JAIST Repository

https://dspace.jaist.ac.jp/

iUy UUg o

Title ddoddoooooooooo

Author(s) oo, 00

Citation

Issue Date 2015-09

Type Thesis or Dissertation

Text version

ETD

19/ 12969

URL http://hdl . handle.net/ 101
Rights

L Supervisor: goooag, ooooooo
Description

: HEN

(1ooodd

AIST

JAPAN
ADVANCED INSTITUTE OF
SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



47

TF VL —T T T7)F T
VR BILFEEEROELZEM & AN
EVTENZ RS9 29T

ISR

AR R R R

Rk 2 749 H



\

il

/

hn Bz i
ARSI DR

R R Bax
%W%%ﬂ?&ﬁki%k%

MR - W
itﬁﬁ%iﬁ‘ﬁ%ﬂr?&ﬁfkiﬁﬁfki

BT RO MR
ACHEACHR P i

M B B
BEBURNT K TR R



ABSTRACT

Fluoropolymers are categorized in one of the oldest high-performance materials, and
the history dates back to discovery of polytetrafluoroethylene (PTFE) in 1938. Although
their commercial market is smaller than typical commercial polyolefin resins such as
polyethylene and polypropylene, fluoropolymers are becoming more and more important
materials industrially because of their unique properties.

In this study, ethylene-tetrafluoroethylene copolymer (ETFE), an industrially important
material, is focused to elucidate the basic properties and obtain the basic knowledge
about melt processing through the analysis of rheological properties.

In Chapter 1, the historical background of the research on ETFE through the literature
review and the problems left unfinished are mentioned.

In Chapter 2, the oscillatory shear modulus in the molten state is evaluated carefully
considering the rheological change during the measurement at high temperature for ETFE.
The results provide the information on the molecular weight distribution as well as the
degradation behavior, which is affected by the environmental condition, i.e., the existence
of oxygen. Even under a nitrogen atmosphere, ETFE is thermally unstable in the molten
state; ETFE shows random chain scission reaction without crosslinking. The steady-state
shear compliance J.2, which depends on the molecular weight distribution greatly, is not
changed during the chain scission. It suggests that the chain scission occurs with keeping
the molecular weight distribution. Considering the classical theory on the random scission
reaction, the experimental result indicates that M,/M, of the initial ETFE sample, prior to
the exposure to thermal history, is closed to 2. In contrast, under air condition, ETFE
shows crosslinking reaction even in a cone-and-plate rheometer. The degree of
crosslinking is quantitatively estimated by the plateau modulus G’paeas in the low
frequency region. The result suggests that the crosslinking occurs as a first order reaction.

In Chapter 3, Flow instability of ETFE at the capillary extrusion is evaluated. It is found
that ETFE shows several types of flow instabilities. In relatively low shear rate region, the
shark-skin failure appears beyond the critical shear stress 7.9 x 10" Pa, which usually
decides the maximum production speed at extrusion. Furthermore, the slip-stick failure
occurs at 1.8 x 10° Pa and wavy melt fracture, originated from the flow instability at die
entrance, appears over 3.5 x 10° Pa. It is interesting to note that quasi-stable flow region,
so-called super-extrusion, is detected between slip-stick and wavy melt fracture regions.
Since the surface of the extruded strand is smooth enough without volumetric distortion,
ETFE can be processed at a high out-put rate condition by the steady slippage. The slip

velocity is characterized by the Mooney method. The critical shear stress of the slippage
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on the wall is found to be 1.8 x 10° Pa, which corresponds to the onset stress of the

slip-stick failure.

Key Word : rheolgy, ETFE, polydispersity, flow instabilities, critical shear stress
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1. 1 f#5
7 v FIE IS A S d O R RERBTIE O EEIC S E 4, £ DL 1938 £ D
RNUT R 70FuxF Ly (PTFE) ORRICETINDIED, EDOHED
7 o FEBIEMEHEM OMERIZ X 0 | 2012 AEBIETIX, M 216 T R D7
VEBEDRFE SN TSI, AVZF LR e Lok Hk
PHRY ALV 7 ¢ VR & T EEOLERIT NS NB DD, 7 v FHK
B IXZ OB H DB IS, TEMICHLRZMICLBEERMETHD 2
EIXREVR, T o BRIEO R T Z ORI SH D E & L CiE, Bk
FHVREN, KFERICRER SN D2 ERAORE, KoL —FKmbko
FEBEME, IFRESCHIRENE T 5D, IO OREELENL, Ty
FIRIL, BT - ERBERE, FICEREES. 7T e AEROE
e B0, S OITIIBRBEM 2 EICHWLA TV S[2,3],
TRITINFARZFLUDRERY v —Th D PTFE 1E, 1950 i
DuPont #7225 “Teflon” &9 a4 CL¥EL Sz, PTFE X, BIEM S
NTDLWDRDLEPECKT L THRETH D & &b, EFITEmWMEFER
Mt ARFR = L ¥ —F i R Z R =— s R v —Th 5,
—7Ji. PTFEIE321CL W) mW il mz R L, Ll BTk, Rk e L
THSLEIN, BF, MOTEWATREREGETDHI LD, ZORERREE
IR ICEVMEZ RTZ EBRMBNTWD[4], Fhvlk, — M7 AR T
TavAEWHAT LT ENTET ., ZOMIBHERREPMHELE STV,
Z® PTFE ORI I EOH R A BRI FEOILESEBRE I LT

5 T T 7Nt xxTF Ly (TFE) —~FH 74 mrm L (HFP)



HEAESK (FEP), TFE—/X—7 4 n 7o =/,L=—7 /)L (PPVE) It
HAMW (PFA), 585y 7 v LR & LT, TFE-=F LV LEHAR (ETFE) ,
7 oAb = VEEER (PVF) X7 v =1 7 U ALEEGIK (PVDF) 72 87
BIRAELE LCBIREN D, SHITIE, BIREEEZEAT S LITL D
pafE 2 R SR WIERMERBIIE R A STz, G OBIRIL, —MRIZILE
BE /) = ORETEASI NI AIZ LY . PTFE O ENLAE
EUAUNTAE & 2O RED, TR DIE, ALFET e AAREED S 7R
ZOMOEN, v—T A =27 MZEHEH O Hookup EHECT LI LT
— TN KR —T N 7Ty Nr—T NV E L N BRSO — T L
P72 EIES VBTV D

ZOHT, ETFE 1%, 7 v FERHEO T T b RHTL AR RIGTE & Hisom i
DIRT U AEN, o, EMLO =T 4 r R <w—L /S0,
EBITIE. 2L 07 v BB/ T-SHEINNC X 2 Fgm 2R3 @ ov
F— B HBRALER I 35U T O SRR S & TR DA & 7R T, 2 DRGSR
TVFRHEDE LW BENATRETH Y | FRICERARICE VT, B Lt
REZ /R 2 ENHMBILTWS[S],

o, BORRBEEA AT 2EHIEM & L THHERRERZ L2 D,
BiE e E OBREMEIE LT, £, BEAE=— T ADREEHY—
FEFE LT L TWDZ ERHBITWND

AT, 2O XD RITEMICEE R ETFE MPEHIAER L, EiICL A
1 P — R E DM 2238 LT & OSSR ORI M ORI W2 B9 2
WERRIMA 2G5 2 L2 AN E T2, SOIIHELNIMELLY, ETFE #
EHZBIT 2 BHEI . o0 I LEAgT ORI & D | 2 D PEZE B~ 7
DEBRMAZ LT Z L P RENRBIETH 5,



