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ABSTRACT: In order to statistically predict die swell, the study used the Monsanto
processability test data which have monitored in 1993 and 1995. Each data was characterized
by die swell characteristics obtained at each different shear rate in 4 zones. To select proper
variables and to determine die swell univariate statistical analyses were studied in the begin-
ning, and afterwards various applied statistical techniques such as partial correlation, factor
analysis and regression analysis have been studied. To obtain model equations of 2 dependent
variables (running and relaxed die swell) with 71 independent variables (raw materials and
test conditions) independent variables for multicollinearity were simplified and multi-regres-
sion and residual analysis were repeatedly applied in this study. Simulation system was built
to predict die swell properties of unvulcanized rubber depending on the design of materials’
ingredients and process factors by using the statistical methods before actual test. Simulation
system was composed of forecasting result, trend analysis and result analysis with graphic
user interface (GUI).

Keywords: die swell characteristics, multivariate analysis, stmulation system.

M B

AEAE Bolol& P NPFEL 87 B4
o 9= s 3R 2P AAE Azxded, 2 F

2 A21A A43 19973d 7€

oA IE wiFES FPJo 2 ol dA ¢
& A4 ofs) 579 EAe] #Hedo. & 33
Aol 7P & o3& vty 1Bz BH v}
7 157} ZE non-Newtonian &8 E4Jd) mWa

549



o] A

olgu} “die swell” @io2A & =HF 1T uf
zo] Hery B4 gel 4B FAH EAol
bt o]z s AAl A4t AN FEES] &
F ALe 9] M E 4F died] A -AFoz
2E] 34 &7 A4 ol2r|7A¢e 74 dAlE=
F3)d 2 Algatee] o oEE i e Aol
o} w2, §F FACNAY YA ARz A ga
o] Ztag zdE B ohEl 18 ¢EE B4
& Aoz FAE|7} oA Hu

AELHA BHE o] &3 diedl o] 1T ¢t E
9] swelling#} non-Newtonian e G0 p2
o] S4ate] #AE FH3e A7 L FYE
lon, I FME 43 WHE o83 Y
€ 2ZEol AL WANTA ol2A Hoh
2{u}, o}¥ % die9} extruder screwol| A I Q2B
of B8 gl g AFAA Wulol} Y uhy
& o8 2] A7 gE die swello] B3
g @4 dHsol 3 g Wi 9y zxs
A&7 oele 39 U Tokidas}!
Kannabirane]? o]2& 2#4s plantoAe] 72
AZE residence timed EY3tA Fe=d Agd
A8 L/ D(die®] %7 /hydraulic radiuse] o}%
AR dEo] oY) gl dAlz FHgo] o
¥}, Kannabirano)? 223 Bagley 34l& 1 3
£ A 2 die swellinge] Z2H x|} o] 22])
o7 Adxete] visng g8 Whiteo)® o] 22] &
gt died i3t SHAL 3] AME WHe
o] &8te] B3 = BTk o)9h o] A B
ME o83 mdge) B9 o}F Wedt die swelldl
HE 2l A7t A Adeo)r| Wi &
AellA die swelle HAstslerle ogge] BL
2 Heshad UM FErt H=) @t

2 A7dAME Elolole) FE 2 BAabdel AHA
A FFE F= LT ugE ¢ AN o
HEES] ABAR (Fe)H, B, B2 A, M
Al T)7F s 2Adv)et 34 %7 (barrel pressure,
L/ D, shear rate %)o] w2 TE 4ZE9 die
swell £4¢ i8] 4d& 4 stn 2 23S o8
o] BAIY mRHe slmEd a2 ARyde FEs)
71 % AF AES Fohed BHL $1 9l o
9} Zol =L 37] 98] MPT (Monsanto pro-

550

Z %

cessability tester)& o)&3la &A% I G2B
9] running die swell 2 relaxed die swelle] 23}
g olgsid 22 WY UF 87 zuLs U,
g, AlEdeld AlavS dsle 27 /2 e o

— =2

=, die swelle] ER= 24 2 Azlo] s} 24

& 72 2 a2z AgsElned aRagge] =
d¥] (recipe) R FF 27 W3l wg 1R 3
29| die swell 54& A& = e A2y 7
&t

A AZE 0 SASE o83 EAN 4o
243 J2& Evanse)* Agl7te] 2% 2 A}k
whE B 4] tid A, Okelo]® Azjs} 2
claye] H71%e] oigt B4 g A%, zen
Choo)® % Age] & A% EAe] Fg A7)
Aot e, Evanse} Okele 2 712 Axj=d] o

AT 2l NSE2A Od A gsA

FEH o2 HLIY] olEe wae] Yrt.

