonite compatibilized by 15% pol ypropylene-grafted

A Tndéan W
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maleic anhydride, was well fitted by eqg. (1) at 190,
200 and 210°C. Thefitted parameter valueswereplot-
ted in figure 4. n and aremained almost constant as
illustrated by thepardlel viscosity curveswhilet,and
n, reduced when heated melt.

Inextrusion from the capillary with the length-to-
inner diameter L/D=20/1, eq. (7) predicted the
extrudate swell ratio closeto theexperimental val ues.
Different fromthepreviouspredictions, f isonly 0.1 far
fromtheequilibriumvalue0.5whilek isby far larger
than Linfigure5 probably becausethetest shear rate
was higher, at which the relaxation could not fully oc-
curredincapillary. Regardlessof this, heating the melt
ledtothereductionin extrudate swell ratiowith smaller
1-w (>0.5) and k at thealmost constant . Thisisdif-
ferent from theobservationsin figure 3, inwhich 1-w
rises(< 0.5) whenincreasing temperature, which origi-
nated from thedecrement in extrudate swell ratio by fill-
ingthebentoniteinwel | compatibilized polypropyleng®.,

Thedirect correlation of the extrudate swell with
temperaturewaswel | described by eqg. (8). The coeffi-
cientsa, B, approximately increases with shear rate
exponentialy asillustrated infigure 6, whichwasfirst
observed to our knowledge.

B=a-BT (8)

Verification for the polystyreneswell out of mag-
neticdie

Here is to test whether eq. (7) is fitful for the
extrudate swell through capillary under magneticfield.
Ref 27 reported that magnetic field to thediecould re-
sultinasignificant increaseinthe swelling ratio of the
PS extrudate of up to 25%. In experiment, the addi-
tional heat dueto theinduction effect by € ectro-mag-
neticfield wasoffset by air cooling. Thus, theincrement
inswell ratio should be dueto magnetic function. The
used capillary wasshort with L/D=10.

For emphasisof magnetic effect, theviscosity ver-
susshear ratewasdrawn againinfigure7. Thefitted
condtitutivevaluesby eg. (1) wereasolisted. Itisnoted
that nand areman dmost congtant asillustrated by the
paralél viscosity curveswhilemn, areincreased instead
of decreased t, when the strength of empl oyed mag-
netic field was enhanced. It seemsthat the stronger
magnetic fieldwasmorebeneficid for chainrelaxation
to be quickened.

Physical CHEMISTRY o

Eq. (7) crudely predicted theswdll ratioillustrating
the swell was enhanced by magneticfield. 1-w rapid
reduces towards zero while k rapid rises far from 1
when keepsf constant. 1-w iscloser to zero showing
theeffect of shearing becameweaker when enhancing
magnetic function, which enlarged the entry effect as
representative by larger k. However, our model could
not predict the maximum swell ratio at therelatively
low shear rate.

CONCLUSIONS

Temperatureisonesignificant operationd varigble
affecting the zero shear viscosity and chain relaxation
dynamics, whichinturninfluencestheextrudate swell.
Onemode was used to predict such indirect effects.
Thevariationindieswell duetotemperate was quanti-
tatively analyzed for one engineering plastics of
Phenophthalein poly (ether ether ketone), one
nanocomposteof organobentonite-filled polypropylene.
Similarly, the electro-magneticfield also induced the
variationsof suchmaterid intrinsic propertiesasrel ax-
ation timeand subsequently the extrudate swell behav-
ior. One swell instance of polystyrene melt was par-
tially analyzed whilethe maximum peak in swell ratio
can not beforecast.
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