FT. F1EICBWT ETFE (BT 2T RS ICOVWTIHE, LE2—
ZiE L C, ETFE (BT 280 R 2 BB L | RS 7o Fx ORE Ol
21T 5, KITH 2 FEITBWT ETFE O LA 1 P — ORI 22 E M
FHH LU, NEET AR T RERRRE TIZRT 5 ETFE O LA 1 U —k;
YEDEL T, T ORFEN S ETFE OO, 2848 &\ o 7L B E D 2
BT IR OFREREZHRET 5, EOITHE< 3 T|ICH VT, HRbAR
o 1FETH DI ER 2 BEIREFMEICET 20828 L T,
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1. 2 7 vHZEEE

y FBRIT =y FRTHRERRT M THLI2bBb LT, <
EREE R, Z DD Wb HNA T 7 I HEHA I >2H 5,
WA, BTN D 7 v BRMEHZOWTH LW ESREM B O AR & Z D
JRFIZOWTE LWESR L O, TR OREMEHZ DWW T, 2 284
TIE &, BEDTHDTND LN Z 5[2],

7 v RIRMEHL, TOEENRDFEMEA AL, FRe R HEICEM S
TW5, FRZZENDOMEHT, @WEVZEMECFIARTEMENE, (RE T
RARBEEARE, BK - BElE, KRR X —RE R EORFMEL T, &6
(2. ENBITIMA, Fa O T HMPEEZ RS Z EnMmbh TN D

i, 7 o FEMEHT, xR ARICHO LTS - BRh, i, A
WA, ZALIR. mtERE T A HERRERE RS, ATATHE. PRk
o2 L 2IG b= > TV 5,

2L, 2600 1%, W TEMTERV, 8E, SiRT
IRNEEERE L2V EORHEND 2 6 O TIEEE S E TRV,
MEta 2 @AW &b IMLHFO#EAHET 2 EERTHLH o7,

i, TELE 7 v BAEHCR LT, R - TR O 5 Bk
DIRERV T TN D, FHTEFEIL, &0 T 7 v R P2 PLICREEL
DOBhY ., T vFEREDTORENE L\, Figure 1-1 2 2012 Fi2B1F 5
7 v B O MR TSI HOWTIRT, PTRE 2381 6 2 59Tk | XV 4
E & BRIV o IR T TV B[,
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PFA, 5.5 PVF, 4.7

others, 18.8

ETFE, 7.1

FEP, 19.1

PVDF, 35.5

PTFE,
125.7

unit : thousand metric ton

Figure 1-1 World consumption of fluoropolymers in 2012
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PTFE i, T F I 7AF 0T LU DIV HNLNERICE > THLND5E
BT v FEINTZAR Y ~—"T, Bl 327°COEFROFRRESE &5y
TToH D, L 2130~2190kg/m*® DHEPFHDE A & 5, ihER 2.1 LHEEIE
PRITR < L IRWEEE DA X ORI B W TZE TH D, MR LIZ
2B M, PTFE 1%, BIEA LN TWVD N2 HEEIZX L TRETH D &

(. FEFIC R A AR = kL — K, BV AR
A== RR I~ —Tdh b,

—J7. BIR D X 5 TRl R LA L T OB 35D TRy MEZ R T 2 &8
BTV DH[2,4], Figure 1-3 [ZHUAIAY 72 PTFE OERUKEE . KON, FEFIKE
WETRT, ZOXIZREOERKE D= OIZ, —RIZREMINT 7 2t X
FEATLZENTET MIRT VA, Vo2 ) o7 7ak 2L
RERAT, 7y ZROBGEZERO L, SIHIITPHI D I LFEIZ LY
WIESE KT DA, =4 /=L, 77 HEOHREEBIC PTFE R
_— A MRIZOBESE, T zii®) - B+ 5 ~—X Ml k5%
U MR ERBEH SN TWAD, T ORIE LTI, AEMR R
[RADDD Z LD, TOMIBHER B BUAEE STV,

FEP |X TFE & HFP OILEGIK TH L ESIRE DT+ CTh D, HbfmalfiE
JEEIL 265°CTH v . BEEIT 2150kg/m® T 5, FEP I1Z. o= =7
YT TTAF w7 L0 BIRMENMRN—TF, SIEREMENEG . 2,
M7 U —7MICEN D IR &0\ T ZAF v 7 Th b, FEP [TRIAW
TS pEUm SR BRI IR W R R T L PR ANIEE R R Y ~—Th 5,

PFA [T LT LU < T2EAL ST EIE ATREDY 7 » MR IC 0 S
%, & OREIT 305°C T, % 1% 2130~2160kg/m® D #ilH & =3, PFA |% FEP

ROPTFE & K <P E Z /"9 25 i TFEP LV & LW R %2 7”7,
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M SRPETIEIE PTRE IZHEF 2, JT4E, TRFE/HFP/PAVE O 3 SRR Y ~—
N TELEINT, ZIHIX FEP & PFA O J1Z Rt 2 G o - % R~ 7,

PVDF I%, BRERY ~—DE, @l 172°C O iR VR Tis@l S &
HIENTEDLT7 vHEMIETHD, PYDF OFIL, 7 vHFEMRETH Y 72
MWD, WIEIZAETHH Z L, SHITERI AFAAZ 7Y L— LtlE

(PMMA) EHHEEZR L, 2> PMMA EARY~—T7 L > K952 LT
Lo BRI E L BERICB W TR E < R’ Lz, £72. Kawai
HOFERIZIY PVDF O — O ESKIIEEBE LTS &08MbNTE
D, BV FEFFEISHINTWS[31],

PVF (%, DuPont #£iC & » TRAZE ML S N7 v EBIED 5 HDO—>T
Y. 2 WL T 4 VL E LTH HIEIRVCHARIZEH] S TS, KRR
855 e e B A SO 2+ HE I B N EERA SR I TV B LTV 5 [32]

REM 727 v TR O — s =% Figure 1-2 IZ7R L7z,

i AR IR
PTFE _‘ C_C ‘_ ETFE _‘ c-C -| c_c ‘_
S m | [ | e
F F F F H H
||: ||: F F
,,l |\.y H F
PFA _‘ o H S ‘_ PVDF R
| [Am] | —\ c-C -
F F F OC.F, S~
H F
FrF FF H F
FEP (it iy PVF A1y
6 - _LC_C B
S| dm] [ ] [
F F F CF, i o

Figure 1-2 Chemical structure of fluoropolymers
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Table 1-1

Physical properties of fluoropolymers

AESE
"A By | ASTN’l ETFE | PVdF FEP PTFE
HE - D792 1.74 1.77 2.16 2.1
SlIETRE | MPa D638 48 55 20 22
FIRO % D638 430 250 280 380
S8R MESR | MPa D638 800 970 350 400
il C - 260 180 290 327
M A P - D543 © O © ©
FHER (23°C,1MHz) D150 2.6 6.4 2.1 2.1
(Zijﬂfélfﬁz) D150 0.005 0.16 | 0.0007 | 0.0001>
fﬁgﬁﬁ i\r:]/:]' D149 12 9 12 9
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Figure 1-3 Experimental dependence of the melt viscosity n (O) and the

relaxation time T, (@)( Tobolsky) on the temperature and predicted by the WLF

equation(full line) in ref.[4]

1. 3 =FLr—F o770t nxzF L ogEEAKR (ETFE)

ETFE X, TFE L =F LV EORXAKELKRT, 7 v RBHIEOH THFF
(AL FRIANTEME & BEIREE DN T o XL, 2D, BLEDSMhO/S—7 )1
FrR)~v—k/ha<, EE, <07 v EBENR R LA RVET
FOLF —EHRIC X B IO LS B A X 8 E A L,
FRIZEMRHIEBICB W T, BN LR EZ R T 2 EDHM LTV A]E],
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1. 3. 1 ETFE OXEEwMHE

ETFE (3 daEBIE D —>TH ¥ | FEdHEEICHR T 2l T & IR
SEI DI RS 2 1 T RS Ty 23, Arai HIZLUE, ETFE
OREIX, ETFE FE3RIC{KTFE L, ETFE=50/50 (/L) DOGE, Az
&V ZEORFIZ280CETRT[6], Tm & TglLETFE OO 70 53
ETFE @#EHOENpHE, HAZALEAEOTBREITEKAFL THY, #HE
PN SE R HILE S L7z ETFE X, Tp=293-295C, T@=143CERd 2 &%
T~ LTz,

