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Abstract

This paper investigates the flow properties and entrance cormrections of a polyethylene melt in a capillary rheometer
that features the possibilities of moving either the piston or the barrel. the latter mode being novel in operation. The
paper mainly aims to investigate the variations in the flow properties and the entrance corrections due to the mode of
operation. It is found that the flow properties and entrance corrections are dependent on the mode of operation and .
the die sizes used in the capillary rheometer, this being thought to be asscciated with the flows occurring in the capillary

rheometer. © 2000 Elsevier Science Ltd, All rights reserved.

Kevivgrds: Entrance (Bagley) corrections; Polymer melts: Capillary rheometers: Flow properties; Polymer theclogy

1. Introduction

Generally. flow properties of a polymer melt are
determined using a capillary rheometer. The common
1y pe of capillary rheometer consists of a heated barrel.
at the bottom of which is fitted a small capillary die, In
the case of ‘a Newtonian fluid the flow curves (plots of
shear stress against shear rate) observed are independent
of the die system, but this is not the case for polymer
melts. The flow curves of polymer melts generated with
different dies, whilst- being similar in shape. are not
superimposable {[-3]. These problems lead to the use of
some corrections to determine the die geometry-inde-
pendent flow properties of a fluid, the corrections being
called the entrance corrections or the Bagley correc-
tions {4].

* Corresponding author. Tel.: +662-470-8645; +662-427-
9062,
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Institute of Technology North Campos, Changmai, Thailand.
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Experimental work [3-5] showed that the pressure at
the die entrance is extremely difficult to obtain exper-
imentally. Extrapolation of the measurable values of
pressure downstream of the barrel and upstream of the
die are thus carried out. Entrance corrections are applied
to correct for the non-linear pressure drop at the die
emtrance. thus correcting the wall shear stress (Eq. (1))
and then giving the trie shear stress (Eq. (2)) in a capil-
lary die. These corrections can be determined experimen-
tally using 4 series of dies of the same radius but differ-
ent lengths, the details being discussed elsewhere [1].

R
Apparent wall shear stress= =2—L (1)

__RP_
2(L+NR)

where R is'the radius of the die, P is the pressure drop
along the die, L is the length of the die, and N is the
extension of the imaginary length of the dies.

It is accepted that the entrance corrections are of prac-
tical importance {3,5], but less so for comparative resulits
of materials over an existing material with known flow

(2)

True shear stress =17, =
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properties [6]. Tt has been found by a number of workers

that such corrections are very difficult to use due to the

following factors (2,3,5-8].

1. N and pressure (P) values vary with shear rate: in this
case a niimber of experimental results are required,
and result-in time consumption.

2. Non-linearity of the correctioh curve: the relationship
between pressure drop and L/R is not always linear,
giving rise to errors of extrapolation and thus incor-
rect shear stresses.

3. Contraction ratio dependency: it has been found that
the N value is dependent on the ratio of barrel to
die diameters.

4. Negative N value: the ¥ value has been found to be
negative, this being a practical impossibility.

5. Method of obtaining the ¥ value: entrance corrections
are only experimentally determined, not theoretically,
thus it is difficult to utilise the process for calcu-
lations.

In this work, we propose ancther method regarding the
use of the entrance corrections of a polymer melt in a
capillary rheometer. The entrance corrections are studied
using a novel capiliary rheometer that features the possi-
bilities of moving either the piston or the barrel, the latter
mode being novel in design operation.

2. Experimental
2.1. Experimental capillary rheometer

A novel capillary rheometer was designed and manu-
factured such that there is the possibility of moving
cither the piston or the barrel in order to investigate the
flow properties of polymer melts. It is a constant shear
rate theometer. The barrel is 26 mm in diameter and 150
mm long. The temperature of the apparatus was con-
trolled using a Eurotherm Type 018 temperature control-
ler. A novel pressure sensor, the so-called Pin-Spring
Sensor. designed and developed by Sombatsompep et al.
[9], was used to monitor the pressure drop near the die
endrance in the barrel. All the components were
assembled and fitted into an AGS-500 D(SHIMADZU)
tensile testing machine. The details of the capillary rhe-
ometer are described elsewhere {10].

2.2, Experimental procedure

The experimental procedures are commenced by
allowing the apparatus to warm up and the required tem-
perature to stabilise, The die and die holder are inserted.
The barrel is charged with the polymer using a charging
tool to regularly tamp down the polymer. The piston is

Tabte 1
Die characteristics

Ref. Length

Diameter L/R ratio
1o. (1073, m) (1073, m) ’
1 55 2.25 49
2 55 2.75 40
3 55 3.50 31
4 55 475 23
5 55 8.23 13
400
UR ——13 -@-23 -—4-31
350 4 ratic -0 —x—49
T 0]
% 300 ]
9 250
i 1
“ 200 ﬁ
1]
@
£ 150 -
2 100
50 {
8] T T < T —_— - —
¢ 200 400 600 800 1000
Wall shear rata {1/s)
Fig. 1. Flow curves for LDPE melt at different die sizes using

the moving piston system,
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—-a-31

-o-23
- 49

/8 -——13
350 4 ratio i w40

300
250
200 -
150 ﬁ

100 -

Wall shear stress (kPa)

¢ e —— T
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Fig. 2. Flow curves for LDPE melt at different die sizes using
the moving barrel system.
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Fig. 3. Comparison of flow curves between moving piston and
moving barrel systems for selected die sizes: solid line, moving
piston; dashed line, moving barrel.

mounted, the motor starts and the piston drive engages
in order to compress the polymer slightly. The pelymer
is left in the barrel for a period of 10 min in order to
allow the polymer to melt and consolidate. In the case
of using a moving piston, the piston drive is engaged and
the polymer melt extrudes through the die. The pressures

]

200

I

generated at various piston speeds are recorded and flow
curves are generated. In the case of using a moving bar- -
rel, the piston is rigidly mounted on the base of the ten-
sile testing_machine and the barrel and die move down-
wards along the piston at various speeds, thus also
generating the pressure and the polymer being extruded
upwards. The barrel and piston speeds are used to calcu-
late the shear rate while the pressures generated are used
for calculating the shear stress. Flow curves of the poly-
mer melt are then constructed.