2 A7 2T GEEY die swell B4S AR
A& + UAERF ke 1T A8 A 2L 2 44
o] AsEA #4E 5 lon, 17 wFEd g
HE TR HH A 58L& Folx o Yo} g
oloje} FA B AU o] A 5 des
s k=0

el o

=

MPTE ©] &% Alg & Eolojg FAstE 28 ¢
&9 die swell 54 wAlsl] 9@ 4ga4
el =3, R A5e] $E%H 54 24
ks AER Fo shiEA wj@WdA T wiEs
ol 44 ¢¥E Wt capillary tubed Eo}a}H A
vehhks AEe A9 Zxel dge FHsis Ay
olth. F <fEEe Hrol Ant Ani= wjde] ¢
g3} shear rate 502 FASCE 43 AL Wil
IAFE GE7 FYUSd dA L& & barrelg £
H#A17) 3 preform die} final dieo] Al &7 A9l
W FEER UE F, AR A7) Wz fH e
AANEZA A8t 42EE de AR wan. ¢

Polymer(Korea) Vol. 21, No. 4, July 1997



AEA} Bololg 1T F2BY HeH F4

Mo AAHY ol AT ST A &

LAY
L3
B
W
_(2‘_.‘("-?(—:
Lo of
offl
4
o 5
to
2 o
2 ok

AN me H

e F A=F A £22 YEHE capillary
rheometer¢!  Monsanto processability tester
(MPT) & o] &3l d¥s AHE o] &t

Fig. 18] 2 Ax= 0.1~29x10%sec!9] shear
rate] W99} gl FH =M =S FH
3wt opat 239 die swelling®} stress relax-
ationg EHE = Utk Barreld| A $£5¥ 15
FEE 49 7] e 4 A2 S22 die2 ¥
H dEFHed 1 4F 179 A e Fig. 1dAM %
Zo| laser@d oz ofF FFaA FAHHH =2AH
Qo) e WEgE FAH o) 4 Fo
die swell, 2 running die swell® 1) & &£,
2) died] 72 HE laser beamd| E=23}7] 74+ 9]
Azl 2 3) 159 die swell B4 Fo sl 9
sl golgt & 4 ok o] 33 whE-e Pliskin'g
of g ey, MPTe & Ade] shis mi-
croprocessord] T2 18 dAdl] AR £ ¢
Zo] £RHY FA] 28] 1.2mm FHIY TH
FE2ge AAT FAdHNA e 172 relaxed
die swell® F+& = 1t} Leblanco] o]&hd =
chamber] 9] &% abA 60-70% Eot A slA HH
gl £2dgn ) o] g PliskinHoNEs +
g gloh

2 AFo| A e] MPT capillary tubeE o] &3 Al
3 ZA-& ram rate (0.10, 0.20, 0.40, 0.80 in/min)
9} test time (5, 9.5, 8.5, 15.5min)9] 47} F+7F
(zone)©]™, running die swell#} relaxed die swell
9] 3L dA A7 B $Es RS F 7 77
(zone)?] <¢&2E9] ¢E F7A running die
swelle 233} oM, relaxed die swell& FAE
& ARA 3o relaxed F21& A o] Fho] £
U= AFoMY die swell& 38l H3lg o
ol o} o] FEHoz FHE F Utk HUIA E
E 9289 A7, Oc capillary?] H73& debd
o}
% Die swell = (E— 0)/0 x 100

Zaojgf A217 A4z 19973 79

£ 93 told $8Y £

Hydraulic Drive
(Constant Speed)