—J, ETFE lZ=F Lo —7 I 7FuF Lo 2 oI tEAHAM T
%, FERBYC N 7 T v 7 THER T4 Tid/e <, TOHBDOTZDH 3 st
J~—%Eite 3 nEAGRE T D2 L CRBEDSBINICKE T 5 Z & 23m
STV D[T], Funaki HiX, 8 3 liorE / v — DG L IEARIZ L - T,
AR KON T A RME T 752 2R LT, H3E /v —DOMHE, F
(RO R S B & AEBEENICE D IAE N D DIk L, IRV &

EEEE ICE D IAEN RN E WD Z & ERLZ[8],
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ETFE Copolymer
400

300 |

Temperature /°C
)
o

-1 00 / . 50 67 mol%
-200 ~ 1 s 1 2 1 2 1

0 20 40 60 80 100
TFE content / mol%

Figure 1-4 TFE content dependence of T, and T4 for ETFE alternative

copolymers in ref.[6]
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200 ET-C4F9

100

Temperature/°C

ET-C4F9 -

=100

Content of Third Monomer /mol%

Figure 1-5 Dependence of melting and phase transition temperatures on the third
monomer content for ETFE terpolymers in ref.[8]; ET-C4Fo: CH,=CH-C4Fg

ET-CFs: CH,=CH-CF3
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Figure 1-7 Schematic illustration of stacked lamellae of ETFE copolymers
including the third monomer content. In the case of ET-CF3, the CF3 groups are
included in the crystal lattice. The long side chains (-C4Fg) are excluded from the

crystal lattice in ref. [8].

1. 3. 2 ETFE OOFERODFEIIAMMNT & € OFRE

ETFE 13U &3 2RI v BBIRIE, ROFEDOZEICLY
AR L TIRIE E A ERIETH D, ZDT2H GPC e E Dy &
HECBET 2 BT Al T 9. ThE Thbmifsheplidiavy, £
OH T, Chu 5%, L —% —ytHkELik(Laser Light Scattering: LLS) % fv .
Poly(1,4-phenylenetereptahlamide)<>, Polyethylene % & e < DD KR Y =

—IZBWT, T8 - B O 272 72 [9], LLS 1%, 10 A
JARB—=LNHI 70 ETORENIA T Iy 7L PaRLTED,
BB OEONGEZ B2 Z &< | EEDZ Ay T &M
L T polydispersion D[FEENFIRETH 5, FFIZ, LLS 1 200CLL & o7
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i CO R TR ORI Th 5,

ZOFIEIZ, WnIe b —IRIREEC K L CRIETH D Z E D, ik
FEMT IS CE 2o T mtE 2 B9 5 F 07 v RBARITK LT, FEIZ ETFE
OFRMEFEMICA R TH D & B Z B, FHAENT O 7 O MBI T 12
Bat&hTnd, Chu B, 20CH VA Y TF AT V_— 2B 5
ETFE O il G GELIRINE 208 L T RfATAH BE BN E 2> & ETFE 43 784041
ZRE LT,

—J5. Tuminello &3, HRDKHMERIER RO o FEOMZEE HT
FENTE T V2 S L, PTFE, FEP <° ETFE 72 & OB ARV F 713 8EA 72
7 v FBEICHE M L72[10-12), S FESmE T AR Y v —id, BHOoBaR Y
~—DHEART, K2 OHSHRY ~—13ZNE NI RTHFERIRRICS U
ToRRFEIIEEL o (IZBWTRRFNT D & L, & BITHEF L7253 F I3 SR IE B
CHEETHRDROLERST D LET D LICED, UTFToXEEE
L7,

W, =/G'(a)/ Gy (1-1)

u

22T, wild, S FEMEULTOSFEMNT DR MERE. G (w)l 3%
FOJEE 2L i \ 231 28 AWITROEMESR | G I IR CTH D, W, 135
ML TWRWSFEHOEESRTHDLH, 20X, oFEM, & ABREK o
& DFNZIR ORI NLT D & LTz,

1

;TKMW“ (1-2)

H(1-1) K (L2 FEDN T, R G (0)/Gy & VT, 43 &5 i
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Z1RT,

Tuminello & 134% 5 OMFHES & Chu HIC X 5 EBRELIEIC X 2 Bt 3
EERH L, RO RISV T, BERATANAEL TSI L
2N LT,

Chen & 1%, Tuminello 28 LLS DFfERZ S L2 FEAZ S L OTZDITx L,
Rouse FEFNRFHIET L EZRAWD Z LIk Y, LA O—EMHREO LD
EAZEMIC TR, ROV FE0M 28 & 12T FELRE LE13], €O
o WO OBE Lizhilo ETFE TiE, Mw/M=103 TH 2 Z L xR LT,
Chen &3 Z MD#EVM T ETFE OREEIC X 28, FRIC, e L T2t
INFETR D Z LT K D RGESAFITEVICHR T2 S HEE L TV D,

Table.1-2 Summary of weight-averaged molecular weight and molecular
weight distribution obtained by LLS method and rheological method

LLS data rheological data
sample My x10° Mw/My MwX10° Mwy/Mx
PETFE-1 54 14 5.3 2.9
PETFE-2 9.0 14 9.1 2.6
PETFE-3 12 1.4 12 2.7
PETFE-4 32 2.0 110 11
PETFE-1F (filtered) 4.9 2.7

PLEIZE D | R BR80T v FBIRIC OV TR, KR L
L CE O EEBER LM BT ICINEED M 5 2 & FrichP Btz 5 BT
HEFICEHERHRFHETF LB ONL0FESMIONTILS 7R 5 M)
VETHLZLITHATH D,
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1. 4 ETFE ORI

ETFE Z 13 U &3 DIEMIE rTBE72 7 » SBHHIRIL. 2 OTHEME L
pa e, EERPEOIREE R R E e EORHE L A LT H@BICE SN D, 2o
KO T7 vEBIBORLREHABE LT, EHREEBSCT 4L - — |
mENETF LD,

1. 4. 1 TEREERE

B AE Tld, N Y ~ — 2 iRk iE Tl T B2 2 L1ic kv,
HBEUVA Y7 =7 MIHEHRE 2R T2 b0 THD, Th b
MR DO DML ANZONTIE, REL QT TEIFEHE F 2 —7
WD 2 SDOGKPEAET D, AIE TlE, —MRKIZERILY A O THE
REBICE 2L, 1 kg & & biIciiitian g, ZoHElT. #1/ohT
i« R CEM & BB L 3T D Z L h | W OIS E RS )
DHEAPIFRETE D, —T5, B 1 KGR EHROMRIE T — 7 e a2l
Rz —7 Vb FEOERIBIIEZ O CHlE - BT 2 Z &N TX 5,

DA, PR L NEERE L 1XZ L S DMVEENRN LT, W
WEBR ORI ) SIEE T 2B E TE 5720 L, N ORERERRSC
Wi 7 4 VAT RET DLERD D, ZO%AIE, Figure 1-9(b)IZ T X 9
BRF2—TWEHZMND, ZO%E. ZA OIMUTIAR S vz i is
22— (meltcone) IZX > CHFEIND,
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motor
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Figure 1-8 Schematic illustration of production line for wire coating in ref.[14]
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Figure 1-9 Sketch of wire coating dies: (a) Pressure tooling die and (b)

Tube-tooling die in ref.[15]

ERBORIGEE L, ZOEEEICERS L TBY . BEZOEELN
BEtEh T, IRBERY =F L (LDPE) M¥ID TEMLEI & LT
AWbi/e 1950 FICIFBEICREFRAL & WV o T Bl R L EBR A ME S
7o, HAZ2BMmAE 7 o' 2Tk, 1950 4TI 300m/min &\ b
% high-speed” ik JZ & FF-A TV 28, 1970 AARI21E 3000m/min L ~L D &

W R EH SN, ZO UL OIHRRIEIC AR % & FEERAY R EEEIE
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DINEEZ 72 . AIREZRE (FEM) IZ XD MEET N Z < Bt hd L9
(272 oz, ZOFREE., MEETET VICI 2T b EETIIH 208, BIED
elasticity ROJEAEMEE BB T H 2 EBAMELHREINTND,