The entrance corrections were determined by using a
series of dies of the same radius but different lengths,
the correction results being obtained at various shear
rates. The true shear siress values were obtained from -
the experimental data using Eq. (2). In this work, a low-
density polyethylene (LDPE, Exxon Chemical Ltd,
LDIGOBW), was used. The test temperature used was
180°C throughout the work. The dies used are listed in
Table 1. '

3. Results and discussion

Figs. | and 2 show flow curves for the LDPE meh
tested with different dies using the moving piston and
moving barrel systems, respectively. Generally, it is
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Fig. 4. Plots of pressure drop and L/R ratio
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for LDPE melt. using the moving piston system.
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Fig. 5. Plots of pressure drop and L/R ratio for LDPE melt, using the moving barrel system.
Table 2

The M values for moving piston and barrel systerns of the capiliary rheometer of the LDPE mett

Moving barrel system

Shear rate Moving piston system
(s™"y N value Regression coefficient N value Regression coefficient
87 8.98 0.958 13.91 1.946
216 7.76 0.972 11.65 0.963
433 15.45 0.934 . 13.52 0.960
866 2396 0.943 18.71 0.954

found that the LDPE melt exhibited a psuedoplastic non-
Newtonain behaviour as one would expect. However, the
flow properties seem to be dependent on the mode of
operation (moving piston and moving barrel systems)
and the size of dies used. Fig. 3 shows a comparison of
flow curves for the LDPE melt between moving piston
(solid line) and moving barrel (dashed line) systems. It
can be observed that, for a given die size, the variations
in the results due to the mode of operation are large. this
being greater than the limit of the experimental errors
{(£3.5%). The variations in the results due to the mode
of operation have been previously discussed by the
authors [10].

This is the first time that the entrance corrections have

been studied using a capillary rheometer that features the
possibilities of moving either the piston or the barrel.
The plots of pressure drop against L/R obtained from
the moving piston and the moving barrel systems of the
capillary rhecmeter are shown in Figs. 4 and 5, respect-
ively. From the results, the following observations
should be noted.

|. The general trends of the curves for both modes are
very similar, the pressure drop increasing with
increasing die length for a given shear rate.

2. For a given shear rate and L/R ratio, the pressure drop
obtained from the moving piston system is observed
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Fig. 6. Flow patterns of natural rubber in the barrel with mov-
ing piston (left) and moving barrel {right) systems.

to be greater than that obtained from the moving bar-
rel system.
3. The refationship between pressure drop and L/R is lin-
ear. The extrapolations were carried out using 2 linear
least square best line fit in order to obiain the ¥ valu-
es.
N and pressure values are found to vary with shear
rate.
. The vaiues of N are positive.

}=

La

The & values obtained by exirapoiations of Figs. I and
are listed in Table 2. Ideally. the results of the enirance

(]

200

shaar stress (kPa)

s.-’ LR ratio Ca- 23
-a-31
40 1 Cox- 40"
- %49
0+ . — . r .
0 200 400 600 800 000

Shear rate [1/s)

Fig. 7. The comecied llow curves for LDPE melt for different
dies using the moving piston sysiem.
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Fig. 8. The corrected flow curves for LDPE melt for different
dies using the moving barrel system.

corrections (M values) oblained from the moving barrel
capillary rheometer would be expected to be similar (or
virtually the same) to those for the moving piston sys-
tem. since the calculations of the entrance corrections
(frem Egq. (2)}) are independent of mode of rheometer
operation. However, this is not the case. the results being
considerably different. From Table 2. the ¥ value tends
to increase with increasing shear rate. as one would
expect [1]. When comparing the two systems at low
shear rates. the & values from the moving piston seem
to be less than those from the moving barrel sysiem. the
opposite behaviour being observed at higher shear rates.

The varations in the results of flow properties and
entrance corrections are thought to be probably due to
the following reasons.

* Alignment of the equipment: as indicated by previous
work [10] the alignments of the apparatus for both
modes of operation of the rheameter were good
enough to generale reproducible results of the flow
properties of the polymer mehts for a given test con-
dition. Thus, the alignment of the apparatus is not the
.cause of the varialions in the results,

¢ Extrusion direction: as stated earlier in this paper. in
the case of using a moving piston. the piston drive is
engaged and the polymer melt extrudes through the
die. the melt being extruded downwards out of the
die. In the case of using a moving barrel. the piston
is rigidly mounted on the base of the tensile testing
machine and the barrel and die move downwards
along the piston, the melt being extruded upwards out
of the die. The differences in the pressure drops at a
given shear rate for these two extrusion modes may
be caused by the fact that, for the moviag barre! sys-
tem the polymer may be extruded into pile of the
poiymer melt that may accurnuiate on top of the die.
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This is not found to be the case, because during the

experiment the melt did not accumulate on top of the

die, but rather curled down and accumulated near the

die (along the die length), with thus no extrusion of
- the melt into the pile of polymer melts occurring.

+ Differences in flow patterns: it is thought that the dis-
crepancies in the entrance corrections resuits may be
associated with differences in flow occurring in the
two operation systems, since the flow properties of
a polymer melt are influenced by the flow patierns
occurring in the system [10-12]. One way to find out
the cause of the discrepancies is to investigate the
flow patterns of the polymer melt for these two oper-
ation systems. In this work, a rough consideration of
the flow patterns occurring in the barrel of these two
operation systems was carried out. For this purpose.
a coloured tracer technique was selected and used to
investigate the flow patterns in the barrel. Recent evi-
dence {6,11,12] has shown that the flow patterns of
a natural rubber (NR) and a molten thermoplastic
(LDPE) are very similar, the flow patterns observed
appeared primarily to be a function of piston displace-
ment. As a consequence, it is very convenient 1o use
natural rubber compound to view the flow patterns in
the capillary rheometer. The experimental technique
and procedure (including raw materials vsed) have
been explained in detail elsewhere [6,11]. In this
waork, the flow patterns were investigated in the mo-
ing barrel and moving piston systers. Die number
was used at a test temperature of 160°C. Fig. 6 shows
a comparison of the flow pattemns of the rubber in the
barrel between moving piston (left) and moving bar-
rel (right) systems for a given shear rate (87 s~') and
piston {or barrel) displacement (about half barrel
length). Al this shear rate. the shear stress for moving
barrel system was 8.04x10° N/m?, whereas that for
the other system was 9.01x10° N/m?, the difference
being greater than the experimental errors. Although

the general flow patterns in these two systems were
similar in nature, the actual flow rates at a given radial
position of the two systems were different. By con-
sideration of the central flow layer, the sample from
the moving barrel-system exhibited the faster low ar
the centte. For a given piston (or barrel) displace-
ment, the number of low Tayers left in the barrel with
the moving barrel system appeared to be less than
those with the moving piston system, indicating the
faster Rows of the polymer in the moving barrel
mode. In addition, it can be observed thart the conver-
gent angle of the flow from the moving bartel system
was less than that from the moving piston mode.
Work by Sombatsompop and Wood [13], and by
Liang [14] has suggested that the convergent angle
(flow pattermns near the die entrance) of the flow was
closely associated with pressure drops along the bar-
rel.