Temperature
Controlled
Piston

Temperature
Controlled
Barrel

Interchangeabl

Pressure
Sensor

Laser

Receiver

| Extrudate

Figure 1. Schematic diagram of Monsanto proces-
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Figure 2. Plot of barrel pressure vs. viscosity.
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Figure 3. Plot of shear stress vs. viscosity.
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Table 1. The Independent Variables of Materials and Process Factors

variable material name variable material name variable material name variable material name
Cl Accelerator(a) C19 Natural Rubber(b)  C37 Chloroprene Rubber  C55 Softener(a)
C2 Accelerator(b) 20 Natural Rubber(c)  C38 Buthyl Rubber C56 Softener(b)
C3 Accelerator(c) C21 Natural Rubber(d)  C39 [IR(a) C57 Vulcanizer(a)
C4 Accelerator(d) C22 Natural Rubber(e)  C40 IIR(b) C58 Vulcanizer(b)
C5 Accelerator(e) C23 SBR(a) C41 Reclaimed Rubber(b) C59 Vulcanizer(c)
Cé Accelerator(f) C24 SBR(b) C42 Activator(a) C60 Vulcanizer(d)
c1 Accelerator(g) C25 SBR(c) C43 Activator(b) C61 Vulcanizer(e)
C8 Bonding Agent(a) (26 SBR(d) C44 Activator(c) C62 Vulcanizer(f)
C9 Bonding Agent(b)  C27 SBR(e) C45 Retarder C63 Natural Rubber(f)
Cl0 Bonding Agent(c)  C28  Reclaimed Rubber(a) C46 Antidegradent(a) C64 Natural Rubber(g)
Cli Bonding Agent(d)  C29 SBR(f) C47 Antidegradent(b) C65 Reinforcing Agent
C12 Bonding Agent(e)  C30 SBR(g) C48 Antidegradent(c) C66 DBP Value
Cl13 Dusting Agent(a) C3l SBR(h) C49 Wax C67 lodine Value
Cl4 Dusting Agent(b)  C32 EPDR(a) C50 Peptizer(a) C68 Test Temp.
Cl15 Dusting Agent(c) C33 EPDR(b) C51 Peptizer(b) C69 L/D

Clé Dusting Agent(d)  C34 Polyisoprene Rubber €52 Tackifier(a) C70 Barrel Pressure
C17 Dusting Agent(e) C35 CIIR 53 Tackifier(b) C71 Shear Rate
Cl18 Natural Rubber(a)  C36 BIIR (54 Tackifier(c)
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Table 2. Parameters and Coefficients of Regression Model Equation (Running Die Swell)

parameter parameter coeff. parameter parameter coeff. parameter parameter coeff.
INTERCEP 53.189924 C3C55 0.179453 C57C68 -0.059157
C19C71 0.000172 C3C53 -0.796030 C57C62 -2.815605
C19C70 0.007115 C3C46 -4.928289 C57 3.895413
C19C68 0.001746 C3C17 -0.137436 C56C71 -0.001863
C19C67 0.001551 C39C71 -0.000081174 C56C67 -0.014468
C19C66 0.002638 C39C70 0.029159 C56C66 -0.003408
C19 -0.662732 C39C67 0.000919 C56C63 -0.009701
Cl18C71 0.000149 C39C55 -0.047325 C55C64 -0.012719
C18C70 -0.001858 C39C43 -0.023869 C54C56 -0.047061
C18C65 -0.000229 C38C71 -0.000249 C53C70 0.408949
Cl7C71 -0.000711 C38C68 -0.000369 C53C63 -0.028862
C17C68 0.009720 C37C70 -2.319995 C53C57 -0.431251
C17C66 -0.006162 C37C69 0.351353 C52C71 -0.011262
C17C56 0.140321 C37C42 0.555031 C52C68 -0.038501
C17C49 0.196603 C36C65 -0.001659 C51C70 -0.124872
C17C17 -0.021178 C35C71 -0.000214 C51C55 0.092153
C15C71 0.000876 C35C69 -0.009615 C51C53 0.080373
C15C69 -0.025942 C35C63 -0.001545 C7C27 0.060875
C11C70 1.542756 C34C71 0.000271 C71C71 0.000066012
C11C53 -6.942164 C50C64 -0.161203 C70C71 -0.003679
C10C65 0.245621 C4CT71 -0.009030 C6C67 0.110678
C34C50 1.936876 C4C56 0.731139 C6C6 -1.867117
C32C70 -0.032502 C4Cl17 -0.830606 C69C70 -0.046734
C29C71 0.000474 C49C71 -0.006975 C69 -0.639409
C29C70 0.063027 C49C53 0.426821 C68C71 0.000408
C27C63 0.001708 C48C71 -0.024524 C68C70 0.022929
C24C89 0.001725 C48C70 1.137176 C67C71 0.000144
C24C52 0.030774 C47C71 -0.003856 C66C71 -0.000310
C23C71 -0.000307 C46C71 0.003689 C66 -0.040780
C23C70 -0.017388 C45C70 1.240343 C64C67 -0.000987
C23C69 0.004988 C45C57 -8.703758 C64C65 0.001610
C23C67 -0.000637 C44C68 -0.007468 C63C71 0.000059832
C23C43 0.008532 C43C71 -0.004149 C63C69 -0.003166
C23C42 0.050128 C42C71 -0.005222 C63C66 0.001122
C23C23 0.000517 C42C65 -0.049938 C62C70 2.286552
C22C65 -0.003012 C42C56 0.236458 C62C65 -0.052954
C20C71 0.000116 C42C46 1.598783 C60C71 0.009873
C20C68 0.000965 C41C71 0.001280 C8C65 -0.103010
C20C43 ~-0.018821 C3C64 0.141873 C8C53 1.911004
Ci1C71 ~-0.008548 C58C68 0.018863 C8C48 -1.136746
C1C63 0.236486 C58C67 0.018730 C7C42 1.228382
C3C56 1.538997 C58C65 -0.094280