1. 4. 2 Z40h-— M

T AN e = NI T, AU~ — AL NEERIREETAY v E XA
PO L mAr — L TEEIRY 2 6 mAIEET 5, £ O TFE% Figure
1-10 ISR Lz, A4 O A Ea —v & ORfilR E T ok
L 25l &% & LEEEE, 721X, =7 —F ¥ v 7 LIRS, BRI 3 &SR
BIE O O 2 — i Fe—t & RS, Fe— s 1 DL EICKE <
5T LT, WRMRIED 7 4 Vv M E 4L, BlEE L ESND, XA &
TEEBOEMA Y ~—7 4 )V A%, JBHRIFMEEG MO ;T TER L, §
WZEA I ERICR Yy 7 A W) RBRETREZBZ T2 ERMbNRT
W5, EDRE, 7 4L LEESIE Bead & FHEL 5 IR A DRV S AT 5
—EHINZIE, XA DUy TEHOBEN 1 mm A — & —|ZFE &4, 25~100
pumDELDT 4 )V INETH & L IN5H[16],

TANL = BT DTO0F A, T XA, a— b ii—%
ALV EFEHOZA BN, &BILHBICHWS NS 22— hay
H—Z A OWNER AR S O IX %2 Figure 1-11 1273, _EEROMBARE A D
M HIEAN SRR L MANIFOLD & MR 2 8505 [~ AR & JA U 5 7=
D3 E2 N LT, A Y v TR —ICBIE R IREN T2 X 5 72 H%iE
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Figurel-10 Schematic illustration of the film casting process in ref.[15]
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Figure 1-11 Flow channel in the typical coat-hanger die for sheet production in

ref.[15]
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1. 5. 1 Meltfracture
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fracture” & 5%,
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(ZH o TIHR I, 1945 FITHD THRE SN2 [17], AR AWREE TH
L L7256 TR E 2 R 2 s G o n o 8, EABERE % L
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Figure 1-12 Schematic drawing of the capillary rheometer used by Nason in

ref.[17]
Melt fracture &\ 9 SH4 ¥ CTHW = DX Tordella Th - 72[18], 1%
IX PTFE O HHRIZEDHIFED T, R EIEY 23 E B 72 4T H IR %

TR 2 Bl % AT Fracture (BEE) “L WH BSETRIL 2L D ThH T2,

1. 5. 2 A7 Flow curve & RZEEFEIOFE

Melt fracture DWFZEITVNANARMFIEE T L - TEED 6 1172 [35-49],
Kalika & Denn 1%, IREERY =F L A LT, ERMEIRICI T HBE
fCo Slip MO OZETEAZ BT 2 MR 98 21T - 72 [19], 15 & DA
AL NE, REERY =F Lo, BREAWEHES, ZERE,
Shark-skin K ffa, Slip-stick Kffa, & 121X Wavy melt fracture K[ & i Bhik

ADMER LTS = & &R L7-, Hatzikiriakos 5%, &&EERY =F L
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Figure 1-11  Flow curve of typical HDPE in ref.[15]

(HDPE) DFEEIMINZEI T HHHIE L2 FHEMICATV, BE D 4 SO
Z. & BIT Super-extrusion &9 H 5 OMEEROFEMELE R LIE Lz
[20-22],

%z DRERERDOREEA I =X DZHONTHEE L OIFZER 2 STV
%, Vinogradov & 1%, PRI Z W2 AT CO MBI O /I fRAL & BT
VA A—=Z—TOREBR L O A®E L T, MBI RLEBGEOREAT
S AL EFEICE L LT2[23], D OMRFHI LD L, BEOANSCHAHE
U T 2 @ ABHRENR OSSR P NRE R ZEBR 25 S Z LT
L2 L, BTG EZRADLR Y v — 0N R S LTRSS Ko 1czed
Z & T, Slip-stick RXHEA 72 Slip Z51 FHZF 2 & S DITEE AWK
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Figure 1-12 Visualization results of the streamline in the duct-flow observed

by circular-polarized light: (a) stable flow condition and (b) wavy melt fracture

condition in ref [23]
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Piau &%, BE OEEmR OMR & IREN R L EBLG: & OBtk Z i L7-[24],
WL, SBREEmN DR D EE & PTFE THE LBEm I D 72 5 B 2 UE
i L. ZTOREOEERENCI T D RLERBZE) 2 55 TE L TV 2,
WHIcE DL, BEHZ PTFE THET L2 LICLY | K= ¥ —KiE%
BT 5 2 LN TE | & OREREEMm TOERER 72iE v 44 U S, Slip-stick
K Ffa<° Wavy melt fracture Kz il 95 Z LN TEHEHMELTCWD, F
o, o iERETANLF—NEVeRREOEE T, OREHEDOEN
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IX Hatzikiriakos © O FEEE R 2 EIZET b E D, T ORRZE(L
72 & Slip-stick JX b B G DO HAEARMT % 1t 6D 7= [36].

a

Stable core

oo 4;,;,;;‘};\(&”\«%/ |

layer
Figure 1-13 Macroscopic representation of surface distortions induced through

a rapid-stretching and cohesive failure of a surface layer in ref. [25]
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ICE > THRBSE LR, Figure 1-13 1R X 9 728 O IEM J O il
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ZOEELE. F D, Gogos HIZ Lo TH A AT = WZBEE AT 72 MiE o
HC, EERIICHESS L7-, Cogswell 5, J&@LHMED Shark-skin K[ D%
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Figure 1-14 A visual representation of the formation of surface

distortions resulting from Slip-stick mechanism in ref. [16]
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EHNTND Z LR AT =X LRAZ A TND, 2D £ < ORE
R Y~ NI T 2 ARNLETRE OB ITHER O Z T T, LL,
Melt fracture IV DO L 72 SO EAHSR TH H 2 L I1TFEH
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HAnbi, MEZ Y %5 HaIITBEELR 6N D,

Figure 1-15 (TR L7z K 912, FAIZEE L, & 5 A7 2775 iEREh
DOFEOE EATICHE u, /1 F CAXTETERSEL/REEZZXH, 20
X9 BRI AR EBI OB A T, oo, R U ~— L BEL OMIC Slip 23
Ul WGho8g6, EETABEE IR TRDbIND,

Ax ut
y(t)= T (1-3)
7= (1-4)

Figure 1-15 Schematic drawing of simple shear flow

R ~—wERIZIZ S D55, HF=a— o MadrRd, Zhux, IFo
AN TEDLEIND==2— b rOEANZIEDRRNE WS ZEEZERL TS

oc=ny (1-5)
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FIEONE TH 5 I IE-CH L, 1010 s™ 8 A WHg ¢
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Figure 1-16 Relationship between deformation rate range and measurement

range of rheometers (www.marvelin.com)
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1. 6. 1 [EEMLARA—F—

R AVWRE R T O LA v O — R EORIE L, cone-plate BV M
parallel-plate A4 A —4% —D L 9 2[R LA A — & —N @ EH S b,
[EIFRRY L A A — & — T 2 DO PEREAR 2 oS Sk 1124 5 & O (SRR E
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PRIERBPERFE 2 E T D720 D o & bRIA AN BTV D EERTF
BEE LT, MUNERAREI AR H 5, ZOFEBRTIE, BLTOXTE
DINDELBEOTHBEZ BN D,

y(t)= 7, sin(at) (1-6)

I T, Y lHIREE. olXEEE RS, ISR OB E L THIE
ENb, AW INE, BIEFELARVIGERKKRE LTRSS,

a(t) = o, sin(at + ) (1-7)

Z T oo (TGS ). SIIALFRZED D VW ITHKRY 22 R A 2 IR T 5,
Z O, BFREIERG (w). BREIERG (0)E VD Z EUTO L) IS

HEIHAOND,

a(t) = y,[G'(w)sin(et) + G"(w)cos(at )] (1-8)