After considering the above possible causes of the
variatioas in the flow property results, we thought that
the differences’in the flow patterns may be the cause
of the discrepancies in the flow properties and entrance
corrections investigated in this paper. No further quanti-
tative investigations were made of the relationship
between flow properties and flow patterns of polymer
melts in our capiltary rheometer.

Figs. 7 and 8 show the corrected Row curves of the
LDPE melt with moving piston and moving barrel.
respectively. the same plotting scales being used as those
used in Figs. ! and 2 for comparative purposes. The true
shear stress values are also listed in Table 3. It is clear
that after the use of the entrance corrections the differ-
ences in the results due to the die sizes used are much
minimised: the variations in the results due to the mode
of operation tend to be less.

In semmary. this paper seems to indicate that the flow
properties of the polymer melt are dependent on the

Tahle 3

Comparison of the corrected values of shear stress of the LDPE melt for moving piston and moving barre! systems at different dies used

Shear rate LIR=13 LIR=23 L/R=31 LiR=40 LIR=49

(s™"

True shear stress (kPa) for moving piston system

87 30 72 77 66 65

216 99 o1 1t 97 95

433 98 107 121 f11 107

866 93 [0 124 110 98

True shear siress (kPa) for moving barrel system

87 66 54 51 60 67

216 101 84 90 99 102

433 124 I3 [18 123 116
142 123 109

866 140 136
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mode of operation used. The variations in the entrance
- corrections due to the mode of operations at least raises
a practical concern when one wishes to use the entrance
corrections and tries to correlate the results obtained
from different designs of the measuring equipment (ie.
taking the results given from one piece of equipment and
- adjusting/converting them to obtain the results for
another piece of equipment). Further investigation,
beyond the scope of this initial paper, is required to
guantitatively examine the causes of the discrepancies
in the results by studying the relationship between flow
properties and flow patterns of polymer melts in our
capillary rheometer in detail.

4, Conclusion

A capillary rheoreter featuring the possibilities of
moving either the piston or the barrel was used to inves-
tigate the flow properties and the entrance corrections
in molten polymer systems, The flow properties and the
entrance corrections were found to be dependent on the
mode of operation and die sizes used in the capillary
rheometer. The discrepancies in the results were thought
to be associated with the flow occurring in the barrel of
the capillary rheometer.
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Abstract
Rungrattawachai, P.!, Eaksrisakul, K., Bouvaree, N.!, Intawong, N-T.? and Sombatsompop, N.'
Flow properties and flow patterns of NR and SBR compounds in
a new capillary rheometer
Songklanakarin J. Sci. Technol., 2000, 22(4) : 477-487

This research paper aimed toinvestigate the flow properties and flow patterns of Natural Rubber (NR}
and Styrene-Butadiene Rubber (SBR)in acapillary rheometer, that featured possibilities of moving the piston
and the barrel, the flow patterns being studied using 2 coloured tracer technique. The resufts showed that
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Flow patterns of NR and SBR Compounas
Rungrattawachai, P., er al.

the rubber compounds exhibited pseudoplastic non-Newtonian behaviour, and the flow properties and flow
patterns changed with the mode of rhecometer operation, The flow patterns of the rubber compounds changed
continuously with piston movement, the flow patterns of SBR heing more complex than those of NR especially
at higher piston displacements. The convergent angles of flow at the die entrance can be used to explain
the differences in the flow pattern results influenced by the mode of rheometer operation. Finally, it was
observed that the mastication had a significant effect on the flow patterns observed, this being associated
with the radial {lows occurring.

Key words : flow properties, flow patterns, capillary rheometer, mastication,
shear and elongation, rubber compounds
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fa3In17ivaa199 (Sombatsompop et al., 1997)
umm’:’-ﬁ'uluﬂwﬁ'u (Wood ef al.,1989) 331131
uanmagauRmaNTRN1TInavasnefine ivaomnal
whawiieg laolfiniaenillanislofinad wWisunuas
TummanTznmaasudeinasnandutmands iu
goannil A7 WAL kezdnIninTing Hadauumail
Wasuulnemaniianizvesnadiue’ luamsien
A DAuUIuNET sndrad it swaiesjdivees
Fudmdne 9 vanetosnDaiidlofmad (1Wu uredi
indaunTinizuan (piston) uar die Temiunqus
(Cogswell, 1982) luureefinadanisidouutaives
WamInadsy (variations of experimental results)
uAIINHANITITDIaAIIBvaeiIM  (Wood, et al.,
1989, Sombatsompop and Wood, 1997, and Sombat-
sompop and Intawong, 1999) 1tyi wamineaau
Wirwudas wanfisnuulvadieundasininavas
MIDBNLULLA IR N el ailatinad
1AW U0 Sombatsompop wat Wood (1997)na1a
T v‘?’wumfawzflumﬂ:wuuwmmﬂwa (flow pat-
tems w3a velocity profiles) vaswadiwainlimiau
duluindosfionaraufidaurauss insanaiole
fumaTuszgunialeingg fidradi Tonsuldsundaig
wuurasnTivaduansznulasatedoan@nianiilva
voswodwaifimaria wiandndmipnileh quuuy
ntlradudrudiddglunmivusauidnanislva
vasTaqrainaiitidonagey adelafiem aunsit
vzt deldidnasddalelinsRgaiuasdoaty
Fnandludaimldagdann Fomanldnde
ayasdn lugmimuauasi s wauiantan tlned
uwuuauwpamafwe Tluntzuuntsadnadsiduudas
NTTUIRNTIINE® HANTTITUATAA (Sombatsompop and
Intawong, 1999) lHaonuuuwamuazimaiinaias
milar3ilofimafunulng TaslFrzuunssuirdauves
HoanaammnaInIInituan (barrel) L'{hfjuﬁoiuv.ﬂﬁ'au
n1InItyan (piston) unuMItueAD NI TLIA Ba W
nunItusndIgwasIaINIINIILaN mnﬂﬁﬁ’uaq’
valu 3imiu dnisdnmdniwavesszuun i
wwulmivasnasilafina iidaauianionisinavag