£ 71&22 die swelle] W3S v|w3 Fig 163 W 27132 Holn, running die swelle] 3¢ 1

Fig. 179} v}bebd vle} 7o) relaxed die swelle] 7 vl o] AHgke Helg.

< DBP &<717F &718l 82 =7H L) 7} Z4E DBP &4 717 248 carbond F+%7F AA
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Table 3. Parameters and Coefficients of Regression Model Equation (Relaxed Die Swell)

parameter parameter coeff. parameter parameter coeff. parameter parameter coeff.
INTERCEP 53.991565 C20C43 -0.012091 C45C49 33.210376
C1C56 9.958225 C20C20 0.001169 C44C65 0.012701
C1C18 1.524682 C1C65 -0.154818 C43C70 0.110823
C19C70 0.019450 C42C65 -0.013442 C43C50 6.787783
C19C69 -0.002597 C42C62 -0.821913 C43 -1.506412
C19C68 -0.001160 C42C50 -15.765712 C64C71 -0.000363
C19C58 0.069974 C3C69 -0.474486 C64C68 -0.002093
C19C55 0.045942 C3C64 -0.173063 C64C65 0.005756
C18C65 -0.003608 C3C60 -58.063277 C63C70 0.012631
C18C50 0.516865 C3Cs6 2.113974 C62C71 -0.009698
C18C18 0.001736 C3C52 -7.242966 C62C70 3.081145
C17C69 0.019004 C3C51 -1.427354 C62C69 0.352478
C17C68 0.012426 C3C24 0.390119 C62C67 0.111354
C17C66 -0.014991 C3C19 -0.051674 C62C66 -0.394743
C17C56 0.115065 C3C18 -0.138888 C62C62 3.327341
C17C17 -0.077265 C39C57 0.049657 C61C71 -0.021958
C17 1.236491 (C39C43 0.012746 C58C71 -0.020984
C15C69 -0.034955 (C38C38 -0.000494 C58C67 0.028777
C14C58 0.402155 C37C71 -0.005820 C58C65 -0.040791
Cl4C42 -0.106843 C37C70 -2.686266 C57C71 -0.018767
Cl0C71 0.039087 C37C62 -6.069235 C57C68 0.008974
C36C65 -0.001638 C37C56 0.368486 C56C71 -0.001204
C36C51 0.012748 C37C43 9.399521 C56C66 -0.005751
C35C71 -0.000401 C50C65 -0.865574 C56C58 -1.223654
C35C69 -0.013148 C50C63 -0.662194 C55C69 -0.049309
C35C53 0.008019 C50C51 12.231162 C9Ce68 0.057051
C34C63 -0.001456 C4C70 -3.510969 C9C65 -0.157832
C2C69 -1.164757 C49C63 -0.097572 C9C50 32.194116
C2C68 -0.396745 C49 -1.722176 CoC27 0.027862
C2C41 1.129268 C47C71 -0.014182 C71C71 -0.000140
C24C63 -0.010760 C47C70 1.261265 C70C71 -0.006809
C24C24 0.000935 C47C69 -0.282751 C6C70 0.683008
C23C70 -0.070802 C47C68 0.033585 C6C57 -4,527110
C23C69 0.013856 C46C71 0.006873 C6C43 2.978981
C23C42 0.042476 C46C67 -0.014178 C6C17 -0.450504
C21C65 -0.005474 C46C63 0.059052 C68C71 0.000980
C21C42 0.087693 C45C64 0.468349 C67C71 0.000291
C20C50 0515210 C45C57 -41.330864 C66C69 0.001814
C65C67 -0.001314