NG 200NRT A —H — I ROEBRLIV RO L ZLENTE D,
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Gy =0017, (1-9)
G'=G,co09 (1-10)
G"'=G,siw (1-11)

ZORER, ERFEERE G*(o)iTROAXKDIND,

G*(0)=G'(0)+iG"(w) (1-12)

FEEIZOWTHRBRICUL T OB Y R D,

n*(@)=n'(w)-in"() (1-13)

1. 6. 2 FBELAIA—Z—
ROESHNLNTVEIDIEL A A—F—IZEBEFE LA A =X =B D,
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B L& HEEMED = 2 — N iR OSEA, BEE TO®AWISS o,

FROXTEHRETE %,
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32Q
Yw= 5% (1-15)
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Figure 1-17 Pressure profile in a capillary rheometer
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EDRFNBATWD [12), Zivi, WRIRIED ETFE O L A4 1 ¥ — KO |
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2. 2. 1 #=E
ABFFICHANZRY v~ — 3R CHATRECH D, =FLv, 7T
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Figure 2-1 Frequency dependence of (a) shear storage modulus G’ and (b) loss
modulus G for ETFE at 300 °C under a nitrogen atmosphere. The measurements
were performed from 314 s™ to 0.132 s, and then increases from 0.132 s™ to 314
s, which was applied to the same sample for 10 cycles.
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Figure 2-2 Residence time dependence of the normalized weight-average

molecular weight M,(t)/ My(0), calculated from the results in Figure 2-1.
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Figure 2-3 Residence time dependence of the steady-state shear compliance

J?, calculated from the results in Figure 2-1.
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Figure.2-5 Frequency dependence of (a) shear storage modulus G’ and (b) loss
modulus G for ETFE at 300 °C in air condition. The measurements were
performed from 314 s™ t0 0.132 s, and then increases from 0.132 s™ to 314 s,

which was applied to the same sample for 5 cycles.
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Figure 2-5 Residence time dependence of the plateau modulus in the low

frequency region G’ plareau €Vvaluated from Figure 2-4.
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Figure 2-6  Degradation mechanism during the thermal treatment of ETFE at

300 °C
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Figure 2-7 Infrared absorption spectra for (a) ETFE annealed in air at 300°C 2hrs
(b) ETFE annealed under nitrogen at 300°C 2hrs and (c) untreated ETFE
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Figure 2-8 Infrared absorption spectra in the fingerprint region for ETFES
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Figure 2-9  Master curves of the frequency dependence of the oscillatory shear
moduli such as storage modulus G "and loss modulus G at 300 °C.
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EEMHICBT 2 AR RERENI A 2 D435 ; Shark-skin Kz & LT
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ZA DI IT D AWS ) D3R VWIS ) B2 T2 A AT D
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(2, HEREICI T D B LZEE D E OMELORBI RN Z E VI E LY 5 2
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20H5HZ ENMLNTVWD[2-46], —2IE, A HOEKORIEYEH
(2N % B RETEAC L 2 REEEEBEE, b 9 — D3RRI 72 LA
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No 1ZARY =— 1KY DE ) ~—H, Cy (FIRBEBERIZWE L TV DR
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HZ N MeWREZRRY ~v—1T E L0 RN WIS /)T Shark-skin &
famBEAETHZ E2WME Lz, S6ITIE, THRTEDB 2 FIZHESIWT-H
FICEEDE . DT ESMPRNTE X VRV KIS TRB R Z ENE %
AT ZEBHLNIL TN,

ST EMOFELSNE S . ANZERBMEIL, S F S ERMLIA 2 IR
MTHZLTHSZENTED, Ik =) Tkt T7Lr4nrn
ELUHESEDO L S W oo 7 v EIEE N LAl E L THW,
Shark-skin KIaDREAEZMETHZ ENTE DL ENMHNTWA[3], FF
IZ LLDPE (Zxf L CTHEH ITHEEIC Z oMbl TV 5[22], 2D D
IFENE, & A B CTOEF R Slip fLEhis L - THIHEA DK T, b
R Y ~—DF A BER COEAMISHDIE T 2FH L, ZORE, m -
REFHSMFTE Shark-skin K 234 ST BIEE Z ATREIC T
LHDTHD,

7y FHEZ OB ONMHIEFEICL VLS 5Hab ., TOLEER
ELA~DRBD I, 7 v HFEBEE DL ODOFERLEMEIC DN TITIER
CRERRBE L2 D[28], L LR b, R A LT ¢ UELIET D &
7w FZRBNRICEE T D Z OHAN 3 B O WARIZEBBIIC D 720, Hatzikiriakos
5 1% . poly(tetrafluoroethylene-co-perfluoroalkylvinylether)  (PFA) <°

poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP) & \o 7 /N— 7 )L A
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MEEDHENTETDHI L, TORR, mE - REMHAREL 252 L
G LT, HHICEE, EAR R I HOTORY ~—ii
IZBIT DM OLEICHF G T H 2 & CREERBIREIZ Ml 528 %
Y[16-17], £7o. FEAEORIEA nanoclay THREHT S5 Z & b ST
V5 [20],

5 OFRME T & 5 Rosenbaoum (% FEP O BFRENZ BT 5 REEHSIC
DWTFELLSHISE L7 [10] . fBIC L4uiE. FEP O34, “Super-extrusion”
&I % HEZZ TEfEIEAY . Slip-stick K Ffa & & B9~ 5 fHiE & Wavy melt
fracture Kffa% F47 2k & ORICAHFTEST 2 2 L2 #E L T5, Chen
Hlx, N=7 A alEersy 7 v RE. KOR Y =F L oDk
LT, 7y HEBEOEERICB T D7 v REEOEEIZHOVWTHAE LT
[11]. DX, =7 AR Y v —BEWEAWET1TE 2 b AL EN
a4k 232 & ethylene-tetrafluorethylene (ETFE)D X 9 725y 7~ F Mt
I7 v FERIKFE L TN—T A iR & IR R D REN RN LEMEZ R~
ZlamE LR,

Z DN T B SRR R R0 B R T EVE 2 RO 3 ) 2T,
ZO—TJ5, IR, WRERTREZR 7~ BRI k4 I LM ETHW B
DOH DI D LT TORNZERINEE T 2 m MDD 7 SITIEF I
RELMETH L, TTH, = F, 74V LALERE 2 & O HTE
SR TC ETFE 2 EH S CW5A[12,13], ik, ETFE IZoW L, £

DB Z EVE 2 B T I OB EFICHE TH D, H2HICK
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WC, ETFE BRI\ FRAOM A RO Z & & HIZ ETFE O Gy 134K

JxF Lo L0 HIEFITNEINZ PR ENTZZ LoD, Shark-skin KA
NIRRT AV WrER B C R AR 25 ATREME 23 /1 WV [14,15,18,19,21], T.31Y
BRI 7 n A2 R T 556 BICTHEERLELE L TS LD,
VIEDOBMIZE Y, ETFE OFBEMENICIIT 5 NLEREICET 5372
FFRIE LEMIC B IEFIZA R T, 22D, RARRLDTH D,

3. 2. 1 #H

AN HN AR ) ~— TR CATTRECH L, =F L, T T 7
AuexF L KO, 3,3,4,4,55,6,6,6-nonafluorohexene (CH,CHC4Fo; NFH)
MO 5 3 TLREEGIRT, FMEL2BHICEH L TWD b0 % v
[14]. ASTM D3159 {Z#E L, 297 °C, 49N DOLMTHIE L= AL F 7 —1
— M3 11.8 [g/10 min] T > 7z, R A E B ZNERT DSC 12 X 2 BT DR H
10°C/min DR ER ST, 258.7CDRMiF Rz = L7z,

F2, F2ETRLEELIIZ, MyMyiE2 TH S,

3. 2. 2 HE

EWIEREE X EBE LA A — % — CREEREBERUETTR.  Capirograph 1C)

% HV>, 300 °C C Table 3-1 |2/~ 34k 4 72 Die 2 HWCTHIE %2 30t L 7=,
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Table 3-1 Dies used in the present research

Die D (mm) L (mm) Entrance Angle
(degree)

#1 1 40 180

#2 1 20 180

#3 1 10 180

#4 2 20 90

#5 0.8 8 90

#6 0.5 5 90

AW EE & AUWTIE J)1%. Bagley KUY Weissenberg-Rabinowitsch 4 1
AT\ 23 5| Hagen-Poiseuille BICHE > TEREIZE D R 7o, HWIREEIX
B FRVERIN DR O T, £ A o 13, Cox-Merz ]Il 45 Z
&T, HAWTREEy ~EHLT,

n(7)=n"(o) (3-3)

0>y

n* ()= \/G'(w)Z; G"(w)?