wadiwa InepuIAR7 Imﬂuammﬂﬂmmé%’uqmﬂ?uu
Woutusaniinaan el funneiseliatanllarisle
fmas wuusiIumnaly (Ltuuﬂ’umﬁ'auuﬁaﬂ’umgau
NINITUENMIFEDINADNIMAINTINITUAN) @8 31N
n3iipduaiiienats wud TruunItuedeuiidig
Ny (ﬁ'um?a:au FBIURDUIMRINTINTELUBN WatTUAEDN
mi\}ﬁ'umgaummi:uan) Wnaniimagaunienis
Tnavnivedimainuandefuagianin (U3t 15-
20% o anmznimadaudeatu luvusiide Aanain
nmanaaasidanlivimnm 3%) lueuidos
nmﬂﬂa;u'lumaammw ATIMLANAIVBINENIINARAL
frnanrruunsuedouAuand ety (Fuindau as
VREMIMAIMTINTIUDN AL uMeduindaunsenizuan)
u!w:mmngﬂuuumﬂua?{umnwiwaﬁ’ué’ul.daomfnn
nstuindaufiuandroiu sauludenndiuive
andAanisivaussyuuuunmsiuauasvadinn fluans
R DY)

lunsyraenszuiunindaudeimaioy na
fFnwmniEmanis madauddgy bivestuniinszuom
nrsnaEusmwanaAn Iuiinsuduagietacania
msAnuuaeauimenioniw (s vimsdnluans
Ak IUnsasiussiauaclassaivluana) §
dnfwau I INaMANYMIYEINIT INAYEIAITUIENOY
g0 wiunrnda el wduius lnsa setunnnm
voInAnAMN (Brydson, 1981) adielsfiaiu waau
Sufnenlaoan TEuiudnmaniinginavesars
Uitnavsnriled1sg ludwsasant@nitlna (flow
properties)  IManMIEnIIMAdaLTuANGIA Y (11w
TWIRnaTjUINTas die amIinisdaia guwg)
(Lablanc, 1986) Inymziiinasmu3doiuanliuimin
vm"m'lwmumluuumﬂv\aﬂuaamnh*namm Tu
wnioslanaasuuazndandadom wn ara e
arnmndinlunimeansiacdodiianie g maiia
#il# (Whorlow, 1992)

ymauit lavinifamautifuas yucuunty
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NR) uazpwalaiuiazlodu (Styrene-Butidiene
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Faainin Toolfruunisduedon Wamasumad
NNITUAN LR Lwiqﬂ’umﬁiauﬂwn'::uan {Sombat-
sompop and Intawong, 1999) wananil Harinns
Anwdniwasaraflyiunsuagig (mastication
time) ﬁ'ﬂm'aauﬁu.n:gﬂuuumﬂwwa\mwm:nau
pataapediag

38nImaaed

1. Jaquazgnialumiide

1.1 avsUsenaupsTivmd (Natural Rubber, NR)
InuiFm e uanaiinng (njnwy)

1.2 atUstnovsatadu daneladu (SBR) 31n
Emco Intertrade SBR1502 No.1-540 (Taiwan)

1.3 aneildldlunisnaasy (Table 1)

Table 1. Vulcanization recipe for NR and SBR

Rubber Compound
Chemicals
NR SBR
NR 100 -
SBR - 100
Zn0 4 4
Stearic acid 2 2
MBT* 1 1
Sulphur 3 3
TiO, 2 2

MBT* = . Mercaptobenzothiazole

1.4 wiosanlar3ilammafuuulml (Sombatsom-
pop and Intawong, 1999) Alddmiunarauana
m3lnasazsimsinavasssisznaunisluawdioi
i viamasuivainienizuan auiaidudiugudnai
26 13 017 130 un Die dnwaidutuguinaty 6 uw
813 55w ww3peilafmo SAldanntovimmasay s
2 SEUUAD STUUNITTLIAAaUNBIABNIMAINTINTELAN
{mobile barrel) KA IEUUTULAA DUUMITLLA RN 1Y
nizuan (mobile piston) lagvitnivusznauidindy
wiasdanaasuussite SHIMADZU % AGS-500 D

Faldnadalumadie (speed) 0.5-1000 wau/mI7t uas
ynienuduluszuulaglieiaedioTanrmdunls
dhswwuidinaU3s (Pin Spring Pressure Transducer.
PSPS) Fenanuuulag Sombatsompop, ef al (2000)

1.5 m%‘awauuuuaauqnn%‘h (two-roll mills) #&m
lasui¥n Baughan (Stroud) Co. Ltd
Model 1419/8a Serial No. C700 &miuvinisuanid
{mastication)

Engineers

- & [ ar .
L6 inTavuujduuuganiinau (compression
moutder) wfalasu3sn Carver Model 2759 S/N 2759-
] o & (" [ - 1
614 dmivuyvernlstnaus ol dildnwun unkn
1.7 quniniaaduauiiuguaanas (circalar punch)
vueERAmERGna YTz 25 Ny dmiudatu
1 l" L 4#‘ rr b ‘I.J v B
Muuwvm“lm'smnmﬂmwugﬂuuuammwmu Tidu
WHUNNAN

-
2. mswespumslsznavyng
wWisnaTUstnaug 3 nITuINMmI Ao NIue
P X
g9 MIsENatsal wern13iujuandenaveisles
NITUIUIARITNAU
2.1 My (mastication)
nysuasndunszuavambminluenavessiy
ABUYNNTHANEVIAIALYIIN T UANF IR TaUA LY
wuuaaegnnite (two roll mills) 1luiaan 10 uadi u
nImRN AR I unaTeaatunITUALT (mas-
tication time) fifldadaadoaniFuarjduuunising
Toanuuuliinisunenistoriiaiaeg fu fa 10
20 25 uar 30 wih AauviinyINanatIall (Sombat-
sompop et al., 1997)
2.2 MIUANTINAAAVYN (compounding)
wHnlFoefdmnIsuaey Fnmnenar e
¢4 Table 1 anvuuaasdiznavsieipnllan 5 wiA
vuaiasuatauuugands el nadnaunduiu
& & v - , '
wawdorin nnvuInsanuuliuukn
5 b
23 nsyugumsdsznevenalagnszuiuntsdn
AUAU (compression)
AU TENAUB WA IINNTEUIUNTIHENAI TR L
o . X vl v 1w o
Ause wrdupdbidanwanusdudionisdaie
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Figure 1. Shear stress and Shear rate for NR and