void volumeo] #AAEZ 19| W& relaxed die
swello] Z713H8 & 4= it} ¥bHe) running die
swell] 49 DBP F7ke] F71e ulet AA38] 7
2%E Bo|x QU

Carbon loading¥ell w& die swell®] 3} E H
H loading %9 F7i ozt ZagE wACh

#Fool A21F A45 19973 74

Running die swell®] 79 carbon loading %ke] ¥
sloll & o] & Holx] ATl relaxed die swell?]
Herx= 1% Qt&Eo| carbon loading o) o}t
stiffness7t AR 22 die swelle] 3880 #HIL
o 4 At}

Barrelt] ol A1 ] shear rate] ®3ld] W& die
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Table 4. Statistics of Residual Analysis
rheological properties standard deviation skewness kurtosis W.Normal
running die swell 1.2615 -0.0447 0.17285 0.98243
relaxed die swell 1.58236 0.12411 -0.08798 0.98276
Table 5. Experimental and Forecasting Results of Regression Model Equations
running running running relaxed relaxed relaxed
No. die swell die swell die swell die swell die swell die swell
(experimental) (forecasting) error (experimental) (forecasting) error
1 47.500 45.462 2.038 52.200 56.082 -3.882
2 45.800 44,969 0.831 49.800 50.887 -1.087
3 43.300 43.070 0.230 47.500 44.468 3.032
4 40.700 42522 -1.822 44.500 40.558 3.942
5 32.500 34.544 -2.044 38.200 38.378 -0.178
6 38.000 38.269 -0.269 45.900 44904 0.996
7 35.800 35.283 0517 40.800 42578 -1.778
8 35.600 35.191 0.409 41.600 41.112 0.488
9 20.200 21.963 -1.763 19.200 20.652 -1.452
10 22.600 25.706 -3.106 23.100 24.781 -1.681
11 33.100 29.115 3.985 31.200 34.897 -3.697
12 33.900 29.264 4.636 36.100 34.627 1.473
13 37.000 37.927 -0.927 40.400 39.568 0.832
14 25.100 24.316 0.784 25.400 25.448 -0.048
15 24.600 24.235 0.365 27.400 25.432 1.968
16 23.700 24.316 -0.616 26.100 25.448 0.652
17 17.100 15.994 1.106 23.300 21.663 1.637
ot Forecasting Results 0 w//l/ T
-Item Slection(Material, Process Condition)
(| -Input of Condition Value .
Output 28
-Forecasting for Physical Properties ®
Trend Analysis ;; 2
Input @
-Item Slection(Material, Process Condition) a
-Input of Condition Value 2
1 -Selection of Analysis Item & Range
Initial | | Die (2hems) 160
Screen | | Swell | | [Oupe T 92 120

-3D Plotting for Physical Properties
-Surface Analysis for Physical Properties

i

Result Analysis
Input
-Item Slection(Material, Process Condition)
-Input of Condition Value
-Selection of Analysis Item & Range
@ltems)
-Forecasting Max. & Min Value for Physi-
cal Properties

Figure 15. Schematic diagram of simulation system.
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Figure 16. Plot of running die swell vs. DBP and io-
dine No. (carbon).
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Figure 17. Plot of relaxed die swell vs. DBP and io-
dine No. (carbon).
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Figure 18. Plot of die swell vs. carbon loading by
using model Eq.
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Figure 19. Plot of die swell vs. shear rate by using
model Eq.
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Figure 20. Plot of die swell vs. temperature by using
model Eq.
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