(3-4)

A BT FOSMBLIL, SEFBIELE IV CTEIE L L, RLERENC
Lo THNLIRZFE LS BIE LT,

3. 3 MiRLBH

3. 3. 1 ETFE OBE e

Figure 3-1 /%, Table 3-1 IZ/ R L7=XA#1-3 WL EDEE LA A —
B —\Z & o CEHMI L 72 8 W B ARG () & . BRI RESHEMEINE 23 L
THEONTEBEAMKE > (0) L 208 TCTry FLELDOTH D, 72

B, HEREIX 300CThH D, BIH I DWW TIE, Bagley & O
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Weissenberg-Rabinowitsch ffiilE% L, BERE L LTHEIH LD TH S,

4 ' ' ! ! ! 2
= i | PR | B
G © 0 Carerg, ni(v)/n*(oa? 1 E
= | “%%% (™ =
3 : : : : : —
= AR Y =
ge i i -
oY RN MU SN _—— % o
C %
= 2
£ e
2 | S S TN NN N
2 300°C '

1 5

2 - 0 1 2 3 4

log [wa_(s™)], log [7 (s™)]

Figure 3-1 Flow curves at 300 °C. (closed circles) steady-state shear
viscosity 7(y) as a function of shear rate y and (open circles) complex

viscosity 7*(w) as a function of angular frequency w. The ratio of 7;(;) and
n* () is also plotted.

AU N AU I ER FE ARk L F5 U N T, shear-thinning 2880 23 BRI RS S L7z,
S BbIZ Cox-Merz HIZS, R AMNEEFEL CEMATREETH 72, —T7. &
B ABOEFE R CTIE S IS () 23 n* (o) L W IRWMEZ R Lz, 2 O/
. o A R EOE AKEEFEK TR 652, A IR
n(7) 1 17> (@) O AR EEARAFIE D ZE R AU K0 WIREICRRRE T & 7,



Die #1

Die #2

Die #3

Die #1

Die #2

Die #3

Die #2

144
14.7

(a) Stable flow region 14.4 - 73.0 s

157 417

409

158 424
(b) Shark-skin region 156 - 620 s™

(c) Slip-stick region around at 591 s™
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Die #1

1120

Die #2
1900 2800
Die #3
1460 2020 2800
(d) Super-extrusion region 1120-2800 s™
Die #1
4550 6390
Die #2
4430 6210
Die #3
4460 5790 7370
(e) Wavy melt fracture region 4430-7370 s™
Figure 3-2 Optical micrographs of the strands extruded at various shear

rates at 300 °C; (a) stable flow region 14.4 — 73 s, (b) Shark-skin region 156 —
620 s, (c) Slip-stick region 591 s™, (d) Super-extrusion region 1130 — 2800 s™,
and (e) Wavy melt fracture region 4430 — 7370 s™. The numerals represent the
shear rates on the wall, which are corrected by the Weissenberg-Rabinowitsch
method.

- 73 -



KON Z BB EBFET L2010, BELAA—F—IETHLH
SNTANT 2 ROREBIE L, KFHEWELZHNTTo72, £ORR%E
Figure 3-2 |2/~ ETFE I&, HAWRENHEMT 512> T, 320 % A
T O ERS) & B ERE A2 T 2 EBNH & T o7, Figure 3-2(a)
IRT R DI, mBIEWEABHEEB O TIX, RimsFEeA N7
Y ERELN TS, BIE L7-FEHNICB W TZERE 2/~ L2/ KO
AWHEREIL 73 sT TH Y, 156 s TIEBA 5 222 Shark-skin KKa A BT
Do ZODZ &b ETFE @ Shark-skin KR 23BLAL % B AWIS T3 7.9 x
10°Pa ~ 1.3x10° Pa D TH D Z E B oh o,

ZOMEIE, RV ZFLUOTHRESNLTWS 1 ~ 2 x10° Pa [4]& W #T
EVWVEZ R L TR, TROHOENIZFMZERE 2V, HIROKRY
TF L L HEETIE, ETFE DRV FES M AR L TR LS, ik
DRY =F L& ISP AWIE ) Z2md 2 & I3 HEBREEW 9], mE

DGy DENEZET D & ETFE OERSE AWIS 1T E-1) L VG205

R TZF L L0 10 FRERNZ ERTPRIND, ZDOKDIC, ETFE D
oy, BlZIERF O Ng B S TRWCHBED LT, Zh b OHEGHNAAR
WFFETHWIZ ETFE ICIZEAA TE Ve EX 65,

Figure 3-2 (b). X 'C)IR L= L 912, BERKOE IR < 6205t
FTOHAWIEEIZEB VT Shark-skin KFa23 %4 L TW5, RERIC
Slip-stick K fa73 die# 2 O 591 s* DOKFCBIZR Sz, & 51T, Figure 3-2 (d)
R LT & 9 a8 AMnEEE 1120 ~ 2800 st D& TH LI S = 2 R T v
RiE, B ABNEEEDS Shark-skin K38 4 38I80<> Slip-stick R fa3e A e L D
T AWTHEER CH LI DT, RENFIERA TV RBREL

-, ZOHEHLIL, LLDPE, PTFE, FEP v 7 X P UV THRE SN T

-74 -



VY 5 Super-extrusion & L CHIH LTV 5[20,27,28], 18\ A Widk FE R
1] 21 4430 s Ti% Wavy melt fracture K23 E 4L %,  Figure 3-2(e)lZR
& 912, Wavy melt fracture RfpIZEER I AR THIETEBTLZ L
DTE D, Ziux, Wavy melt fracture KFaDFEATRER N & 72 DRI AR ZEE
IMZADAATHREL, TORIMNDLDFZA T FTOL LNBRPEZ S
nNaizwEZNL GEITH D,

3MIHDO A ZEIRE) & 1 FIHDOHELLZ RN DUV T L OBk & Of
BT, TAWNSIS ) & & AW ORItk % 7~ L7z Flow curve % Figure 3-3
\Z7~k9, Figure 3-3 IZ7Kk L7277 — % | Bagley & U* Weissenberg-Rabinowitsch
FIEZEMZ 726D TH 5, Figure 3-3 T/ L7z K 91T, TV E A WS fH
Super-extrusion FL4: 23 eRE S L7z,

6
. ;;9@“&
¢ o
CAE o
8 @ Stable
O Shark-skin
. € Slip-stick
<& Super-extrusion |._|
A WMF
4 0 1 2 3 4 5
log [y (7)1
Figure 3-3 Flow curves at 300 °C with notification of flow behaviors;

(closed circles) stable flow, (open circles) Shark-skin, (closed diamonds)
Slip-stick, (open diamonds) Super-extrusion, and (closed triangles) Wavy melt
fracture (WMF).
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Rosenbaoum &, FEP (ZOW TiREIRD 5 & O T, FEkD Flow
curve & # LCuW5[10], Figure 3-4 (2, A5 ETFE & Rosenbaoum ™
R ZHBOEDICT Y R LT, 2B, o7, Figure 3-4 DA
X, XA #1(LUD=40/1)% FH\ 7= & 2 D R T O AWnEE 2 H» T b,
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Wavy melt fracture K s & Vo 7o R ZEFRENZ DWW T, FEP & K < {El7-258)
BRI EEMB LT, L L7 s Slip-stick KBAIZOWTIL, #1#1
EHWIERBRICEB W T ETFE TIIBIR SN TE LY, —J7, FEP TII3EH
(ZISVWVEIFH C Slip-stick Kfaa RTANKEERDL ZENRHALNE RS
Too BIRDEATGROES ., Bl2I3H2 2o &L & TS 2, ETFE TR
B AT AWNE FE D T o0 2 Slip-stick K MBI S iz, Z OfEEi%, i
BTHABEE LR ~— L DOMOBEBEENRRL L, THIZL-T