SBR compounds with and without TiO,

using mobile piston system
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Figure 2. Viscosity and Shear rate for NR and
SBR compounds with and without TiO,

using mobile piston system
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Ufvind faimisiviu uaznms
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'nqmwnuwaﬂv\unnum:muuHuﬂummwmm:mm
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5-un  daoaiseiugUiuudaniudu lagszning
nItuUmITaanINARlTUHUWA 1 aANWaRIaNT AW
Fagasuva R (mould) Fmluidatosiunis
HafRUaIeNAVWIRNN  UAENTINAAIMALVEIE1INAD
n1zuIwnIEaie  sinburinIdasunasauans
Ussnaugnlifiansounduuduinanlasldqunsaisa
??umwgﬂwnau'umm&ﬁuu’mquﬁnmam:mnr. PRRN
FalunrmesavudazafalFtunasauasliznoves
wimdortulaoudaiin 2 nduin ndsuiunaaouars
Yrznaueeiitaild TiO, ua:nfiu%umﬁauanm:nau
mqﬁ;nau TiO, "t"m'lﬁ‘é'm'z ua:ti'z&‘;ununmﬂauf?wum

L L3 - i J
dnAvluesniuaguasngid 25 °C finwiu 50%

=t o
3. asfAnwanyAanisinaveaarsdsznousa

g1Idsznaun e e Tomituiaisrauanda
mqm‘:‘lnﬂTmuuamln;ﬂmmﬁuﬁ’uﬁsmd'wom'mn.ﬁu,
Baw (T ) A darudou (¥ ) wazanumila () fu
« - . v a4 AT - ¢ o
dgarudan (y ) laslfinioeanflanislosinad oo

. . d d

nENNIAIMIMRAAIlUANATIA 1 uazauniIf 2 (Som-
batsompop, et ai., 1997)

T =RP ﬁNﬂ’]T‘Fi 1
2L

Y = 4Q} NN 2
nk

R = $afl Die (Infidl¥ L/D = 55/6)
0 = Uinminilvag (mYs)

P = enndufin die (N/m?)

L = a77um7 Die (m)

Iﬂﬂ

dmiutunauuasitniinageuantfinisinag
- Hday - Fa
vovarsuznpugwluiaiasnlarifladiinad  qen

Sombatsompom and Intawong (1999)

4. mxﬁnmn]uuum:"lﬂnmaamnh“navUN

mﬂuumﬁaumm:*nauuwgmqnaunuaum
{uiidunagions 10 urn mm‘saanwmamnaanmmﬁu

MU AT SUIERE mmfuuﬂ'q%mmﬂmﬁau
sdludiaanasuinamunizuenyasiaiasmilardsle
fwa? Tnsadudiu lnodunauuazinailanisuisgans
Uiznauonguazdeaainauiduuss Sombatsom-
pop (1998)
napuMamMTInIzyan uiiinmgmngiiuasiaimany

wHIINUIIAIUIENAUL AN Wae

mamnnszusn Iasiiiune 10 wad (laugounagidl
7% NR=80°C unt SBR = 100"C) 31miuiin11saia
(extruding) ¢awa’mIinIzaaia (piston speed)
50 wn/i sraszneusesinasansan Die ?iqn
U‘x"nauaz}'maulﬁmmﬁamaanmmﬂwm*uanlu
mﬂmsﬂaumm MNIEBEN IS RTARGE NI inmm
mmnwuqmnqmunu 160 °C a1 30 wft wie
Yinlsinnegn s MERIuEENIINTasMAaMMA
nidnizuan ﬁ’}n'l'w.{ﬂ[-llj\]ﬂéﬂ;}’uﬂjuﬂﬂﬂaUGﬂNlluj
mmﬁamwaau;ﬂuuumﬂnﬂ vnisnasauaSodaly
mndEanIiedu YarsuuntIrasauuuui L AouYas
FEIMABNIMAINTINIELAN uazTUIRdauuisTuindan
mam:uanﬁnu:m*}é’ﬂ?miw‘} sl Ao 15, 35, 55.
75 uar 95wy Fn13dRIRTEnEAInd 1R I B UNAaDY
ASANM 120, 100, 80, 60 uaz 40 wy auAAU

Hanmimanay

1. andnmawiAveanisina
L1 mhmneinll

Figure 1 uanuaudnrinfszninennundudan
fudasudau uaz Figure 2 uamaaiuduviuiiening
Anundaiudasudan wesa1tUiznounis NR uat
#1idiznauee SBR ﬁluamm:‘hjnm TiO, Tnovialy
viuaslsznavsetsaasaasaninmiu non-
Newtonian luwn@niinnisluauuy  Pseudoplastic
nd19fe AuniinananisdaIndouR NI uA N
mamgly (Cogswell, 1982) aRarsmnamianTs
Inavas NR waz SBR wuiiilarwusnaredu loo
SBR fifanuduidouiigeniionsdsznause NR o
Sarndaunile Fuansliifiniiarsuiznausis NR
faruniladnuaclnaldiionis SBR agrelifen
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Uiiving faimisivty vazams

Pseudoplastic non-Newtonian diowasanlngazfus
WU e luniuap s Tuganaliaemiaen
a9 mtkiumwznsuanadunemilrasluians
wpsgduasiiliauniiaasalud e (Sombal-
- sompop ef al., 1997)
1.4 Bn3navsszuunisvuniouvaaniaami-

yai¥ilefinad

Figure 4 uaninuduyiusizning anuimy
1aou du dasndow vavaniviznaueny NR wat SBR
TS UUTULAR AU TR DIMADNIMA M IINTTUBALRETY
WasuwrITUeAaunanszuanazinldE Ut naL
g9 NR ugs SBR luisansisuuniitusedoudly &
ALLAAIANTRAMTYN non-Newtonian wuu Pseudo-
plastic Sammnonrnriszuuiuedaulilduboiuss
wadnsiulagTmvosarilsznaun wanwni Jovuy
31 lzuunstuedauidsad s13Ussnausae SBR
isrdnindougeniianssznougns NR - lasaw:
96195 M ITULTUIR AP U DT INADUMATINIINTELAN
ATIULANANS AW INHAM INARDIED H 1AM A W Sou
yoeasUIznotnte NR lnssuuduimdonurisdueian
nyanszuanidageniiennuudouluszuuiinefau
YpaiBIMRaNIMAINTINTEUaN TR nan Inagay
wae SBR lwisuumiduinisuuuuduieiousassia
MADUINRINIINIZUON UAIADINALIEEUGINIINTS
nagauluIzUUTURAsuuis TR auN TN TTuan dw iy
A1 13RI RUAE N IO ELNOHAN TNARD LA LA Ne e
TEMI N I UUN TR RO KDV NIMEIN3IN T2 UBN
U ILUUNTTUIAR D WIS TUIAR DUNTIN TEUDNUDIANS
Usznaugierioans wansl¥lukado 2 NSANE JUu LY

n111‘ﬁﬂ

2. msfnyigduuunislna

2.1 msdszneve1d NR
Figures 5 us: 6 uanejuuuunmislnayaans
Usznaugne NR luszuunistuindanvesdomany
MR TN TEUAN LAs T AR oW HIT LA Raun Tan 3z uaN
M TLUEn118A3ea g andwy ntadunalagit

WU TLUUUM T Inaraea sussnaus 0 uassana sr Uy

Figure 5. Flow patterns of NR compound using

mohile barre! systemn at different extru-
sion displacements (a) 15mm. (b} 35mm.

(c) 55mm, () 75mm waz (e) 935mm

Figure 6. Flow patterns of NR compound using
mobile piston system at different extru-
sion displacements (a) 15mm, (b) 35mm,
(c) 55mm, (d) 75mm oz (e) 95mm

matuadounldountasluniuszssn1ssninasnie
Tuedaunsnszuan  lasluszoenisdaieuing a1s
Usznavewdjusuuntsmaduwiinluan (parabolic-
like) fa A3 w0e I MauIImEIwAa DY
NADMMAIM TN IZUINGINTIWTINAIES wazwaRwad
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padng Die andilusndlou luszozniidaiad 75 uu
uax 95 uu ﬁ’num:;Uuuums‘lﬂﬂmmv"\;\ma\:‘s:uum:
SundawAgniuasuudas nd11fs wolwefuiim
ariananunaIn N ItuanfadaduiTniiesu
Jundauntenisvan haniinalufienefinsantu

P y : | e : -y
ArmniTiadsufizaduiituiniountenszuan i

Fonmalwauuuiidrs na3lnarane (crossflow) #ama
s ednaumananuuandwasnmI 1o uns
FuindountenizuanduamIrawedius fuTinm
KRIRBINABNIMAIN TN TR Lan (Sombatsompop et al.,
1997)
Usenounis NR 'F1:ﬁs:uumsﬁfvmﬁauﬁmmaumm

A s —
dinyihnndIovidsuiduuunislivarasans

NINTIUEN ustwITuLeRaunTINIzuanlauatdua

F | . {
WINTU wuTsEuuMItueieuisadajUsuunIsIva

o i w X

wp9EITUSENOULe Fadialuil
1} anwiIrveenisivamuunaiall (central
flow velocity) ilowarsmnd3ouiRsunianIrreas
Utsnavoief lvaludosmanumasniinizuan wuil
UUNITUIAA auR DI MAaNINAIN TINTEUaN KA 1N
Fimslwanigenzvunisdueionursiuaiounss
A 1
nicuan laoRasnnldainizeemsivauasuomtun
Wipag ¥ IMaBNIMAIN TINTEUANVAINIABIITUY

] -y d‘ s - r ﬂ. L -
nanda Watatturandiundaivauandalatoga
v a . d
vastuntiva (flow layer) i 1 lwudiamisnasvas
nTlua (central flow) wuinisinavaawedwailu
uUTLAdausoIiaeuanmuaInnItuen %Ay
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Figures 5d uay o6d Hamimﬂauwwumﬂ“au
FINITNUANN AT IEN T INAUNANITNAGAUANTANTY
“ a1 " . 4 - w1

nsinadafindanudqlu Figure 4 Taafuinlsin a1l
Usznousn NR luszuuduinfouvasripavasuinal

nisnIzuaniimaddoutasnitluizvuizuudy
WRuLHITUIRAIUNTINTEUEN  SeEmnTaIng ldde
1 (Y4 R vl 1
uataraInny faly Sedeealidarniunsivalu
suyduinisnrasiasanuvaminizuan gnid
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- gles) mnAasmyuntsinavuiiiunind Die (Foiu

Idpdwdacaulu Figures 5d war 6d wuiijuuuunis
Inazasmisuszneune NR lwstvudedanuaeios
waaNnaIMTINIzuan dyngilin (convergent angle)
Auauniluszuudied ouurstuindaunianssuen
Fonslnaiguil geuabiiinmTruee Central flows
AN {Sombatsompop and Intawong, 1999) wuan
¥nit naraiiupulasmlu gugdndudveuan
fednuazmsinaduiinihilinnInadwifou (shear)
wiouvuia (elongation) sniaeinela (Cogswell,
1982) laoald Snwmzsyugidinfidasunienng 1
Widnwarnislwsidnlndnislvanuuiia Fodenaliiia
arwmila wiadinumudauge o darudeunileg
v natIsinmdsiiu  (Cogswell, 1982 and
Sombatsompop et al., 1997) Fedanrmudang1ai
sanndosiunan Inasauiidluauideil ndnda 6
Audmion kazatnmmilauasszuuiuedauuns
'tTumgaumm‘::uanfiFi'lqum"nm'mmaulm:umi’u
\nA DI BIMADNLMAINIINIELAN Lm:ﬁqmjtﬁwﬁ
NN s uUTLIAR owpa B HADNIMA I TINTINAN
Foyadand1deduil vomduibiruuunitined
AwdiuaniAnrinadiuadeis wasveans
qmﬁnum:ﬁrﬂuam:wummm:uumsa}’um?{auh
n3neilofmanle (Intawong, 1999)
2.2 mydsznaue SBR

Figures 7 uor 8 uassztuvunislnavasats
tiznausy SBR o stprmiidaiaang lustuudu
wdouwrietudaunienizuan warstuuduiedan
YBIRDINABNINAINTINTEUDNANE Y JUuUUNIT VG
lagrwluizsznisdadadieg Sanwaeadisguuuy
nTinavasaITisznaue NR navifa S8nwmenis
Inaftduuoy Parabolic-like luga9uin g va93zezms
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Ujvmé 3e3evisivdo nazam:

Figure 7. Flow patterns of SBR compound using
mobile piston system at different extru-
sion displacements {(a) 15mm, (b) 35mm,
{¢) 55mm, (d} 75mm iz (e) 9Smm
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the extrusion displacement of 55mm

Heaaandpedusani@nisinavaearsUsznavens SBR
waaalu Figures 4

3) T IRIUTUUBITUNT AT T DL 3
satadpiiulunespaszuunisiuaisn wuiizuy
TR A DUNDINADINEINTINIEUDNE T IUINTUNNS
“luaﬁm?manuHaaummwnns:uanmnniwazuuiu
wipuuratuindaunsanizuan & Figures 7c urz 8¢
Fauaasliifiuit naluavasaisusznauen SBR u
ssuytuedaunistundountanizuan Dulladwe
watazaInniIn11lnalustuuiund suiasnaauman
nINIZUAN

2.3 IMBHavDIITUZLIAIMITUAYI

Figure 9 uamgﬁuuumﬂwmaomﬂh:nau
p19 NR lwn3osmilaniilotieas lusruuduindan
WRITUARBUN N TIUPNT 3EBEMIRTa 55 Wy
s2EE8IN LD NAN g leedaly wudmnstoram
nIuante JusuunTvaiddnsusadoadedu s
vansandentnitumsinaiuiouifisuduudat s
alun1TuRsy WU alNIZoS I8N TUAE
ailumtlnaanss aiensondunisinad [ vae
¥ 4 $ueruing wuiiRsrsialumuame 10
W S lunisinaninniiiusunasauiug

nanyd Fun1anmsiva (Cogswell, 1982 and
Sombatsompop er al., 1997) 1141 Bavintsuansdiv
BMIN g u'auﬁﬂﬁmu[maqmaamsﬂs:naumw‘?u

a9 sanitrdoraliddai ndou uar armwiaica:
warlwalidngs ugnanisnammoluanuided quaiaur
ardasuiisaund uding 1 dedidinfuiodol arale
Tutﬂqawaama?{dmma Mastication 1HUkIaTUIU D13
fuwafiduainds wesdanribiidantsiwaidoiu %
¥mAen11 vadauainuuarian (radial flows) wae
KOaMaaumaInTInszUan 1InnTra1saznauseii
&’IUINLGQﬂﬁIU‘]‘J n1ilradoveuuud elivadiuad
mngﬂwuinﬁm%u'luﬁv’umﬂﬂaﬁ 2 (@3 nAuMuIDey
sumsina) Feninfanitlwadeneunuriadludu
n13lneit 2 wuiiealéarmilumsnavainadias
1u Layer | anae  Apzdivatein (Rungrattawachai
et al., 2000) mnﬁv\m:”ltnaa"aumuumi’ﬂﬁlwf?’ums
wad 2 @arnarmuandrsuzaniniinislnesas
wodwaiAntassniutuniluad | (Ragdadburady
waounsenszuan wazdarilunsiwamudiond
A e aunsInIzuen) taztunslng

7 2 (Baanmlunsluadaudied)
ajlranisnanes

HAMINAREININIINITET awnsobidoayy il

[ a13U3Enaus e NR wes SBR Aliluauive
i waaangAnssun1s iwanuy Pseudoplastic non-New
tonian

2. ITUUNIITULAS OUVBIUHATUIAG DUN T
n3zusn uasHaanaaNaInIInssuaniuaiosatdans
$lafiwa? Jwansznulaseisdaani@uarjuuuunis
Tnavasarilsznauevivaasuiia wazdawuii antians
".waﬁmmé’uﬁuﬁﬁ’uQULLUumﬂHaﬁtﬁwﬁuMm?aq
ada153lafinn’

3. Q\Juuum5114ﬂmauanm:naum\uuguuumu
afdaiiosnnIsrnsdna %ogﬂuuumi"luama\mﬂ
usznou SBR Hawdudauninnitzuuuunising
pasarIUznauets NR laoiawizadrads m steenis
faTag

4. m3henzguadl Die vasniiivavas

wodlwed . amnsaldatuiueiuuandiavaspluuy



2. @aUIUATUNT N,
e v
Uh 22 aUuh 4 n.a.-6.a. 2543

d o day s :
stuuumislrevesmnliznaunsluaiesmilasiladitmaiuvulmi
487

Uivng Jaimisivdo wazam:

wasanuAn1Tlva duitiaewininituunituedawues
W TUIATIUNTINTELBN WAL REINEBNIMAINIINIELEN
- ’ - Jd - (4
lwinSasmUa133lainad
5. JUuuumTtwavaarsustneust NRidow
4 e
wsdldmintzosiairesniiuag1s MuAuAsTne
funinifanitivasonaiuuuafedl (radial flow) vas
M9 DN ENIMAIN TSN TELAN

finAnssinlsznia

A IrupvauwITAMAMnIRNaIIARIaYY
n1338 (n7) lumaldnuaivaguenidse (muid
39 an7. swalasents RSA 18/2543) unramsnalu-
lafignamnim sminsrdsfiading (3.uasdge) tu
mﬂﬁmmaqmﬂ:'ﬂumﬂiﬁ'm"’:"mumuwuuurmoqn
nRvussiaIosiugluundan i (Ronsuuastugy

arlitnaunty

1BNEI91489

Brydson, J.A. 1981. Flow properties of polymer melts,
2"ed., Gorage Godwin, London.

Cogswell, F.N. 1982. Polymer meli theology, George
Godwin, London.

Intawong, N-T. 1999. Novel design and development
of acapillary theometer, M.Eng Thesis, KMUTT,
Bangkok Thailand.

Lablanc, J.I. 1986. Progress and Trends in Rheology
2, 2™ Conference of European Rheologists,

. New York USA.

Rungrattawachai, P., Eaksrisaku!, K. and Bouvaree, N.
2000. Studies on flow properiies and flow
patterns of NR and SBR in a new capiilary
fhcometer, B.Sc. Dissertation, Silpakorn Univer-

sity, Nakorn Pathom, Thailand, May.

Sombatsompop, N. and Intawong, N-T. 1999. A Novel
Capillary rheometer for Measurement of Flow
Properties of Polymer Melts"” Materials Research
Innovations. 3; 150 -155.

Sombatsompop, N. and Wood, A K. 1997. Flow ana-
lysis of natural rubber in a capillary rtheometer:
Part 2. Flow patterns and enirance velocity pro-
files in die, Polymer Engineering and Science.
37:281-290.