ETFE OLAIIRON-®HATRAET HEVW) Z EE2RB LTV D,

3. 3. 2 HEmO Slip #HEMEHT

XA BEHECO Slip ML, Mooney iEZHW5H Z & T, EEAICHHGT
HZEMTED[3], BARDHRER OXA ZHWTCEERIHRICBWNT,
X(3-10)THE X LI D AT DEAWIS T oy, DB—EDKE, A(3-9)THZX 5
NS RPNTORABEE 7, 13, RG1)TEDLIND LI, FAFER

O, UR L EREMRAZ RS, Z OB, E-1)ICHEV., ZFDOEREERD

& LV, BEFCO Slip BEEAFMMiT2 2 LN TX B,
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.40
= — 3'9
Vo= (3-9)
cnz%?é; (3-10)
) 1 .
7a = 4'Vslip E + 7/a,slip—corrected (3'11)

Z 2T Q IIMHRIE, AP/L 13X A DFDOENABL, T LTy, joomaes 15

BEF T Slip BB LI-RFEOANTOFAWEHELZRDT, 23,
IZ Weissenberg-Rabinowitsch #1EIX 1% 5L TUN a0y,

7. a, slip—corrected

&

e o- % =
&

WA —@—ETFE Stable
4 —O—ETFE Shark-skin
/ —— ETFE Super-extrusion
—a&— ETFE WMF
_ - -@--FEP Stable
® - - FEP Shark-skin
- - FEP Slip-stick

- - FEP Super-extrusion
--FEP WMF

a
a1

log [5, (Pa)]

»oe0e

0 1 2 3 4 5
log [y, (s™)]

Figure 3-4 Comparison of flow behaviors for (bold lines) ETFE and (dotted
lines) FEP [10]; (closed circles) stable flow, (open circles) Shark-skin, (closed
diamonds) Slip-stick, (open diamonds) Super-extrusion, and (closed triangles)
Wavy melt fracture (WMF). Both shear rate and shear stress represent the
apparent values without the corrections.
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' 0,
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Figure 3-5 Mooney analysis at 300 °C using various dies #4-6; The stress

levels are (closed circles) 0.05 MPa, (open circles) 0.10 MPa, (closed diamonds)
0.15 MPa, (open diamonds) 0.20 MPa, (closed triangles) 0.25 MPa, (open
triangles) 0.30 MPa, and (closed squares) 0.35 MPa.

B <o Slip HEOFIDO7=DIZ, [f—d LID thxz G 5 X A (#4~#6)
ZHWT, BERBRREZITo7, Tivl, ¥4 AQ0KOHATOREIE

KDOFENMNIOWNWTIIEH TX 5,
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713 119 ' 238

(a) Stable (b) Shark-skin

11.9

365
(c) Slip-stick
-
713 1780 o
(d) Super-extrusion 2380 3560
i (e) Wavy melt fracture
Figure 3-6 Optical micrographs of the strands extruded from die #5 at

300 °C; (a) stable flow region, (b) Shark-skin region, (c) Slip-stick region, (d)
Super-extrusion region, and (e) Wavy melt fracture region. The numerals
represent the apparent shear rate [s™*] on the wall.

Figure 3-5 (7R L7z & 912, AT OB AMHEE & 1/R & ORBIZIZE 7
ELRREAMR SRR & A, BEME T Slip BB R0 T O WG IR

F—ETHDHILERR LI, o, A3x10°Pa kL D /hSWIFAIL, i D
EMRERNLEOND y U OMEN o, ORI E & BICHFREMT 52 &
WHoTe, —J7, o, B 35x10°PaxBi D L. Vap ONIE L Gl T&
RN ERALMNE T, 2, o, OHME & BT, Super-extrusion fE

WS ZORBRTHBIRINTZ AERIZE > THEONTEARN T U FDH B
HAH#L THRLNTZA NT v ROAMNBBIEERE R % Figure 3-6 ([ZBIRT %,
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Figure 3-7 1R L7- X 912, 0, 7325%x10° ~ 3.5x 10° Pa D#FHIZIWN T,

B & 772 Super-extrusion 238142 S, £ DFERN D ¥ A OFAMA IR

SEFHRSlip NELDHZ L E2RE LT,

g8

f

gj‘y‘

T
S
o 5 :
m T .
L / —o—Stable [
4 —O—Shark-skin [
——GSlip-stick [ A
—O— Super-extrusion [
——WMF
4 1 1
0 1 2 3 4 5
log [, (s™)]
Figure 3-7 Flow curve obtained using die #4 at 300 °C; (closed circles)

stable flow, (open circles) Shark-skin, (closed diamonds) Slip-stick, (open
diamonds) Super-extrusion, and (closed triangles) Wavy melt fracture (WMF).
Both stress and shear rate are the apparent values.
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Figure 3-8 Slip velocity as a function of the apparent shear stress on the
wall at 300 °C.
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3. 3. 3 Super-extrusion

Super-extrusion HLGUZ DWW T, FEMOIEAE A T = X LITKIRBAfE Tl
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I LBz 55 [24], Hatzikirioakos 5%, EEEAR Y =F 1> (HDPE) 2
% LC, Sliding plate LA A —% —Z M\, E%H Slip KD J7-Slip i&#H & &
DR Z FERNCHET L TV D, B 512 KX, [4,25], ROFEEEIRA
Super-extrusion BN ICBIZE STz,

m
oo,

V,

slip —

(3-12)

ZIZT a & miFEKTHD,

AWFFEOFEHZ DV T H, Figure 3-9 1279 K 912, BETO Slip i3 &
R T o AWNG ) & ORICIZ, B 5203725 5BI4R 2% Super-extrusion FE K
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Figure3-9 Slip velocity as a function of the apparent shear stress on the

wall at 300 °C in the Super-extrusion region.
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TEH Slip WEFRE G 2 2 HEE EENICHET 5720, BB
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P ZEA L, EAWTRENE R O & & Slip # Kt & 2 45 %~ JAg o 72,

n(y)=my" (3-13)

L2rL7270s O BEREND ORO TR, £ O HIZ Slip K o) 2
GLTWD 72D, EAWIREIO O ED RAE Y IV 25 DIEREE Th
Lo TDW, HFEREE Cox-Merz HIZ K> THE L= L0 EH WD Z
L7,

n*(w)~n(y)=my"* (3-13")

o, BERNOFEAWTRINC X 5@ E 5 M uiZU TFTOXNTEZ BN D

[27].

u(r) —ﬂ—(dpj [gr—rﬁ} (3-14)
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T, BEO¥RE R, BEOREIE L, BELZWMENENZ EEDE
TR E AP L L, m KO n % B-RB)XREEEHT, Z O, AP [1EE
[ OY VWSS ow & ORNZITR OB DI AL T 5

APzZL%% (3-15)

1.4

u(r) (m/s)

Figure 3-10 Predicted velocity profile in the capillary under the super-extrusion
conditions for ETFE at 300°C with L/D=40mm/1mm and 0,,=0.21MPa( == ),

0.25MPa(= =) and 0.3MPa(==+). Grey lines represent Vg, for each condition.
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Figure 3-11 Shear stress dependence of Qqlip/Quwwa for ETFE under the

super-extrusion condition.

-86 -



Qup V. nR*  V,, nR’

slip slip
= =— (3-16)
Qtotal Qtotal J.O u (r )d r

Figure 3-11 IZ/R L7= K 912, BEI CORHAWIL ) oy W REL D &Lt
WZH BT Slip 12 KD FENR S OFIENEINT 52 LR LNE 7o T,
Figure 3-5 T/RL7= X 912, ow 2 0.35MPa %2 % & EHHI72 Slip 75
Wavy melt fracture Kffa~281t9 2% Z L 225, Slip K DB Y 22% %
# 2 7o IR AL EAL T D AREME N B D T & AR X472, Hatzikirioakos
5HOMAE[R5] % b &I, RO TIET Slip ERIC & 2 FBhi S 2B 5
DEIG A LERE HDPE 180°COLM:Tilli L., T OfEREZ (T
Figure3-11 1T/ L7z, ZORERN G G| IR FERRICE HEEh o[RS A
T. Slip KK DB DN B L L 28% T, AHFZED ETFE L 0 I3#E TR
Mol ZIFRRBEOREEED DL Z LR LN oT, T ORERN
5. 7 < & b super-extrusion”BLR 3 ERNZBLAL S +43 5 & LT, Slip
FR OB NKRE 720 T X 25 ERLERBOIRRNC /2 5 L HELZ T
Do ZOZ LIE, BAMNREIR D ZHFETRE<TLZENTENIE K
72 Slip KOs 2 ZERICHRAETEH/LIARENH L Z LA R L TE
V. ETFE OMEZ T2 L9 R FEIC Ko TENNFEBLTE 2 AHEMEN
REINTEBZD,
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3—4. i

ETFE OEBEMIMZEBIT 2MEIARZEMEICOWTHMiE L7z, ETFE [\
DL DDOREIR D RNLZERERANZ T Z L2 A Uic, gV Ak
WREEREIL Tl B AW 1 7.9 10° Pa 2% % & . Shark-skin & ffas
AU %H, &5121.8x10°Pa Tl. Slip-stick KfaA Bl /=, 3.5% 10° Pa
EHZDEARIGTITIE, X4 A TORZERMIER TS Wavy melt
fracture KBEEBIZL X 417=, Slip-stick KD FE M8k & Wavy melt fracture
RIaDF AR & ORI TTIE, FERICHERGEN Z L, BRI E R R &
VYD XX Super-extrusion FEIRASEIZE STz, ZOMEBTIE, LB SN
Z N T v RORED TG THRERIRELD RN L6 ETFE 1ZEH Slip
DAL 5 EW L HEE TOMEIM TR AETH S Z & &R L7-, Mooney
B X o THER T O Slip W O E B &21T o 72, BERR TOER Slip 13 Slip
B RGT1.8x10° Pa B2 5 E AT H Z L 2 RHT & bic, T OIS
HafEz % & Slip-stick R334 L, MBI ANLENT D Z &2 EMNIT
L7, Slip # %X, HDPE X° LLDPE L Y BHEIZ K& <. & Slip JRHEN I
HICRAWEFHCTAEL L Z 2 R L7z, ZoOfHR, ETFE 2@k 4
PEOEFREIIGIZ#ET 5 2 & b L7z,

Slip A2IRIC & 2 iREh Ao (3 BE T OB AWIS I DS INT B 1224, 2iiE
DOHIZEDLEENEMT L L2 /R L, 2L T25 %%l 5=
27225 ERZERBPECTNDZEHALNERST, L EDZ & LY
Slip 2K OB O 2FENC KT 2 5 2FIA Z MRS 2 720Ic, E AW
HER OS2 RELTLHFE MG, ETFE ORMEZ FIFD 2 &2k -

T, X BIZIAVEIFH T Super-extrusion 233281 C & 2 Al REME S /RIE X 07z,
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KR TIE, BRSO 7 L A7 EICHW SN D TR EER
ETFE MEHZEHR L, v A e U —FEOMir 2 LT, 0wk
DFFEIA K OV R B9~ 2 FAE R 70 7 A 4572,

7 ETFE O LA 1 U—REORIFNZEMEICER L, RNIEHET A 5%
KRTFRELRETICBIT S ETFE O LA P—Eo b2zt Lz, £
DFEF, BRFHKA T T4, FFE &bl A o—RMENET 52
&, £ LT, ETFE DG ERCP R E D AR LIZ, T4
LU KD G a2 m T 2 L AR Le, SHITE. EREAR =

TIAT AR D ORIEFICELE T £ ORR, EHEIET A

LTI 0bbT, TOoFESMPEIL LN LaRLT, Z
D LN LYIOEEREZ N Z HRTD ETFE IZBW T, ZD0 &y fite
ETHD MM, X 2EFHFETHD Efm O bND 2 & a2/ LT,
—J7. ZEREREL T TR BHEICAEROG 2 R 2 E RGN E o T,
2R B AR A BB T Fo W T — BB A R S O R HAME R G piatea
EROWCTERMICTHMEFTRETH Y . A5 R IR FFRE R O & & 1
REELHNZHDM L, 1 IREOSRUICHE > THIMT 2 2t 2R L7, £7-, &
B LA e VR TH D ETFE O 2 2RSEHH PSR 13| ARHFSE Tl 1.2
x 10°Pa & 7l S 41, — AV R U = F L o L0 BEHEICRVMEZ R 2 L 8
HoNnERoT,

F o, MHBTEREICER T 2 BE RN T DB R L EMEIZ OV T
Ml L7z, ETFE 1W< 20O RAe 2 REEREBFEXZ "3 2t 2 AH L
oo PRERAOIRNE AWTE EE R T, BRRE AWIE ) 7.9 x 10 Pa ## %
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% & . Shark-skin K342 0%, & 51T 1.8 x 10° Pa Tld, Slip-stick K ffas
BlEiahniz, 35 x 10° Pa Z@x D EAMIGITIX, 44 AN TOREE
JRENZEL N § % Wavy melt fracture R fa723815% S u7z, Slip-stick Kfa DI A
ik & Wavy melt fracture KEfGOFEAERIR & ORI TIX, FEFICHEENZ
ST, B ERENEE & v D & Super-extrusion fEIEAEIER I T, =
ORI TIX, MLHENRTA b T ORI T THRMEIN R ERB 220
Z & ETFE IZE R Slip 4 U % @ik ik COMHI T3 AlRE T o
% Z & &R L2, Mooney ¥EIZ X - CHEM C O Slip i E D EEALEIT - 72,
BET T EH Slip 12 Slip FESUG /) 1.8 x 10° Pa 2 B2 5 LR ETH L &
A3 & i, 2O IS Z 2 5 & Slip-stick KB@aAFEA L, B A
LZENT DI E RSN LT, Slip X, HDPE <° LLDPE X Y §HE|Z
K& <, EH Slip IRENIEFITIBAWGEHATELSZ Z 2R LE, Z0
iR, ETFE 25 sk SR O FIRBIRIICE 25 2 & 2l L7e,

BFANLZERZEET DT AMIS DB N E 72 o7 2 LI,
ETFE (2 & » THE RHEBELRMHAR ICE W OERICARLMATH D,
IHOORMAICHESE | MRS A ORGHFICKMTE | il 72 iU
DOERFHRARE L IR o T,

AL TIE, ETFE MR FBOMPRNAR Y ~—TH HITHED
54, “Super-extrusion” & 972 EIEF ISR THED S WR Y = —Th 5
ZEWRENT, BELDODBRENRDHDL LI, BTFESMEILTDEESH
(RN TAED A B9 5 Z ENMBNTEY, ETFE (ZOWTHES =
N~ —=REnTER) v —ORNREnFEORR D ETFE # 7 L R

FBIETE SIEBREOR LA TE S, TOLIRT LY FiX
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ETFE OFREZT LR ) ZLR<WRBTE L RENE L H Y . AR DR
BSR4 D,

F 72, Super-extrusion”{Z-2>Ti%, ETFE %% HDPE <° LLDPE & %72 %
2" 2 &, FEP & XS P g# 2ormd 2 L Ea WMk TE AN,
ZO—F, ZOXIREVHAEL D AT =X LDWNTIIREMATE T
N, ZOBIRIT, 7 v BBIHR ORI TERE I BT Z LR TE
LAREMEZ D, S HICEEMARmEI 2N, LT ne A~ a B
L7zWeEBZTW5,
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