Sombatsompop, N. 1998. Relationship between tem-
perature profiles and flow pattern of flowing
polymer melts, Songkranakarin fournal of Sci-
ence & Technology. 20: 455-463

Sombatsompop, N., Intawong, N-T. and Intawong, N-S,
2000. A Novel sensing device for pressure
measurement in molten polymer systems, Po-
lymer Testing, 19: 570-589.

Sombatsompop, N., Tan, M.C. and Wood, A.K. 1997.
Flow analysis of natural rubber in a capillary
rheometer: Part 1. Rheological behaviour and
flow visualisation in the barrel, Polymer Engi-
neering and Science. 37: 270-280.

Tomita, Y. and Shimbo, T. 1973. Unstable flow of visco-
elastic fluids, Journal of Applied Polymer Sym-
posium. 20: 137-153,

Whorlow, R.W., 1992. Rheological techniques” 2,
Hlis Horwood Limited.

Wood, A K, Read, A.G. and Lovegrove, J.G.A. 1989,
The effect of rheometer design on the measure-
ment of flow properties of polymer melts, Plas-
tics and Rubber Processing and Applications.
12: 15-20.



Sombatsompop N, Dangtungee R (2001) Effects of
Magnetic Fields on Die Swell of Polymer Melts in
Capillary Extrusion - The International Polymer
Symposium 2001, The Polymer Society of Thailand,
16-18" October, Songkla, Thailand.



unaat»
EXTENDED ABSTRACTS

m?ﬂ?:ﬂ;ﬁﬂmm?
IeAansuazAlulaguvadssmaing asen 27

16-18 @Al 2544
o Isausy @ Adaud wantn snanialng Yaminasuan

27th Congress on Science and Technology of Thailand
16-18 October 200

Lee Gardens Plaza Hotel, Hat Yai, Songkla, Thailand

AUZINEWPIART IV M LAt AT UATUNT
FACULTY OF SCIENCE. PRINGE OF SONGKLA UNIVERSI

swrminemaniudalsznd inglunszususgddud

s

=

- ¥ THE SCIEN-CE SOCIETY OF THAILAND UNDER THE PATRONAGE

S22 OF HIS MAJESTY THE KING




16-24P-47 863

SnEnovsarununindndenganisumruandve el inseumailunizummitnia
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Division of Materials Technology, School of Energy & Materials, King Mongkut's University of Technology
Thonburi (KMUTT) Bangkok 10140, Thailand; e-mail address: narongrit.som@kmuti.ac.th

) o - - - P 4 aar - . y . mam Voo
unfiae: s3sud 1AAmmoRns suntsuuaaveanefiweasumar hnieeniin1d s Tefime laold die Allmuimwimanos uns
- - - ' v d - - - g d om ow .
wivwmFouunnmaneafy die 313um1 wuhmouivdndantidensrufemedweigeiudediouivnt ¥ die tIzumm
o\ » o o - - . - r a8 - -
Uz 27% uae 37% AmIups waz pC awidy Fullunefwofalmguduey luvuefinsuiudives LOPE uay PVC Sumiboyin
- . a . + . - ad 4 2 .
fumuuiedn weneind dawvuhmuumimbehiigunmeesiioves pve #5u Fadiuesunnaruniiuiiees PYC unsmuug
o e Wa - 'a
manhtifunediun’

Abstract: The die swell of various polymer meits in a capiilary rheometer was studied using 2 magnetic die
system under a wide range of temperatures and shear rates, the results being compared with those by a non-
magnetic die. [t was found that using the magnetic die resulted in a significant increase in the die swell of the
extrudates (27% for PS and 37% for PC) as compared with the non-magnetic die, this involving the increases in
the existing electron delocalisations and the distortion of the electron clouds within the benzene rings, the shear
stress during the flow, and molecular orientations. This effect was very small for LDPE & PVC melts. The PVC
texture was found to improve with magnetic die due to increases in the polarity & dipole-dipole interaction, and
the cnitical tensile stress of the melt.

Methodology: Four thermoplastics used in this study were LDPE (LD1905F), PS (Styron 656D 267), PC
(2800C), PYC compound (YS911BLA). A rate-controlled capillary rheometer was used as used by previous
work(1). The barrel having 30mm digmeter and 135mm long was designed so that the die system could be
easity changed. Two circular dies with the same L/D (55/6) were used, permanent magnetic {with an intensity
of 126 milli-tasla or 1.26x10° Guass) and non-magnetic die. The die swell ratio of the polymer melts was
directly measured by calculating the ratio of diameter of the extrudate to that of the die, the extrudate diameter
being the size of the extrudate diameter in the fully swollen (2 inches of the extrudate length from die exit). The
extrusion temperaiure range was 170-260°C with a shear rate range of 5-28s'. The extrudate texture was also
examined using a digital camera

Results, Discussion and Conclusion: It was generally found that the magnetic die gave greater die swell than
the non-magnetic die, The maximum differences in die swell of each polymer melt between magnetic and non-
magnetic dies decreased in the order of PS — LDPE — PVC. For LDPE and PVC melts, the difference in the
extrudate swell was very close to the experimental errors. For PS melt, the increase in extrudate swell due to the
magnetic field was so high (up to 27%), the values decreasing with shear rate. I should be noted in the case of
PS melt that the entrance pressure drop for the two dies were the same, suggesting that the material property did
not change with the magnetic die used, due to a very short time scale of festing. It was postulated that the
increase in the extrudate swell due to the magnetic field for the PS melt was related to the increases in the
existing electron de-iocalisation and a distortion of the electron clouds, induced by the applied magnetic field,
within the benzene rings. This caused an increase in the shear stresses and a change in the molecular
orientations during the flow (2). On molecular relaxation, the increased shear stresses were dissipated elastically
and the molecular re-coiling process occurred, thus causing the increased swell. These findings were
substantiated by testing the PC whose difference in the extrudate swell ratic between the magnetic and non-
magnetic dies was in the range of 22-37%. For PVC, it was observed that the extrudate generated by the
magnetic die had a better texture than that by the non-magnetic one, suggesting the applied shear stress
exceeded the criticai shear stress of the melt. When the magnetic field was applied to the molecules, the polarity
and subsequently the dipole-dipole interaction between atoms in PVC increased, implying that the critical
ténsile stress of the PVC melt had increased, and thus the sharkskin characteristic disappeared (3).
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